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Foreword

This book comes from a NATO Advanced Research Workshop held in Alushta,
Ukraine in October 2010. The Workshop was held in parallel with the Third
International conference “Modern problems of genetics, radiobiology, radioecology,
and evolution” dedicated to the famous Russian scientists N. W. Timofeeff-Ressovsky,
V. I. Korogodin and Vladimir A. Shevchenko. Nikolay W. Timofeeff-Ressovsky
was the first to initiate investigations of radiation effects in ecology, his pupil
Vladimir I. Korogodin was a pioneer researcher of postradiation recovery and “cascade
mutagenesis’ in cells, and Vladimir A. Shevchenko was the investigator of radiation-
polluted areas over the world.

The subject of the workshop was to consider fundamental science which contri-
butes to our understanding of the potential risks from ecological terrorism —i.e. dirty
bombs, atomic explosions, intentional release of radionuclides into water or air.

None of these have happened yet but there is grave concern about radioactive
sources which appear to have gone missing and about the expansion of nuclear
programs in politically unstable areas.

The workshop considered how radiation acts to cause health effects in humans
and in ecosystems. There was a particular focus on low dose effects and on the new
science which is suggesting that DNA is not the only important target for radiation
effects but that systemic effects operating via signaling mechanisms are highly
important and probably dominate the response in environmentally relevant dose
ranges. The last 15 years have seen a major paradigm shift in radiation biology.
Several discoveries challenge the DNA centric view which holds that DNA damage
is the critical effect of radiation irrespective of dose. This theory leads to the assump-
tion that dose and effect are simply linked — the more energy deposition, the more
DNA damage and the greater the biological effect. This is embodied in radiation
protection (RP) regulations as the linear-non-threshold (LNT) model. However the
science underlying the LNT model is being challenged particularly in relation to the
environment because it is now clear that at low doses of concern in RP, cells, tissues
and organisms respond to radiation by inducing responses which are not predictable
by dose. These include adaptive responses, bystander effects, genomic instability
and low dose hypersensitivity and are commonly described as stress responses,
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vi Foreword

while recognizing that “stress” can be good as well as bad. The phenomena contribute
to observed radiation responses and appear to be influenced by genetic, epigenetic
and environmental factors, meaning that dose and response are not simply related.
The question is whether our discovery of these phenomena means that we need to
re-evaluate RP approaches. The so called “non-targeted” mechanisms mean that
low dose radiobiology is very complex and supra linear or hormetic responses are
equally probable but their occurrence is unpredictable for a given individual. Issues
which may need consideration are synergistic or antagonistic effects of other pollut-
ants because RP at present only looks at radiation dose but the new radiobiology
means that chemical or physical pollutants which interfere with tissue responses to
low doses of radiation could critically modulate the predicted risk. Similarly, the
“health” of the organism could determine the effect of a given low dose by enabling
or disabling a critical response.

The contributions in the book cover genetics and radiation genetics, radiobiology,
radioecology, radiation epidemiology and risk assessment. The evolution regularities
are also considered. The contributions represent state-of-the-art contributions from
leading scientists in the low dose field who were invited to attend.

In addition to the major support from the NATO Peace and Security section, we
wish to acknowledge support from the Joint Institute for Nuclear Research,
International Union of Radioecology, Genetic Society of America, Max Delbriik
Center, Russian Academy of Sciences, McMaster University, Canada, National
Academy of Sciences of Armenia, National Academy of Sciences of Belarus,
National Academy of Sciences of Ukraine, Russian Medicine Radiology Center of
Russian Academy of Medicine Sciences, Russian Institute of Agricultural Radiology
and Agroecology of Russian Agriculture Academy of Sciences, Scientific Society
“Biosphere and Humanity” after N.W. Timofeeff-Ressovsky, Russian Vavilov
Society of geneticists and selectionists.
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Chapter 1
Hypermutability Associated with Double-Strand
Break Repair

Dmitry A. Gordenin

Abstract Double-strand breaks (DSBs) are the most toxic kind of DNA damage
caused by ionizing radiation as well as by a number of other environmental factors
and drugs. DSBs lead to gross chromosome rearrangements, genetic disease, and
cancer or cell death. However cells can be programmed to generate DSBs in their
own DNA. Programmed DSBs are a key element of many biological functions such
as meiotic recombination and segregation, adaptive immunity, regulation switches
and viral life cycles. Either damage-induced or programmed DSBs should be
repaired in order to retain cell viability. Over the last years it has been established
that DSB repair can be associated with up to 10,000-fold increase in frequency of
base substitutions and small insertions/deletions (indels). This localized hypermut-
ability represents additional genotoxic threat as well as a potential for generating
rare multiple mutant alleles with high fitness without overloading the rest of the
genome with mutations.

Keywords DNA repair * Mutagenesis ® Double-strand breaks * Multiple mutations

1.1 A Challenge of Multiple Mutations in a Single ORF

Even a single mutation in DNA can alter biological functions either to a benefit or to
a detriment of a cell or an organism. Thus important balance must be maintained
between limiting mutation frequency to avoid harmful changes on one hand and on the
other hand allowing the level of mutagenesis which can generate sufficient amount of
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2 D.A. Gordenin

rare adaptive changes fueling evolution. In various species the rates of spontaneous
mutations on a genome scale are kept down by a firewall of replication fidelity and
repair systems [15, 25]. Based on studies with mutation reporters mutation rate per
genome in various species is low; no more than one out of a hundred new cells would
carry a single new mutation in the entire genome [10, 11]. Thus accumulation of
multiple mutations in a genome over just few generations would be extremely
unlikely. Even less likely would be the incidence of simultaneous changes in a single
gene; however multiple mutations in a gene would carry the strongest biological
effects, i.e. reduction in gene function, increase in gene function or even creation of a
novel function. The stronger potential of multiple mutations is evident for the case of
gene inactivation, since the majority of base pair substitutions (bps) and even some of
small insertions and deletions (indels) would leave the gene function on a biologically
sufficient level. Multiple mutations are also more likely to generate changes increasing
fitness. Limited number of studies aimed to generate enzymes with enhanced or even
new activity established that this can be achieved primarily by multiple mutations [4, 47].
Importantly, multiple mutations showed sign epistasis, i.e. a condition when individual
changes within a multiple mutant are neutral or even deleterious [24, 56]. On the
evolution scale it translates into a requirement of multiple mutations to avoid fitness
valleys (i.e. steps with reduced fitness within the succession chain of mutations resulting
in alleles with high fitness) by following fitness ridges involving only the succession
of mutation steps that do not lead to fitness reduction [9, 58]. As established by
comparisons across wide range of taxons sign epistatsis as well as fitness ridges and
valleys are the present characteristics of protein evolution [43]. However, fitness valleys
are not a concern if multiple mutations of the advantageous alleles occur by simulta-
neous or closely timed events. Multiple mutations that appear to be simultaneous or
coordinated in time (chronocoordinate) were also detected in normal mouse and
human tissues [7, 55] and in tumors [5, 6, 23]. While the fraction of such mutations
is small they may play bigger role only in some categories of cancers especially in
cancers associated with high density of DNA damage (see below).

Since beneficial mutations represent only a tiny subset of all possible changes,
only very small group of multiple mutations can be expected to bring high fitness. In
order to get a specific set of simultaneous specific mutations in a single ORF with a
realistic probability, individual changes should have a very high chance. Based on the
maximal estimate of spontaneous mutation rate for as 10~ per nt [10, 11] even the
simultaneous mutations of three specific bases become practically impossible (107%7),
because it would require unrealistic amounts of biological material (for example 10?
yeast cells would weigh 100 billion tons). Several orders of magnitude greater muta-
tion rates are required to make simultaneous multiple mutations realistic. For exam-
ple, the rate of 10~ per nt would allow a simultaneous mutation of three specified
nucleotides to be found among 10'? cells which corresponds to just 100 g of yeast or
around 1 kg of human cells. Such high mutation probabilities are impossible on a
genome-wide scale even for a single cell generation. A minimal approximation for
40,000 one-kilobase ORFs (minimal estimate for a diploid human genome) gives
around 4,000 mutations, which would create intolerable mutation load by coinci-
dence of allelic recessive lethals and by inactivation of haplo-insufficient genes.
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1.2 Pathway Generating Multiple Mutant Alleles

The genome-wide mutation overload can be avoided if high mutation density would
be generated only in a small section of a genome — a phenomenon we define as
localized hypermutability (LHM). Some regions of a genome could be permanently
more prone to mutations than others. The presence of at-risk motifs capable of form-
ing DNA structures that are poor substrates for DNA repair and mutation avoidance
systems [18, 62] and chromatin structure and modification [21] are among possible
causes. Studies of adaptive mutagenesis in E. coli by Rosenberg et al. [20, 48]
indicated that double-strand break (DSB) repair could be mutagenic. Soon after that
Jeff Strathern and colleagues have established in the model yeast system using a
defined site-specific DSB repaired by homologous recombination that the repair in
fact is associated with up to several hundred fold increase in mutation frequency in the
area around a DSB [44, 53]. Thus there is a potential for LHM to emerge in any given
place of the genome, if there is a DSB followed by DSB-repair. Later the hypermut-
ability of DNA adjacent to a site-specific DSB has been shown also in E. coli thus
establishing the generality of the phenomenon across microbial taxons [16, 42].
Recently we confirmed one of the sources of LHM proposed by the Strathern group —
hypermutability of long single-strand DNA (ssDNA) formed by strand-biased 5’ — 3’
DNA degradation (resection) [59]. The second proposed source — error-prone DNA
synthesis creating two new strands in the course of filling a double-strand gap was
demonstrated recently by the Haber lab [22]. In all systems the rates of mutation per
nt in the absence of applied DNA damage (“spontaneous”) was close to 10 per nt
initially estimated by the Strathern group [45] (see also Table 1.1). Not surprisingly
this level of hypermutability produced only single mutations.

The rates of spontaneous LHM associated with DSB repair vary around the esti-
mated value of in vivo error rates in yeast cells carrying double defect in DNA
polymerase proofreading and in post-replicative mismatch repair (MMR) (1.5x 106
per nt in the URA3 gene [35]). Importantly, combination of proofreading and MMR
defects did not produce multiple URA3 mutations even through growing yeast cells
for several generations. There are no indications so far that significantly higher
in vivo rate of errors capable of producing simultaneous multiple mutations within
a single ORF could be achieved during synthesis on long undamaged templates.
However, very high mutation density can be achieved if LHM is associated with
DNA damage. The striking case of programmed damage-induced increase of muta-
tion frequency by about million-fold as compared to genome-wide rate has been
well established for a small region of the Ig-locus in genomes of immune B cells
[29, 38] and Table 1.1). The increase in somatic mutation (somatic hypermutability
—SHM) is confined to a small region within the Ig locus. SHM is driven by a special-
ized enzyme — activation-induced deaminase (AID), which converts a part of cyto-
sines into uracils in the SHM region. Since this region is involved in determination
of the affinity to an antigen, SHM results in a very fast accumulation of multiple
mutant alleles providing sufficient material for selecting cells producing antibodies
with several orders of magnitude greater affinity to the antigen. Because of the
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Table 1.1 Mutation frequencies associated with various kinds of localized hypermutability

Mutation frequency

Cause of hypermutability (species) per megabase References

DSB-repair in F'-episome (E. coli)* 19 Gonzalez et al. [17]
DSB-repair, gap filling (yeast) 0.7 Hicks et al. [22]

DNA adjacent to repaired DSB (yeast)* 17 Rattray et al. [45]
ssDNA adjacent to DSB repair (yeast)? 13 Yang et al. [59]
Damage-induced LHM (yeast)® 300 Yang et al. [59, 60]
SHM, adaptive immunity (humans)" 1,000 Odegard and Schatz [38],

Liu and Schatz [29]

*E. coli mutations selected in F' cod A, B genes with mutation target size 848 bp use for calcula-
tions as determined in the referenced work

®Mutations in the URA3 gene of Sacharomyces cerevisiae occurring during a double-stranded (ds)
gap repair (minimal estimate of mutation target of 125 bp as determined by [26])

‘Frequency of spontaneous mutations in the vicinity of a DSB repaired by homologous recombina-
tion. Site-specific DSB was induced next to chromosomal CAN/ gene and repaired by homologous
recombination with a truncated copy of CAN/ in the same chromosome. This system did not allow
distinguishing between hypermutability in transiently formed ssDNA (as in), or hypermutability
during repair of a ds-gap (as in Hicks et al. [22])

“In this system CAN/ reporter gene was placed in the vicinity of a DSB that was repaired by a short
oligonucleotide, so CANI sequence did not participate in a recombination act therefore the most
likely hypermutable intermediate was a stretch of transient ssDNA next to a DSB

¢ Average frequencies of mutations induced by UV-C (45 J/m?) and MMS (30 min in 11.8 mM
(0.1%) MMS) in yeast ssDNA around DSB or next to uncapped telomere (see also Fig. 1.1)

f Approximate frequency of mutations associated with somatic hypermutation in the Ig-genes

specially organized cell division control the very same cells also have proliferation
advantage over the cells producing antibodies with lower affinity. LHM can bring
not only high fitness alleles with improved or new function. It also increases the
frequency of gene inactivation. Albeit with much lower efficiency, AID expressed
in immune cells is mutagenic for several other genomic regions, which makes them
prone for undesired changes [29, 30, 54]. However, since LHM is mostly confined
to a small region within the Ig-locus, it can generate multiple mutant alleles with high
fitness without overloading genome with additional mutations and thus avoiding
accumulation of lethal or low fitness alleles in other genes.

Can damage-induced LHM operate in a non-programmed mode? The existence
of multiple powerful repair systems enables living cells to repair vast number of
damages through a single cell cycle. Even the number of endogenous damages in
normal human cells is estimated in tens of thousands [28]. The tolerable number of
damages that can be caused by exogenous sources can be orders of magnitude
greater reaching a density of one damage per several thousand nt [39, 46, 49, 57].
Unrepaired damages often lead to mutations, if copied by error-prone translesion
synthesis (TLS) DNA polymerase [14, 40]. A cell with high density of DNA dam-
age will inevitably die if it lacks DNA repair throughout the genome. However, the
lack of repair in a small section of the genome could be tolerated. In this situation
error-prone TLS during replication of the damaged section can produce a stretch of
multiple mutations. Most of DNA repair systems operate in double-strand DNA
(dsDNA). However, damage in rare stretches of single strand DNA (ssDNA) would
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Fig. 1.1 Damage-induced localized hypermutability associated with transient regions of single-
strand DNA generated at double-strand breaks and uncapped telomeres

be often left unrepaired and thus lead to mutation. Coincidence in formation of large
stretches of ssSDNA with DNA-damage could, in principle, be a source of LHM, if
damaged ssDNA is capable of recovery to ds-state. However, if long ssDNA with
multiple damages is lost because of degradation or cell death triggered by check-
point reaction, the opportunity for multiple mutations will be lost.

We sought to determine if long stretches of ssDNA formed around DSB or at
uncapped telomeres can recover with multiple mutations [59]. For that purpose we
developed special genetic systems in model eukaryote, yeast S. cerevisiae where
stretches of long ssDNA can be formed around inducible site-specific double strand
break or uncapped telomeres formed by holding a telomere-capping cdcli3-1
mutant in non-permissive temperature (Fig. 1.1, Table 1.1). In these model systems
we observed the frequencies of damage-induced LHM comparable to those
observed in programmed SHM within Ig-locus (Table 1.1). Importantly, we
observed up to six simultaneous mutations in a single ORF, while mutagenesis in
other genomic locations was barely detectable.
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Damage-induced LHM caused by two different kinds of damaging agents,
ultraviolet light (UV) and methylmethane sulfonate (MMS) completely relied on
TLS polymerase Pol. Strand-biased mutation spectrum of UV-induced mutations
[59] indicated that mutations are caused by TLS in damaged ssDNA. In a later
work we found that in the case of MMS mutations were caused by ssDNA-specific
damage (predominantly N-3-methyl cytosine), so the damage was inflicted after
DNA became single-stranded [60]. Importantly, we observed a large number of
strand-biased multiple mutations (up to 6 widely spaced changes in a 4 kb ORF).
Thus, yeast cell is set to generate simultaneous multiple mutations in a single
ORF by mechanism of damage-induced LHM.

Experimental approached and conclusions summarized in this figure were
described in [59, 60]. (A) Double-strand break (DSB). Long ssDNA can be gen-
erated around a DSB by 5’ — 3’ resection if DSB repair is delayed. While DNA
damage in ds regions (grey stars) can be repaired by major repair pathways, such
as BER, NER, PRR, damage in ssDNA often stays unrepaired. Repair of inducible
site-specific DSB in was allowed by adding oligonucleotides complementary to the
ends of the break. Trans-lesion DNA synthesis (TLS) is required to build a comple-
mentary strand on the damaged DNA template. Some TLS events will create wild
type sequence, however error-prone TLS can generate mutations (blue boxes) at
many sites of DNA damage. (B) Uncapped telomere. Long ssDNA can be gener-
ated by 5’ — 3’ resection at telomeres that transiently lost capping protein complex.
This was achieved by shifting cdcl3-1 mutant to non-permissive temperature
(37°C). Restoration of the telomere cap and dsDNA was allowed by shifting to
permissive temperature (23°C) after applying DNA damage. Multiple mutations
were generated by error-prone TLS similar to (A).

1.3 Mechanisms of Damage-Induced LHM

In our experiments LHM was observed after restoration of damaged ssDNA formed
at unprotected DNA ends such as DSBs and uncapped telomeres. Long ssDNA was
well documented at unprotected DNA ends in pro- and eukaryotic microbes, how-
ever resection tracts may be less long in mammalian systems [1, 34, 50, 51]. It is
worth note that unlike in microbial systems mammalian resection studies mostly rely
on detection of ssDNA-interacting proteins rather than direct monitoring of ssDNA
formation. The prevailing current view that the resection machinery is conserved
through eukaryotes but in normal conditions end-resection capacity in mammalian
cells is limited. Shorter resection tracts were also suggested based on high capacity
of mammalian cells to non-homologous end-joining (NHEJ) or to microhomology
mediated end-joining (MMEJ). These pathways efficiently operate with blunt or
minimally degraded DNA ends and thus quickly eliminate the substrates of end-
resection. An additional factor reducing the size and number of resection tracts could
be the ssDNA binding proteins inhibiting resection. Even if normal resection tracts
in mammalian cells are shorter than in yeast all conserved proteins participating in
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resection are there so infrequent long resection tracts are possible especially when
inhibitors of resection would not act.

Another potential source of long ssDNA is uncoupling between unwinding and
DNA synthesis in leading and/or lagging strands of replication fork that can be formed
by infrequent spontaneous miscoordination and/or in response to DNA damage
blocking DNA polymerase [19, 31]. However, the frequency of uncoupling and sizes
of ssDNA regions are not well documented so far. There were also communications
about very long stretches of sSDNA formed in cultured cancer cells [3]. The origin
of and mechanism producing this form of ssDNA are unknown. However, if it can
restore to ds state this could be one more source of damage-induced LHM.

In principle damage-induced LHM should not be necessarily associated with
ssDNA. It can originate from any cause that would inhibit DNA repair from the time
of damage trough the next DNA replication. While several factors such as chroma-
tin type, nucleosome position or transcription status can affect efficiency of DNA
repair and/or mutation frequency there were no demonstration of really strong,
multi-fold effects of these factors leading to clusters of simultaneously occurring
multiple mutations. We expect that with accumulation of whole-genome mutagen-
esis data (see e.g., [36, 37, 61]) will reveal important information about pathways
and molecular mechanisms of damage-induced LHM.

1.4 Biological Context and Evolution Implications
for Damage-Induced LHM

Examples of wide spread clusters of multiple mutations (mutation showers) have
been detected among mutation spectra in mice and humans [7, 55] however the
mechanisms generating these clusters were not addressed. Hypermutability and
mutation clusters in our experiments [59, 60] were caused by damaging artificially
formed ssDNA around inducible site specific DSB or in the vicinity of uncapped
telomeres in G2-arrested cdc13-1 mutant yeast. However, ssDNA can be formed by
resection at unprotected ends of spontaneous or damage-induced DSBs. Importantly,
the vast number of DNA damaging agents can induce both DSBs and mutagenic
base or nucleotide damage [15]. For example we demonstrated that base alkylation
by methyl methanesulfonate (MMS) can results in DSBs via faulty repair of closely
opposed damages [32, 33] as well as in high frequency of base substitutions in arti-
ficially formed ssDNA around site-specific DSB [60]. However, there were no or
very small fraction of multiple mutations found within spectra of spontaneous or
damage-induced forward mutations in common mutation reporters. Mutation report-
ers targeted to detect low frequencies of clustered multiple mutations are under
development in our lab.

Mutations have generated all current variety of DNA sequences over the time
of biological evolution. On the evolution timescale localized increases in the
numbers of mutation accumulated during human evolution from a common ancestor
with chimpanzees have been associated with meiotic DNA breaks [2, 12, 13, 27, 41].
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These studies have identified a number of regions (human accelerated regions — HARS)
in which over the past 10 million years of primate evolution much more mutations
have accumulated than over preceding 100 million years of mammalian evolution.
Interestingly, association was detected between hotspots of meiotic recombination in
human males and HARs. Another distinct feature of HARs is a mutation bias of A-T
or T-A pairs changing into G-C or C-G pairs. One explanation is that there is biased
gene conversion (BGC) in which G-T and C-A mismatches are more frequently
corrected towards G-C and C-G as compared with correction towards A-T and T-A.
This would lead to increased fixation of G-C and C-G mutant base pairs. However
HARSs could also reflect the increased mutability around meiotic DSBs which can be
further enhanced by endogenous damage to ssDNA formed around DSBs triggering
male meiotic recombination. Recently, based on analysis of the vast amount of human
sequencing data it was concluded that the increased rates of base substitutions on an
evolution, a population and even on a single tumor or cell line timescales are associ-
ated with rearrangement breakpoints which could at least in part be caused by hyper-
mutability of break-associated ssDNA ([8] and references therein). Another study
associated increased mutation rates in the human evolution line with late replicating
regions of genome which could be also associated with higher frequency of breakage
during mitotic divisions in the germline or/and with increase in ssDNA formation
[52]. These observations together with >1,000-fold increase of mutation frequency in
damaged ssDNA as compared with dsSDNA regions demonstrated in our experiments
makes us to speculate that significant fraction of mutations in nature may come from
error-prone translesion synthesis in ssDNA. Future studies integrating model exper-
iments with genotoxic factors and whole genome mutation analyses on various
timescales will shed light on the role of damage induced LHM in evolution, biology
of species as well as in human health.
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Chapter 2
A Test of Kimura’s Mutation-Rate Conjecture

John W. Drake

Abstract Mutation is the first of the four great engines of evolution and the prime
source of heritable variation in all living and semi-living organisms and their
molecular parasites. As a result, the processes and products of mutation have been
deeply explored at both the phenomenological and the mechanistic levels for more
than a century. There has been notable progress at both levels over the last half cen-
tury, with the result that the phylogeny of mutation has become fairly well codified,
especially the rates and kinds of mutation in as diverse organisms as could be
probed. These explorations began to coalesce in the 1990s and soon comprised a
small number of broad generalizations. These include very high genomic mutation
rates in riboviruses and some higher eukaryotes, and strikingly similar genomic
mutation rates in most DNA microbes. However, highly informative exceptions
have recently been observed.

Keywords Mutation * Mutation rate ¢ Ribovirus ¢ Thermophile

2.1 Introduction

My scientific hobby for the last 40 years has been the exploration of the phylogeny
of mutation, specifically the rates of mutation in as many organisms as could be
probed and the kinds of mutations that result. These explorations began to coalesce
in the 1990s and soon comprised some broad generalizations. More recently, I and
several colleagues sought exceptions to these generalizations in order to test particular
hypotheses, with sometimes surprising results.
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At the beginning, it is important to stress that mutation has long been accepted to
be a highly evolved process shaped by natural selection [6, 10, 16]. For instance,
most mutations are deleterious and thus reduce the average fitness of progeny, pro-
viding a basis for adaptive evolution based on mutation down-modifiers. As such,
the mutational target of an organism is its whole genome, or at least that fraction
which is subject to purifying or adaptive selection. Thus, the most interesting param-
eter is usually the genomic mutation rate [ although it is sometimes subdivided in
various ways. However, the only part of the genomic mutation rate that is subject to
selection is that fraction that can generate deleterious or adaptive mutations, so that
spacer DNA that shows no traces of purifying selection is of a very limited signifi-
cance in this respect; accordingly, I will sometimes refer to the fraction of the
genome in which new mutations are subject to selection as the effective genome and
the corresponding genomic mutations rate as p,. This is close to the total genome
in most microbes but may be a small fraction of the genome in higher eukaryotes.

Mutation rates are most often measured starting with a specific mutation-reporter
locus. The mutation frequency f is determine by counting mutants among total
organisms screened. The frequency is then converted into a rate p using equations
that reflect the mode of chromosome replication, for instance, iterative copying
(the stamping-machine model) or exponential replication. Although complex equa-
tions are sometimes required, there exist very simple equations that suffice for
many situations. Thus, for riboviruses, which replicate by a stamping-machine
mechanism, p=f/2¢ where c is the number of sequential infection cycles that gen-
erated the test population [3]. For geometrically replicating organisms (such as
numerous microbes), provided that the population is initiated with a number of
organisms small enough to contain no mutants and then grows until it has experi-
enced many (more than 30) mutations, p=f/In(Nu) where N is the final population
size [1, 14]; the median rate from five or more cultures is the best measure.

The rate per locus is then converted into a rate per average base pair, which is
finally converted into a genomic rate. It is important that the mutation-reporter locus
be free of selective forces and certain other behaviors that bias mutation frequencies,
and that it be large enough to mirror the genome as a whole. The main difficulty with
mutation-reporters, which are usually protein-encoding sequences, is that they report
base-pair substitutions (BPSs) inefficiently because most BPSs do not produce a
mutant phenotype. Because of the efficiency and low cost of DNA sequencing, this
constraint can now sometimes be overcome by calculating BPS rates using only BPSs
that create chain-terminating mutations, which are expected to be scored efficiently.

Other modes of measuring mutation are sometimes used. One involves massive
genomic sequencing. This has the advantage of scoring mutations without regard to
their phenotypes but may have the disadvantages of young technologies.

2.2 Mutation Rates Codified

Table 2.1 presents an overview of rates of spontaneous mutation across major groups
of organisms. They fall into three categories.
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Table 2.1 Rates of mutation in diverse categories of organisms

Group M., per genome replication M., per “generation”
Riboviruses 0.1-1 0.2-2
Retroelements 0.03-0.43 0.08-1.3

Most DNA microbes 0.003-0.005 (same)

Some animals 0.004-0.014 0.04-1.6

Ribovirus rates are from Drake and Holland [3] and Malpica et al. [12].
Retrovirus rates are from Drake et al. [4]. DNA-microbe rates are from Drake
[2]. Animal rates are from Drake et al. [4]

Riboviruses and retroelements (including retroviruses and retrotransposons)
have the highest rates per genome replication, and when these are presented per
“generation” (two replications for riboviruses, three for retrotransposons), the rates
are close to the maximum that can be tolerated without extinguishing the population
(variously called “error catastrophe” or “mutational meltdown”). Most of the pub-
lished values are based on very short reporter sequences and thus provide uncertain
values when extrapolated to the whole genome, which may account for the wide
range of values.

Most DNA-based microbes have rates far lower than do the RNA-based microbes,
in the neighborhood of 0.004 per genome replication. For the DNA-based microbes,
a genome replication usually occurs once per cell division.

Several animals (Caenorhabditis elegans, Drosophila melanogaster, Mus muscu-
lus, Homo sapiens) also have rates (per effective haploid genome) in the neighbor-
hood of 0.004 per genome replication in the germline, but animals often experience
large numbers of germline replications per sexual generation (mostly in the male)
and therefore have very high rates per effective genome per sexual generation. As a
result, therefore, animals to some extent resemble the RNA world. The highest rate,
1.6 mutations per haploid genome per generation, belongs to humans, and suggests
that any long-extended increase in this rate might extinguish the species.

All but one of the mutation rates considered thus far were determined using
strains well adapted to the laboratory growing under generally benign conditions
and should be viewed as basal mutation rates. For most of these organisms, the
basal rates are so large that even small increases could be disastrous. However,
because of their much lower basal mutation rates, the DNA microbes can tolerate
sharply increased rates, at least for a while. However, under diverse stresses, bacte-
rial mutation rates often increase transiently, or at least for as long as the stress
persists (e.g., Petrosino et al. [13], Gibson et al. [8]). More generally, a considerable
fraction of mutation spectra from all categories of life contain one or more mutants
bearing two or more mutations, where the “multiples” are usually far more frequent
than anticipated from a random distribution of mutations and are likely to arise from
bouts of transient hypermutability such as might result from errors of transcription,
translation, or folding in proteins involved in diverse DNA transactions (Drake
et al. [5]). In addition, closely spaced complex mutations are sometimes produced
by DNA primer extension using ectopic templates, but these can usually be recognized
by finding the ectopic donor sequences [15]. All of these kinds of supra-basal muta-
tion rates may well contribute to evolution, but to an unknown extent.
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2.3 Informative Exceptions

The single most remarkable aspect of comparative mutation is the very narrow
range of genomic rates among the DNA microbes, and perhaps also among animals
if the estimates in Table 2.1 are correct. Because genome sizes vary by about 6,000-
fold among the microbes that make up that entry in the table, average mutation rates
per base pair necessarily vary inversely by about the same factor, an observation that
is about two decades old [1] but remains unexplained: while much is known about
fidelity mechanisms in many of these model organisms, it is not known why “0.004”
is such a strongly preferred value.

One of the most frequently evoked hypotheses has its origins in the work of Motoo
Kimura, who pointed out that down-modifiers of mutation rates should be adaptive
because most mutations are deleterious, at least within the effective genome (the
latter concept not being anticipated at that time because of the lack of DNA sequences
to reveal the large fractions of many genomes that consists of DNA not subject to
strong purifying selection). As he appreciated, however, there will always be a cost
associated with further reducing the error frequency [10]. (He also noted that up-
modifiers of mutation rates would be inefficiently selected through the adaptive
mutations they might produce because the favorable alleles would soon be separated
from the mutator allele by recombination, an efficient process in frequently sexual
organisms and not necessarily sufficiently absent from bacteria to prevent such
selection, although the issue is complex.) In any case, the Kimura conjecture implies
an equilibrium mutation rate, but does not imply that the equilibrium would be the
same in such a diverse set of organism with so sharply differing life histories and
molecular mechanisms for maintaining replication fidelity, especially when it
encompasses a 6,000-fold variation in average mutation rate per base pair.

An experimental test of the Kimura conjecture might consist of artificially
increasing the mutation rate with a physical or chemical mutagen and then deter-
mining how the overall rate adjusts during subsequent evolution in the laboratory,
but there are many pitfalls in this approach, one being uncertainly about the time
required to reach equilibrium and another being about the limited set of environ-
ments that can be explored in the laboratory. Our first test of the conjecture involved
characterizing mutation in the hyperthermophile Sulfolobus acidocaldarius because
we wondered if growth at extreme temperatures might introduce so much DNA
damage as to force the mutation rate upwards. However, the result was just the
opposite: mutation rates were lower in S. acidocaldarius than in the mesophilic
microbes examined to date [9]. We then considered the impact of temperature on
the average base pair in a protein-encoding gene, knowing that one of the easiest
kind of conditional mutation to isolate historically in many microbes was a temper-
ature-sensitive allele. It seemed reasonable to surmise that many neutral missense
mutations in mesophiles would become deleterious at higher temperatures, in
which case purifying selection against nonsynonymous mutations would be
expected to be more intense in thermophiles than in mesophiles. This turned out to
be correct: the estimator dN/dS (where N refers to nonsynonymous mutations and
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Table 2.2 Rates of spontaneous mutation in DNA microbes

Organism Genome (nt)  p, K, 1 (BPS)  p (indel)
Phage M13 6.4x10° 7.5%x107 0.0048 0.0038 0.0010
Phage A 4.9x%10* 53%x107% 0.0026 0.0022 0.0004
Herpes simplex virus 1.5%x10° 1.8x 107 0.0043 0.0035 0.0008
Phage T4 1.7x10° 1.8x 107 0.0038 0.0030 0.0008
Escherichia coli 4.6x10° 6.4x107'°  0.0030 0.0025 0.0004
Saccharomyces cerevisiae 1.2x107 3.6x1071°  0.0044 0.0041 0.0003
Schizosaccharomyces pombe 1.3 x107 2.4x107'°  0.0030 0.0026 0.0004
Mesophile mean 0.0038 0.0032 0.0006
Thermus thermophilus 2.1x10° 32x107'°  0.00067  0.00054  0.00013
Sulfolobus acidocaldarius 2.2x10° 1.7x107'°  0.00037  0.00011  0.00026
Thermophile mean 0.00052  0.00033  0.00019

Values are from Drake [2]. The value for phage A is for its rates when growing lytically. Where a
mutation reporter was impacted by an extreme indel hotspot, the posted values are for the rates
without the hotspot; the overall profile is only modestly impacted by this procedure. The total
genomic rate p, is fractionated into its base-pair substitution and indel components, p (BPS) and
ug(indel), respectively

S to synonymous mutations) averaged to about 0.14 in mesophilic DNA microbes
but fell to about 0.09 in thermophiles [7]. Also, because S. acidocaldarius was
the first archaeon to be examined for its mutational propensities, we repeated the
analysis in a bacterial thermophile, Thermus thermophilus, and observed again
that the mutation rate was lower than seen in mesophiles [11]. The more reliable
of the mesophile and thermophile rates are listed in Table 2.2 and were calculated
using only chain-terminating mutations to estimate BPS rates. Not only are total
genomic rates seen to be reduced in thermophiles (by roughly sevenfold), but
the main cause of this decrease is a tenfold decrease in BPS rates. These results
provide a striking confirmation of the concept of a reciprocal relationship
between the impact of mutations and the genomic mutation rate, as expected from
the Kimura conjecture.
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Chapter 3

Micro-algae as a Model System for Studying
of Genotype Resistance to Oxidative Stress
and Adaptive Response

Stefka G. Chankova and Nadezhda Yurina

Abstract Here we discuss the possible contribution of DSB DNA repair and
chaperone systems for the formation of genotype resistance to oxidative stress and
the possible correlation between cells’ genotype resistance and the magnitude of
adaptive response (AR). Mutant strains of Chlamydomonas reinhardtii showing dif-
ferent levels of gamma- rays, paraquat- and zeocin-resistance as well as species
Chlorella isolated from habitats with extreme environmental conditions are used as
a model system. On the basis of results obtained it could be speculated that geno-
type resistance to oxidative stress may not always correlate with the initial level of
DSB induced, but rather with higher DSB repair capacity and higher content of
constitutive HSP70B. Our results concerning the relationship between genotype
resistance to oxidative stress and adaptive response confirm our previous suggestion
that up-regulated DSB DNA rejoining could be considered as one of the mecha-
nisms involved in the formation of AR in this organism. New data are provided that
strains with a relatively lower genotype resistance demonstrate a stronger AR. On
the other hand the higher genotype resistance of strains did not abrogate their com-
petence to adapt. A relationship between DNA repair capacity estimated on the
basis of single dose treatment and the DNA repair capacity estimated on the basis of
the AR is obtained.
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3.1 Introduction

Organisms are continuously subjected to naturally occurring changes and additionally
to disturbances originated by human activity. The impact of these changes on whole
ecosystem depends on the response of single organism. During the evolution many
defense strategies have been developed in organisms to minimize/overcome the
potential harmful action of environmental stress and to increase cell tolerance or
adaptation to oxidative stress.

The term adaptive response (AR) generally refers to the phenomenon that low-
dose exposure to a genotoxic agent can protect cells from a subsequent damaging
high-dose exposure [1, 20, 24, 26, 27, 39, 57, 58]. Accumulating data in the litera-
ture strongly suggest that some defense mechanisms probably underlying the AR
could involve acceleration of DNA repair, de novo synthesized proteins; activation
and/or partial contribution of the antioxidant system, chaperone accumulation, more
efficient detoxification of free radicals etc. [17, 20, 29, 34, 35]. A well known
hypothesis is that the AR may be triggered by some low level of primary induced
DNA double-strand breaks (DSB) which could probably serve as a signal for activa-
tion of DSB repair [3, 16, 32, 57].

For example, it has been previously shown by us that model C. reinhardtii strains
could develop strong radiation-, zeocin (Zeo)- or paraquat (PQ)-induced AR involv-
ing accelerated rejoining of DSB [8, 13, 15, 20, 21]. Intriguingly, heat pretreatment
(37-42°C) was not sufficient to induce a statistically significant increasing of DSB
in C. reinhardtii strain CW15 and did not induce AR to test dose gamma rays irra-
diation in the form of accelerated DSB rejoining [16].

At present, however, there is limited evidence whether there could be a correlation
between genotype resistance (i.e. single cell radio-/chemo-resistance) and the capa-
bility to develop AR. The published data are still insufficient and the relationships
between cell resistance and the ability to develop an AR are difficult to predict. For
example, it has been proposed that certain tumors which are difficult to cure by
X-rays may exhibit a strong induced radio-resistance [56]. Some radio-sensitive
tumor lines and cells of ataxia telangiectasia patients do not show an AR in the form
of induced radio-resistance [28]. On the other hand Zasukhina et al. [60] reported
that the level of radiation-induced AR was the same in blood cells of patients with
Bloom syndrome (human autosomal recessive disorder with chromosomal instabil-
ity and increased risk of malignancy at an early age) as that in cells from healthy
donors. For better understanding of some mechanisms involved in the formation of
genotype resistance and adaptive response (AR) in plants, mutant strains of C. rein-
hardtii with different level of radio- and chemo-resistance as well as algae from habi-
tats with extreme environmental conditions have been used as a model system.

Our hypothesis is that resistant to oxidative stress mutant strains and algal spe-
cies isolated from habitats with extreme environmental conditions would have simi-
lar and/or more efficient cellular defense mechanisms.

We address two main questions: What is the possible contribution of DSB DNA
repair and chaperone systems for the formation of genotype resistance to oxidative
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stress? Is there a relationship between genotype resistance to oxidative stress and
the magnitude of adaptive response (AR) in micro- algae?

3.2 Why Micro-algae Have Been Chosen as a Model System?

Unicellular green algae have been developed into a “good” test-system in modern
eco-toxicology and for studying of genotype resistance and AR for several reasons:
cell/organism, with a simple life cycle, relatively inexpensive experimental condi-
tions and methods for cultivation, a growing array of tools and techniques for
molecular genetic studies, quick methods with good resolution, sensitivity, potential
for extrapolation of results obtained to higher plants, easily isolated mutants with
different levels of radio- and chemo-resistance etc. [13-15, 19-21].

On the other hand an understanding of the molecular mechanisms of genotype
resistance to oxidative stress and adaptive response exhibited by mutant strains of
Chlamydomonas reinhardtii may lead us to a deeper understanding of plant cells
response to oxidative stress in general. This organism is particularly interesting
from the point of view of its powerful adaptive response to radiation [3, 4-6, 8], and
in addition it promises to provide indirectly further insight into the adaptive response
of normal and malignant human cells at low radiation doses [26, 27]. Up to now,
most studies of repair on C. reinhardtii have focused on nuclear and extra nuclear
DNA using mutant repair-deficient strains [33, 40, 48, 52-54]. However, radio
resistant mutants are scarce [11-13]. We have been interested in the question about
whether radio resistant and chemo- resistant strains of this organism would, in addi-
tion to its resistance in single-dose experiments, show an adaptive response to oxi-
dative stress in split-dose experiments. The main characteristics of C. reinhardtii
strains and Chlorella species are presented in Table 3.1.

3.3 Genotype Resistance to Oxidative Stress

Previously it was described by us that radio resistant genotype of Chlorella vulgaris
and Chlamydomonas reinhardtii would be characterized with increased SSB DNA
repair efficiency [10, 11], higher levels of constitutive SOD, SH-group, pigments,
especially carotenoids and chl “a” [9, 11], and stability of the ultrastructural cell
components or/and of the presence of cell wall [11]. Furthermore we aimed to throw
more light on the contribution of initial level of DSB DNA, repair efficiency and
constitutive levels of HSPs for the formation of genotype resistance.

In order to test our hypothesis that algal species isolated from habitats with
extreme environmental conditions could be used as a model for the investigation of
genotype resistance to oxidative stress, the responses of three Chlorella species to
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Table 3.1 Characterization of strains and species of micro-algae

C. reinhardtii strains Characteristics
137C Wild type (WT), St Petersburg collection
AK-9-9 Obtained by chemical mutagenesis ([9],

St Petersburg University), Can res, radioresis-
tant, cross-resistant to Zeo and PQ [11-14, 20]

CWI5 Culture Collection of Algae and Protozoa (CCAP
11/32CW15+), Ambleside, UK; cell-wall-less
with WT radio resistance [12, 18]

H-3 Hybrid strain, obtained by Chankova and Bryant
[11, 13, 14], radio resistant, cross — resistant to
Zeo and PQ [20, 21].

Chlorella species
Chlorella kessleri Mesophilic, isolated from USA freshwater, axenic,

mainly used for fundamental research, from
Czech collection

Chlorella sp. Antarctic — psychrophilic, isolated from soil on the
island of Livingston, the South Shetland
archipelago

Chlorella vulgaris strain 8/1 Thermophilic strain, isolated in 1968 from the

thermal spring (t=40-50° C) near by Petrich
(Bulgaria); during 20 years laboratory cultivated
at room temperature

UV-B irradiation, Zeo and heat treatment are compared. A large range of doses of
UV-B irradiation, A=312 nm (BLX, Life Technology, UV crosslinker), Zeo con-
centrations and temperatures are applied. As a first step cells’ response of Chlorella
sp (antarctic), Chlorella vulgaris 8/1 (thermophilic) and Chlorella kesslery (meso-
philic) is examined on the basis of various endpoints — spot-test, micro-colonies
assay and growth rate. Species resistance to oxidative stress is evaluated on the
basis of LD, , LD, and LD, [13, 14]. Our pilot results show that Chlorella species
differ in their response. The most pronounced growth rate and cell survival are cal-
culated for Chlorella sp. 1t is also found that Chlorella species are photo reactiva-
tion proficient and differ in their capacity to overcome harmful effect of UV-B.
Species resistance to UV-B induced stress could be arranged in the following order
depending on post irradiation conditions: Ch.sp>Ch.vulgaris8/1=Ch.kesslery
(samples with photo-reactivation) and Ch.sp> Ch.vulgaris8/1> Ch.kesslery (sam-
ples without photo-reactivation).

3.3.1 On the Role of Initial Level of DSB DNA
Jor the Formation of Genotype Resistance

In our paper [20] we describe that the level of DSB DNA induced by single PQ treat-
ment is higher in strain CW15 comparing with that for strain 137C. No statistically
significant increasing in the level of DSB is found for the radio-resistant strains H-3
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Table 3.2 Repair capacity of C. reinhardtii strains after single dose treatment with Zeo and PQ.
Mean data from at least three independent experiments

Treatment ZEO PQ ZEO PQ ZEO PQ ZEO PQ
Recoverytime 1h 2h 3h 4h

137C 1.37 1.44 1.35 1.46 1.44 2.11 1.61 2.74
CW15 1.10 1.30 1.14 1.96 1.25 2.49 1.30 2.56
H-3 2.42 3.70 5.54 10.42

AK-9-9 1.81 2.23 291 2.96

and AK-9-9 even at high concentrations. For the same strains an increasing of DSB
induced by single Zeo treatment in a concentration depended manner up to about
100 pg ml™ is shown [21]. Above this concentration the dose response curves lev-
elled out to a plateau. As a whole, no statistically significant differences are observed
between DSB values in strains 137C, AK-9-9 and H-3. One way ANOVA with
Tukey multiple comparison test confirm that these three strains have a similar Zeo
resistance in terms of DSB induction in the range of 10-300 ug ml. The level of
DSB is higher for strain CW15 [15, 21].

3.3.2 On the Role of DSB DNA Repair Efficiency
Jor the Formation of Genotype Resistance

To clarify the contribution of DNA repair factor in the formation of genotype resis-
tance to oxidative stress, repair capacity of strains is analyzed. Our results indicate
that differences in Zeo resistance not always correlate with the initial level of DSB
induced, but rather with higher DSB repair capacity (Table 3.2).

These results are in agreement with the findings of other authors [23, 41].
Moreover, DNA repair has been pointed out as probably the most crucial mecha-
nism employed by cells to avert bleomycin-induced genotoxicity [42]. However, it
is likely that, apart from DNA repair, other factors such as chromatin structure,
mutations, cell cycle, altered DNA damage checkpoint response, defective apopto-
sis, or cell wall maintenance, etc. could also play a critical role toward determining
cell resistance or sensitivity [2, 7, 49].

3.3.3 On the Role of Chloroplast HSP70B/Chaperone
Jor the Formation of Genotype Resistance

Heat stresses proteins (HSPs) as a key components contributing to cellular homeosta-
sis take a special place among defense systems [25, 38, 51, 55]. A special role in
protecting cells from oxidative and heat stress belongs to HSP70 proteins, that together
with co-chaperones proteins take part in the formation of chloroplast “foldosome”
[44]. There are evidences of the involvement of chloroplast HSP70B/chaperons in
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Fig. 3.1 Comparison of HSP70B level in Chlorella species after heat stress: (/) — 39°C/30 min,
(II) 42°C/5 min and (I1I) 45°C/5 min; (a) Coomassie R-250 staining. The same amount of total
protein at the gel was applied. Equal application of the protein on the gel was controlled by
Coomassie R-250 staining; (b) Western blot analysis of HSP70B level in Chlorella species incu-
bated at heat stress; (c) results of densitometry of HSP70B contents

refolding of denatured proteins [22], in the biogenesis of thylakoid membranes, the
synthesis or assembly of components of the new reaction centers and in the protection
and repair of photosystem II during and after photoinhibition [43, 45].

To throw more light on the possible role of HSP70B protein in the formation
of cell resistance to temperature induced stress we addressed two questions:
whether Chlorella species that differ in their response to oxidative stress would
differ in their content of constitutive HSP70B and whether Chlorella species
would differ in their response to heat shock (Figs. 3.1 and 3.2). Western
blot analysis is used to measure HSP70B content 2 and 4 h after HS treatment

[16, 59].
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Fig. 3.2 Effect of higher (/ — 42°C/5 min) and lower (/I — 8°C/12 h) temperature treatment on
HSP70B level in Chlorella species. (a) Coomassie R-250 staining; (b) Western blot analysis of
HSP70B level in Chlorella species incubated with heat stress; (c¢) results of densitometry of
HSP70B contents

Results presented in Fig. 3.1 show different stress response of algal species.

About 60% higher content of HSP70B is found for Ch. kessleri after the treat-
ment with 39°C /30 min and 42°C/5 min and no statistically significant changes are
obtained after the treatment at 45°C/5 min. The lack of induction of protein at 45°C
corresponds well with our survival experiments (data not shown) where about 50%
cell death is determined. Suppressed protein synthesis is possible also at this tem-
perature. The only temperature that can induce heat stress in both species isolated
from habitats with extreme environmental conditions Ch. sp (antarctic), and Ch.
vulgaris 8/1 (thermophilic) is 45°C/5 min. The thermophilic strain 8/1 shows a
slight HSP70B induction, but psychrophilic Chlorella sp demonstrates the increased
HSP70B induction, indicating the occurrence of stress state in these cells. Small
changes of HSP70B content in thermophilic Ch. vulgaris 8/1 may indicate partici-
pation of other defense factors. In Fig. 3.2 (I) the relative contents of constitutive
HSP70B are presented.

Markedly higher content of HSP70B is measured for Ch. Sp (Antarctic) compar-
ing with other two species at different experimental conditions. The difference
between HSP70B contents for Ch. kessleri and Ch. vulgaris 8/1 is found to be insig-
nificant. Incubation of Ch. sp. (antarctic) at low temperature did not lead to a
decrease in HSP70B level (Fig. 3.2, II). This result speaks in favor of the assump-
tion that increased HSP70B content in Antarctic algae is evolutionary fixed sign
promoting to the survival of cells under extreme conditions. It is interesting that
Ch. sp. (antarctic) is also characterized by increased activity of superoxidedismutase
and catalase at high temperatures, and increased efficiency of antioxidant system
than other strains [31, 37].
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On the basis of results obtained it could be possible to speculate that genotype
resistance to oxidative stress may not always correlate with the initial level of DSB
induced, but rather with higher DSB repair capacity and higher content of constitu-
tive HSP70B. To show whether algae from habitats with extreme environmental
conditions have evolutionary developed more effective cellular defense mechanisms
further experiments must be done.

3.4 Is There a Relationship Between Genotype
Resistance to Oxidative Stress and the Magnitude
of Adaptive Response?

Little is currently known about the correlation between cells’ genotype resistance and
their response to radiation [47]. The magnitudes of Zeo induced AR in C. reinhardtii
strains presented in Fig. 3.3 show that all strains have the capacity to develop AR.

A stronger AR is demonstrated in strains with a relatively lower genotype resis-
tance. Interestingly, it was obtained that the higher genotype resistance of strains
H-3 and AK-9-9 did not abrogate their competence to adapt. Our observation that
the magnitude of induced AR in C. reinhardtii depends on the cell genotype is in
agreement with the suggestion that the development of AR in human lymphocytes
probably depends on genetic factors and not only on physiological ones [36, 50].

Quite different is the picture presented in Fig. 3.4.

Strong PQ induced AR is manifested in strains with WT resistance — 137C and
CW15 and no/or very slight PQ-induced AR in resistant strain AK-9-9 and H-3
(about 3%). No AR has been also induced when heat pretreatment has been used
several hours before test treatment with gamma-rays or heat shock [16].

Looking for the reason we have analyzed the level of DSB initially induced by
pretreatment with low conditioning doses of PQ and heat. The absence of statisti-
cally significant higher level of DSB DNA induced by priming (conditioning)
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Fig. 3.3 (a) Magnitude of AR measured as an area between curves representing the fraction of
DSB remaining following single test Zeo treatment and following split Zeo treatment (AAUC);
(b) Magnitude of AR measured as an area under the curves representing the normalized split dose
micro-colony survival (AUC ) [46]

NSD!
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Fig. 3.4 (a) Magnitude of AR measured as an area between curves representing the fraction of
DSB remaining following single test PQ treatment and following split PQ treatment (AAUC);
(b) Magnitude of AR measured as an area under the curves representing the normalized split dose
micro-colony survival (AUC, ). [46]

NSD

treatment is obtained for both cases. Our data add evidence to the hypothesis that
a certain primary level of DNA damage could serve as a triggering event signalling
the activation of DNA repair systems [3, 16, 20, 30, 32, 57]. The analysis of our
results could suggest that the level of DSB DNA that can trigger an AR in C. rein-
hardtii strains should be at least 1.5-fold higher than those in control non-treated
cells. Comparing repair capacity of strains, a relationship between DNA repair
capacity estimated on the basis of single dose treatment and the DNA repair capac-
ity estimated on the basis of the AR is obtained.

3.5 Conclusion

Our results concerning the relationship between genotype resistance to oxidative
stress and adaptive response, confirm our previous suggestion that up-regulated DSB
DNA rejoining could be considered as one of mechanisms involved in the formation
of AR in this organism. New data are provided that strains with a relatively lower
genotype resistance demonstrate a stronger AR. On the other hand the higher geno-
type resistance of strains did not abrogate their competence to adapt. A relationship
between DNA repair capacity estimated on the basis of single dose treatment and the
DNA repair capacity estimated on the basis of the AR is obtained.
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Chapter 4

Flavonoid Biosynthesis Genes in Wheat

and Wheat-Alien Hybrids: Studies into Gene
Regulation in Plants with Complex Genomes

Elena K. Khlestkina, Olesya Tereshchenko, and Elena Salina

Abstract Pigmentation by flavonoid pigments is the oldest trait employed for studies
in genetics. In the current chapter, we describe application of the flavonoid biosyn-
thesis (FB) genes as a model in the study of regulatory-target gene relationships in
allopolyploid wheat genome (7riticum aestivum, AABBDD, 2n = 6x=42) and gene
functioning in a foreign background in wheat-alien hybrids. Investigation of this
multicomponent gene system showed that FB gene regulation cuts across genomes
of allopolyploid wheat, the regulatory FB genes contribute more to the functional
divergence between the diploid genomes of allopolyploid wheat than do the struc-
tural genes, and a good cooperation of the wheat and alien FB gene systems is
observed in wheat-alien hybrids.

Keywords Allopolyploids ¢ Wheat * Flavonoid biosynthesis ® Multicomponent
gene system ¢ Genetic mapping ® Gene regulation

4.1 Introduction

Bread wheat (Triticum aestivum L., 2n=6x=42) is derived from a complex
hybridization process involving three diploid species carrying the three homoe-
ologous genomes A, B and D [49, 50]. The progenitors of the A, B and D genomes
(T. urartu, Aegilops speltoides and Ae. tauschii, respectively) are closely related,
and the gene content in these three genomes is largely conserved. Thus, there are
commonly three representatives of each single copy gene present in bread wheat.
They are referred as homoeologous genes. Due to allopolyploid nature of wheat
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chromosome engineering technologies can be successfully applied to its improvement
by introgression of alien genetic material from some other cereal species. It is of
interest how genetic material derived from different species or genera manages to
coexist in a common nucleus. The mechanisms underlying adaptation of different
genomes in a common nucleus are known to be acting at the different levels of
cell organization. Besides changes in genome size [77] and genome structure
[37,58,76, 81, 87, 92], alteration of gene expression in allopolyploids in comparison
with the diploid parents is observed. This chapter will focus mainly on the regula-
tion of gene transcription in multicomponent flavonoid biosynthesis gene system
in allopolyploid wheat and wheat-alien hybrids.

Flavonoid substances are divided into 12 classes. Eight of the 12 classes are known
to be either plant pigments or precursors of the pigments. Different plant organs can
be colored with flavonoid pigments. Mutations in the genes determining coloration
are nonlethal and confer easily scorable phenotypes, therefore flavonoid biosynthesis
(FB) gene system provides a colorful tool for studies in genetics and biotechnology.
FB genes contributed to understanding and discovery of many genetic and epigenetic
phenomena, such as basic underlying principles of heredity [64] and gene polymery
[72, 73], transposable elements and epigenetic gene regulation [60], posttranscrip-
tional gene silencing [71] and paramutations [11]. FB also has contributed to under-
standing of the organization of metabolic pathways in plants [85, 96]. Recently, FB
genes have been used as a model to investigate how genes function in a foreign back-
ground in wide hybrids and to study interaction between structural genes and their
homoeologous regulatory genes in allopolyploid wheat genome [39, 42, 44].

4.2 Biological Role of Flavonoids

Coloration of different plant organs (stems, flowers, seeds etc.) with flavonoid pig-
ments is not a luxury. It plays multiple biological functions in plants. Flavonoids are
known to be important for plant growth, development and reproduction, as well as
for biotic and abiotic stress tolerance.

In 1883, Charles Darwin noted in his book that pigmented canes, grapes and
onion are more resistant to diseases than white varieties of these species, and that
red wheat is hardier in northern climates than white wheat [18]. Later, many
researchers reported relationships between pigmentation intensity (or content of
certain flavonoid substance and transcriptional level of FB structural genes) and
level of resistance to different stressors (or extent of stress-induced damage) [4, 13,
15,27,33,62,79,91]. In particular, pigmentation of plant organs with anthocyanins
is important for plants defense against UV-light, cold, draught, salinity stress, heavy
metals, irradiation exposure, nutrient deficiency and fungal diseases [13, 22, 35, 52,
70, 75, 82, 83, 86, 93, 94, 6].

Furthermore, flavonoids affect plant growth, development and reproduction,
membrane permeability and seed germination, and prevent pre-harvest sprouting
[16, 19, 24, 26, 31, 38, 66, 80, 88].
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4.3 Genetic Bases of Flavonoid Biosynthesis in Wheat

Flavonoid biosynthesis genes are divided into the regulatory and the target genes.
FB enzymes are encoded by the structural genes representing the target genes in the
network. Regulatory genes control tissue-specific expression of the target genes.
Genetic bases of flavonoid biosynthesis have been intensively studied in maize, rice,
barley, Arabidopsis, petunia and morning glory [14, 67]. In wheat, until recently,
information on flavonoid biosynthesis gene system was very scant. Different wheat
plant organs may be colored with flavonoid pigments such as anthocyanins (grain
pericarp, coleoptile, culm, leaf blade, leaf sheath, auricle, anther and glume; [43,
61]), proanthocyanidins (seed coat; [65]) and phlobaphenes (glume; [39]). In wheat
genome, at least 70 loci were found, either determining pigmentation of different
organs or encoding FB enzymes [61]. Some of the genes determining organ pig-
mentation may encode transcriptional factors regulating expression of the FB struc-
tural genes ([30, 47]; Khlestkina et al. unpublished).

4.3.1 Genes Determining Pigmentation of Different Organs

Three genes determining red coleoptiles coloration were reported in hexaploid
wheat, localized on homoeologous chromosomes 7A [89], 7B [25] and 7D [36].
Microsatellite mapping of these genes showed them to be homoeoloci which were
designated Rc-Al, Rc-Bl1 and Re-D1, respectively [40]. Two genes controlling pur-
ple culm were localized on chromosomes 7B [51] and 7D [59]. Later they and the
third gene on chromosome 7A were mapped in homoeologous positions (loci des-
ignations: Pc-Al, Pc-Bl and Pc-DI) in close linkage with the Rc-1 loci [45, 47].
Furthermore, novel genes determining purple leaf blade color (Plb-Al, Plb-Bl and
PIb-D1) and purple leaf sheath color (Pls-Al, Pls-BI and Pls-D1) were mapped in
close linkage with the Rc-1 and Pc-1 genes [45, 47]. Two genes determining purple
anther (Pan-Al and Pan-DI) were mapped on chromosomes 7A [5] and 7D [45] in
a short distance from Rc-Al and Rc-DI, respectively. Comparative mapping in
wheat and maize demonstrates that the wheat Rc/Pc/Plb/Pls/Pan gene cluster locates
in syntenic region in comparison with the maize genome region carrying locus c/
encoding Myb-like regulatory protein and determining anthocyanin pigmentation in
maize [20, 43]. Furthermore, the c/ gene was used as a probe in Southern hybrid-
ization-based mapping in wheat, and its homolog was mapped to the chromosomes
7A,7B and 7D in position highly comparable with that of the wheat Rc/Pc/Plb/Pls/Pan
gene cluster [54].

Two complementary genes determining purple grain pericarp, Ppl and Pp3,
were mapped to non-homoeologous chromosomes 7B and 2A, respectively in both
hexaploid [21] and tetraploid wheats [48]. Comparative mapping in wheat, rice and
maize demonstrates that the Pp3 gene locates in syntenic region of the rice and
maize genomes carrying loci Pb (Ra; [34, 95]) and Lc (R; [57]), respectively, encod-
ing Myc-like regulatory protein determining anthocyanin pigmentation.
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Three genes determining red auricles, Ral, Ra2, Ra3, were assigned to
non-homoeologous chromosomes 1D [28], 4B and 6B [63], respectively.

The pigmentation traits described above are due to anthocyanin biosynthesis. In
wheat, seed coat, glumes and awns may be colored with proanthocyanidins or
phlobaphenes. Three genes determining red seed coat color, R-Al, R-BI and R-D1,
were mapped to the homoeologous chromosomes 3A, 3B and 3D [23]. Three
homoeologous loci determining red, smokey-grey or black glume color, Rg-Al, Rg-
B1 and Rg-D1, were mapped to chromosomes 1A, 1B and 1D [41, 46]. Homeoloci
determining black (Bla) or red (Raw) awn color are closely linked to the Rg-/
genes [7, 78].

4.3.2 Genes Encoding Flavonoid Biosynthesis Enzymes

The genes for phenylalanine ammonia-lyase (Pal) were cloned [53, 55] and
mapped [54] to chromosomes of homoeologous groups 3 and 6. The genes for
chalcone synthase (Chs) were cloned [97] and mapped [54] to chromosomes of
homoeologous groups 1 and 2. The genes encoding chalcone-flavanone isomerase
(Chi) and anthocyanidin-3-glucoside rhamnosyltransferase (3Rf) were cloned and
mapped to chromosomes of homoeologous group 5 ([44, 54]; Tereshchenko and
Khlestkina, unpublished). The genes for flavanone 3-hydroxylase (F3h) and dihy-
droflavonol-4-reductase (Dfr) were cloned and mapped to chromosomes of
homoeologous group 2 [42] and 3 [29, 69], respectively. The anthocyanidin syn-
thase (Ans) genes were cloned and mapped to chromosomes of homoeologous
group 6 [32].

4.4 Regulation in Flavonoid Biosynthesis Gene Systems
in Wheat and Wheat-Alien Hybrids

Mapping the genes participating in pigmentation traits formation in wheat allowed
to choose proper genetic models for the further investigation of FB gene regulation
in allopolyploid wheat and wheat-alien hybrids.

4.4.1 Transcription of Flavonoid Biosynthesis Structural Genes
in Wheat

4.4.1.1 Transcription of Flavonoid Biosynthesis Genes in Different Organs

Analysis of wheat near-isogenic lines showed that wheat R gene determining red
seed coat color is a tissue-specific Myb-like transcriptional activator of the FB
structural genes [30].
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Using wheat ‘Chinese Spring’ with green coleoptile and chromosome substitution
line ‘Chinese Spring’(‘Hope’ 7A) with red coleoptile, Ahmed et al. [2] showed that
Rc-Al gene may be a transcriptional activator of the structural genes Dfr, Ans and Ufgt
(UDPG flavonol 3-O-glucosyl transferase). The use of such models as substitution,
recombinant and introgression lines demonstrated that Rc-A1, Rc-B1 and Rc-D1 acti-
vate transcription of the F3h gene in colored wheat coleoptiles [42, 47]. Transcriptional
activating function of the Rc-1 genes is in agreement with the comparative mapping in
wheat and maize, suggesting Rc to be an orthologue of the maize c/ gene encoding
Myb-like regulatory protein determining anthocyanin pigmentation [20, 43]. The
gene Pc-1 which is closely linked to Rc-1 was shown to activate transcription of the
Chs, F3h and Ans genes in purple culm (Tereshchenko and Khlestkina, unpublished).
Probably, the wheat Rc/Pc/PIb/Pls/Pan gene cluster in wheat chromosome 7 origi-
nates from the single ancestor Myb-like gene-orthologue of the maize gene c/.

Using wheat near-isogenic lines we demonstrated that the Rg-/ genes activate
Chi transcription in red and black glumes, whereas the Pp3 gene activate the Chs,
F3h and Ans genes in purple pericarp. Furthermore, analysis of expression of the
candidate gene for Pp3 in pericarp of the isogenic lines confirmed the suggestion
resulted from comparative mapping in wheat, rice and maize that Pp3 is a Myc-like
transcriptional activator for the structural FB genes ([39]; Tereshchenko and
Khlestkina, unpublished).

4.4.1.2 Transcription of Homoeologous Genes in Wheat

In 70-99% homoeologous gene series of allopolyploids, all homoeologues are report-
edly co-expressed [8, 17, 37]. Analysis of transcriptional level of individual gene
copies showed that expression levels of co-expressed homoeologues can sometimes
be equal [42, 68, 90] or vary [3, 74, 90]. However until recently the question remained
as to whether, in an allopolyploid, the interaction between regulatory and target is
genome-specific, or whether regulation cuts across genomes. To clarify this, relation-
ships between structural genes and their homoeologous regulatory genes were studied
using the Rc-F3h gene pair as a regulatory-target model [42]. It was shown that each
dominant Re-1 allele affects the expression of the three F34-1 homoeologues equally,
but the level of F3h expression was dependent on the identity of the dominant Re-/
allele present. The lack of any genome-specific relationship between F3h-1 and Rc-1
implies an integrative evolutionary process among the three diploid genomes, follow-
ing the formation of hexaploid wheat. Another conclusion made from this study was
that the regulatory genes contribute more to the functional divergence between the
wheat genomes than do the structural genes themselves [42].

4.4.2 Gene Regulation in Wheat-Alien Hybrids

Alien germplasm keeps stirring interest as a source of genes useful for crop plant spe-
cies. Novel phenotypes can be obtained using transgenic technologies or chromosome
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engineering approaches. Finely coordinated work of the FB genes of different species
[1, 10, 12, 56] or vice versa their inability to cooperate [9, 84] were shown by trans-
genic technologies.

Alternatively to transgenic plants, a wide range of the wheat-alien hybrids pro-
vides an important tool to investigate relationships between foreign regulatory and
target genes. Using such wheat-rye chromosome substitution and addition lines, it
was shown that the rye regulatory Rc gene can activate the wheat target gene F3h
and vice versa wheat Rc induces expression of rye F3h. However, lower level of
expression of rye F3h in comparison with that of the two wheat orthologues in the
wheat-rye chromosome substitution line 2R(2D) was observed [44]. It was sug-
gested that transcriptional dominance observed in the substitution line was a result
of post-hybridization changing methylation patterns of rye F3h or was due to diver-
gence between rye and wheat F3h cis-regulatory elements, which although did not
prevent activation of rye F3h governed by the wheat Rc gene, affected specifically
expression level of the gene [39]. Analysis of wheat F3h transcription in wheat-
Aegilops chromosome addition and substitution lines, wheat-rye chromosome addi-
tion line and wheat-barley chromosome substitution line demonstrated that each of
the Aegilops, rye or barley Rc genes is able to activate wheat F3h-1 genes. However,
the observed compensatory effect of the alien chromosomes was partial, and the
bigger genetic distance between wheat and a donor species was, the lower transcrip-
tional level of wheat F3h-1 genes was observed [39].

4.5 Conclusions

Pigmentation traits formation in wheat is based on the functioning of the multi-
component gene system including the genes controlling biosynthesis of flavonoid
pigments anthocyanins, proanthocyanidins and phlobaphenes in different plant
organs and the genes encoding flavonoid biosynthesis enzymes (structural genes).
The genes determining pigmentation of different organs are the tissue-specific
regulatory genes activating transcription of the structural genes. During pigmenta-
tion traits formation in wheat, coordinated work of the regulatory and structural
genes located in different diploid genomes composing allopolyploid wheat genome
is observed. When some wheat components of this gene system are substituted by
orthologous genes from Aegilops, rye or barley, the partial compensatory effect
takes place.
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Chapter 5
Implications for Human and Environmental
Health of Low Doses of Radiation

Carmel E. Mothersill and Colin B. Seymour

Abstract Recent advances in our understanding of the mechanisms underlying the
biological effects of low dose effects of ionizing radiation have revealed that similar
mechanisms can be induced by chemicals in the environment. Therefore interac-
tions between radiation and chemicals are likely and that the outcomes following
mixed exposures to radiation and chemicals may not be predictable for human
health, by consideration of single agent effects. Our understanding of the biological
effects of low dose exposure has undergone a major paradigm shift. We now possess
technologies which can detect very subtle changes in cells due to small exposures to
radiation or other pollutants. We also understand much more now about cell com-
munication, systems biology and the need to consider effects of low dose exposure
at different hierarchical levels of organization from molecules up to and including
ecosystems. We also understand at least in part, some of the mechanisms which
drive low dose effects and which perpetuate these not only in the exposed organism
but also in its progeny and even its kin. This means that previously held views about
safe doses or lack of harmful effects cannot be sustained. ICRP and all national
radiation and environmental protection organisations have always accepted a theo-
retical risk and have applied the precautionary principle and the LNT (linear-non-
threshold) model which basically says that there is no safe dose of radiation.
Therefore even in the absence of visible effects, exposure of people to radiation is
strictly limited. This review will consider the history of the new discoveries and will
focus on evidence for emergent effects after mixed exposures to combined stressors
which include ionizing radiation. The implications for regulation of low dose expo-
sures to protect human health and environmental security will be discussed.
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5.1 Biology of “Non-targeted” Effects

Within conventional radiobiology as accepted in the 1950s continuing through to the
1990s there was little consideration of epigenetic effects, because the traditional con-
cept of radiobiology was based on target theory [53, 67]. For an effect to occur, radia-
tion had to hit a defined target within the cell, assumed to be DNA. Assumptions about
the number of targets hit could then be made from measurements of dose and dose rate
[2, 15]. The evolution of non-targeted effect (NTE) radiobiology meant that at low
doses the previous assumptions needed to be reconsidered in the light of the existence
of non-DNA mechanisms [28, 44, 47]. The mechanisms underlying radiation effects
are not constant with respect to dose and it would now be generally accepted that low
dose effects are mechanistically different to high doses effects. This is not to say the
mechanisms are necessarily mutually exclusive but it does mean that NTE’s will con-
tribute more to the overall outcome at low doses where targeted effects are small.
Targeted effects will predominate at high doses and in situations where NTE’s have
been inhibited or otherwise prevented. In terms of the progression of radiobiological
thinking in this field, disease caused by radiation no longer had to be exclusively genet-
ically based, but radiation could promote or exacerbate systemic disease. This disease
could have been caused for example by a chemical mutagen [4, 25, 58]. Equally, the
radiation could facilitate a non-mutation based inflammatory type disease [33, 35, 36,
40]. These concepts, although largely accepted theoretically by the radiobiology com-
munity, have been difficult to prove epidemiologically because of what are generally
called “confounding variables” such as smoking, drinking, age, gender, or concurrent
past or future exposures to the same or a different pollutant [57, 64]. These factors
actually reflect the futility of trying to assign causation, as defined in epidemiology, to
one agent when the doses are low! Others argue that radiation and many chemical
“pollutants” might actually boost the immune system and be good [5, 7, 59]. The hor-
metic argument has many interesting applications but is unproven with regard to mul-
tiple pollutants. This adds to the confusion and controversy surrounding low dose
exposures. The essential point is that there will be huge individual variation due to
involvement of epigenetic and non-targeted factors in the response [17, 55, 71]. At any
one time we are as unique epigenetically as we are genetically. Epigenetic differences
are linked to gender and lifestyle. In theory therefore a low dose of radiation could
cause any number of effects ranging from beneficial to death-inducing disease depend-
ing on the context of the exposure and the interplay of factors such as cell communica-
tion, microenvironment, tissue infrastructure and a whole host of systemic variables
which influence outcome from a cellular track of ionizing radiation [19, 70].

5.2 Is Radiation *“Just Another Stressor’ or Is It Unique?

Key developments leading to the current widespread acceptance of ionizing radia-
tion as “‘just another stressor” include:

1. The development of sensitive techniques such as m-FISH, for detecting chromo-
somal abnormalities [14, 26, 54, 65].
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2. Studies showing that delayed or persistent sub-optimal survival (reproductive
death) could be seen in surviving progeny of irradiated cells [8, 46, 63, 66].

3. The emergence of genomic instability as a mechanism by which low doses of
radiation could cause delayed or persistent damage to chromosomes [32, 34, 41,
56, 68].

4. The accumulation of knowledge of “bystander effects” whereby chromosome
damage, death, DNA damage and various other consequences occur in cells
receiving signals from cells irradiated with low doses of radiation [6, 27, 37, 38,
62, 69].

5. Criticism of the epidemiological research undertaken after the Hiroshima and
Nagasaki bombs as ignoring the damage from residual radiation and fall out
[45, 61].

The NTE paradigm emerged initially as a result of re examination of firmly held
beliefs and some odd results in the laboratory which did not fit the DNA paradigm.
Proof of the new hypotheses required the techniques such as molecular imaging,
M-FISH, and SKY as well as the development of tissue culture techniques for human
normal tissues which permitted functional studies to be performed [18]. Older stud-
ies tended to use high doses on a limited number of cell lines or highly inbred animal
strains. These tended to thrive in the laboratory in the laboratory but were often
unrepresentative of tissues in the outbred human or non-human [1, 16, 29].

5.2.1 Important Consequence for Radiation Protection
and Risk Assessment of NTE’s

5.2.1.1 The Concept of Hierarchical Levels

Hierarchical levels stretch from the individual to smaller units (organs — tissues — cells —
organelles —genes ) and to bigger units — populations (multiple individuals/ single
species) and ecosystems (multiple individuals and multiple species). Confusion in
the low dose exposure field (both radiation and chemical) arise from lack of consid-
eration of this concept. Most of the arguments about whether radiation is good or
bad for you fail due to lack of consideration of the hierarchical level at which the
effects occur and because most of the arguments are anthropocentric. For example
cell death is seen as a bad effect but if it removes a potentially carcinogenic cell
from the population of cells in a tissue it could prevent cancer starting and could be
seen as good. Survival of cells is seen sometimes as desirable but if they survive
with unrepaired or mis-repaired damage, they could facilitate development of a can-
cer. Similarly in non-human populations — death of radiosensitive individuals which
cannot adapt to the changed (now radioactive and or chemically polluted) environ-
ment, could be good at the population level in evolutionary terms depending on the
life stage and reproductive status when the effects manifest, although death will be
bad for the individual. It is only by considering responses in context, that any con-
clusions can be drawn about risk or harm.
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5.2.1.2 Spatio-Temporal Concepts

There are two aspects to this — one is simply the age of the irradiated unit and the
spatial deposition pattern of the ionizing energy. This concept is relevant across all
hierarchical levels. Obvious considerations are the age or maturity of the cell, organ,
life-form or ecosystem receiving the track, the density of the energy deposition, the
lifetime of the unit and its importance in the context of functionality of the higher
hierarchical levels. Young units tend to be less stable and thus more vulnerable (or
more adaptive?) than old or mature units because of their faster metabolic rate,
higher rate of growth/cell division and at the ecosystem level, because of their less
strongly developed interdependencies. There is also (usually), more redundancy in
young units, for example there are more available individuals, better reproductive
rates and better viability from young progenitors , whether cells or individuals. The
other aspect is that the delayed effects of radiation and bystander effects mean that
radiation effects are not fixed in time or space to the energy deposition along ion-
izing track. The effects can persist and manifest at distant points in time and space.
These concepts are also discussed elsewhere [4, 58].

5.2.1.3 The Importance of Mixed Exposure Analysis

Pollutants including radiation seldom occur in isolation. In fact most environmental
radioactivity comes from radioisotopes which are chemical entities. This means that
there is always a mixed exposure and that both the chemical and radioactive aspects
need to be considered. Additive damage used to be an acceptable way to deal
with mixed exposures (if any way were used!). The new field of non-targeted effects
with the consequent realization that emergent properties can exist, which were not
predictable from the individual agent dose response data, makes this no longer
acceptable. The complexities of mixed pollutant scenarios call for a re-think of
fundamental approaches to both epidemiological causation after low dose expo-
sures to anything. They also question the need regulators have to regulate to a
number (dose unit/exposure unit). Some of the issues concerning the latter position
include the following:

* How to ensure compliance if there is no “safe” or legal limit?

e How to deal with multiple stressors especially if the interactions are not known
* How to correct for dose rate/time of exposure

* How to deal with mixed chronic and acute exposures

* How to factor in possible adaptive, hormetic or antagonistic effects

* How to regulate in pristine versus dirty environments

The issues of legal causation are highly relevant to the former point but outside
the scope of this review. Discussion of these issues can be found elsewhere [22, 42,
43]. Ultimately, in order to resolve these issues, more data are needed for mixed
exposure scenarios using relevant species. Systems biology approaches involving
close interaction between experimental biologists and modelers are also required.
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5.3 Data Concerning Low Dose Effects of Mixed Exposures

There are very little data where low dose exposures to multiple stressors/mixed
contaminants involving radiation and a chemical are investigated. The field was
reviewed by Mothersill et al [50] in 2006. Recent interest in non-targeted effects
probably means more attention will be paid to this area in future. Gowans et al. [23]
have data showing chemical induction of genomic instability. Data from the authors’
own and other laboratories shows that heavy metals singly or in combination can
cause genomic instability [3, 9-13, 20, 21, 24, 39, 48, 49, 52]. Delayed death and
chromosome aberrations in human cells following nickel, titanium or cadmium
exposure have been reported [9, 10, 20, 21]. Similar effects have been reported in
fish cell lines [11-13, 39, 49, 52], and more recently in live fish exposed to very low
doses of gamma radiation 4—75 m Gy over 48 h in the presence of heavy metals at
levels just above background [51, 60].

Organic pesticides and detergents such as prochloras, nonoylphenol, nonoxynol
and dichloroaniline have also been found to cause delayed lethal mutations in fish
cells [11, 13, 48].

Chromium and vanadium used in implants and dentures lead to a variety of
genetic and reproductive delayed effects in vivo and to multiple endpoints associ-
ated with non-targeted effects in vitro [9, 10, 20, 21].

5.4 Implications for Environmental Protection and Human
Health

While many of the studies cited above are concerned with fish or in vitro cells
rather than humans, the data show that non-targeted effects can be induced by low
dose exposures to a number of environmental chemicals as well as ionizing radia-
tion. This means that combined exposures to low doses of these agents cannot be
regulated in isolation and that studies of potential mechanistic interactions are
important. Radiation protection of humans could find use from the approaches
which are being taken by the task groups within ICRP, IAEA and the US-DoE
(see for example [30, 31]) who have to formulate policy to regulate exposure of
non-human biota. Many of the issues involved such as dealing with non-cancer
endpoints, mixed contaminants or chronic low dose exposure are real issues in
human radiation protection.

5.5 Summary Thoughts and Recommendations

The challenge in the low dose exposure field is to tease out the “noise”. Noise is the
euphemistic term we use when the level of the disease which is un attributable to our
favoured causative agent, is too high to prove causation formally in any strict scientific
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or legal sense. Perhaps we should accept that we cannot assign causation and instead
view ionizing radiation as one among many agents which together contribute to
cause disease. Before we can do this it is vital to understand the key mechanisms
and in particular to find areas of mechanistic commonality suggesting common cau-
sation. Biomarkers may be useful to identify possible common mechanisms and to
validate their relevance across different hierarchical levels. If this is achieved it
should be possible to model links between effects at one level e.g. cellular or indi-
vidual leading to harm and risk at higher levels — in this example the individual or
the population. Biomarker studies do need to be interpreted cautiously however
because they are often used as surrogates for risk when in fact they may merely be
pointing to change in the system. Without the back-up modeling and multi-level
analysis of their relevance they may lead to false conclusions and confusion about
the true risk of an inducing agent.

The problem of establishing causation following mixed exposures still exists as
does the issue of what constitutes “harm”. In the non-human biota field, there is great
concern about doing more harm than good, if action levels are enforced which might
require “remediation” of a habitat —i.e. removal of contaminated vegetation and soil.
This could cause much more harm to the ecosystem than the original stressor. In the
realm of human protection against low dose stressors, issues might include the ethics
of genetic screening to identify sensitive sub-populations. If a sensitivity marker
were available, who should be tested and when? Should diagnostic screening be
forbidden to these individuals because of their possible sensitivity to low doses of
radiation? There are also issues regarding lifestyle choices and risk benefit analysis
at the biological level. Evolutionary adaptation leads to a fitter population (of cells,
individuals) by eliminating the weak units but how is that population changed? In
dealing with concepts of adaptation to environmental stressors where “nature” sorts
things out in the optimal way, is “nature’s way’’ to Nietzian for Man?

It would be good to conclude this reflection with a “way forward” but as we are
still in the very early stages of accepting that radiation doses effects at low doses are
non-linear, that multiple stressors impact the final outcome, and that what appears
to be bad (or good) may be good (or bad)- it is perhaps best to recommend caution
and consideration of these points rather than a great new regulatory framework!
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Chapter 6
Role of Epigenetic Changes
in Radiation-Induced Genome Instability

Slava Ilnytskyy, Jody Filkowski, and Olga Kovalchuk

Abstract Ionizing radiation (IR) is an important diagnostic and treatment modality, yet
it is also a potent genotoxic agent that causes genome instability and carcinogenesis.
While modern cancer radiation therapy has led to increased patient survival rates, the
risk of radiation treatment-related complications is becoming a growing problem as
radiation poses a threat to the exposed individuals and their progeny. Radiation-induced
genome instability, which manifests as an elevated mutation rate (both delayed and
non-targeted), chromosomal aberrations and changes in gene expression, has been
well-documented in directly exposed cells and organisms. However, it has also been
observedindistant, naive, out-of-field, ‘bystander’ cells and their progeny. Enigmatically,
this increased instability is even observed in the pre-conceptually exposed progeny of
animals, including humans. The mechanisms by which these distal effects arise remain
obscure and, recently, have been proposed to be epigenetic in nature.

Epigenetic alterations which comprise mitotically and meiotically heritable
changes in gene expression that are not caused by changes in the primary DNA
sequence, are increasingly being recognized for their roles in health and disease.
Three major areas of epigenetics—DNA methylation, histone modifications and
small RNA-mediated silencing, are known to have profound effects on controlling
gene expression. Yet, the exact nature of the epigenetic changes and their precise
roles in IR responses and IR-induced genome instability still need to be delineated.
Here we will focus on the nature of epigenetic changes in directly exposed and
bystander tissues. We will also discuss the emerging evidence that support the role
of epigenetic deregulation in transgenerational effects.
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6.1 Epigenetics — A Brief Historical Overview
of a Science Reborn

The term ‘epigenetics’ (outside of genetics) was introduced by developmental
biologist Conrad Hall Waddington well before the discovery the molecular structure
of DNA itself. Waddington’s model proposed that epigenetics describes how genes
within a multicellular organism interact with other genes and their environment to
yield a certain phenotype [107]. In later works by Robin Holliday, epigenetics was
characterized as the cellular “mechanisms of temporal and spatial control of gene
activity during development” [44].

After the discovery of DNA as the genetic material, the field of epigenetics was
overshadowed by studies focused on the role of changes in DNA sequence between
various normal and pathological conditions. It was not until the near completion of
the human, and several other genome projects, that an interest in epigenetics was
‘reborn.” By this time, many researchers had come to understand that genome
sequences failed to fully explain the complexity of cellular processes, regulation or,
most importantly, the fine-tuning of cell-organism-environment interactions.

One can not discount the importance of the genetic code: it is indispensible for life.
Besides containing the coding information for RNAs and proteins, the DNA sequence
also harbours a variety of gene expression guidelines within regulatory sequences such
as promoters, enhancers and other elements. Nevertheless, it has become clear that
regulatory elements may function differently under certain conditions or cell states
without requiring any DNA sequence alterations. However, it has been noted that these
changes are usually accompanied by chromatin modifications. Thus, it has become
necessary to focus on the non-sequential characteristics of the genome: those aspects
not detailed in the genetic code but, rather outside of it, the ‘epi-gentics’ so to speak.
And indeed, in practice the term “epigenetics” has been adopted to refer to the infor-
mation contained in chromatin rather than in the actual DNA sequence [11, 49].

6.2 What Is Epigenetics?

Modern science defines epigenetics as meiotically and mitotically stable alterations in
gene expression that are not based on DNA sequence changes and involve processes
that impact chromatin structure such as DNA methylation, histone modifications
and genomic imprinting [11, 112, 113]. More recently, RNA-mediated silencing
was proposed as another epigenetic phenomenon [10].

6.2.1 DNA Methylation

Cytosine DNA methylation was the first epigenetic alteration identified and has
become the most widely studied [34, 35]. It is known to be associated with inactive
chromatin state and in most cases with the repressed gene expression activity
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[49, 55, 112] and, thus, is crucially important for the regulation of gene expression,
silencing of parasitic sequences, X-chromosome inactivation and overall, for the
normal development, cell proliferation and proper maintenance of genome stability
of a given organism [49, 90].n mammals, DNA methylation occurs predominantly
in the context of CG dinucleotides which are methylated 60—80% of the time [112].
This methylation occurs specifically at cytosine residues and requires the activity
of DNA methyltransferase (DNMT) enzymes to form 5-methylcytosine. In mammals,
three DNA methyltransferases (DNMT1, DNMT3a and DNMT3b) are primarily
responsible for establishing and maintaining DNA methylation patterns at CpG sites
[39, 89, 94]. DNMT1 is the major enzyme involved in maintaining the existing
pattern of DNA methylation following DNA replication [63]. It localizes to the
replication fork, where it can directly modify nascent DNA immediately after
replication [39, 52, 112]. In contrast, Dnmt3a and Dnmt3b are de novo methyltrans-
ferases that target unmethylated and hemi-methylated sites in response to intra-
and inter- cellular signals that are not yet fully elucidated [39, 81, 112]. Deregulation
of these proteins is frequently recognized in diseased states and likely is involved in
the altered methylation patterns that are a hallmark of numerous diseases [39, 52, 112].

Altered global DNA methylation patterns are a well-known characteristic of can-
cer cells [113]. Frequently, cancer cells are characterized by global genome hypom-
ethylation with concurrent hypermethylation of selected CpG islands within gene
promoters [8, 9, 49, 113]. The global loss of DNA methylation at CpG dinucleotides
was the first epigenetic abnormality identified in cancer cells, and it has been linked
to the activation of transposable elements, elevated chromosome breakage, aneu-
ploidy, increased mutation rates and, thus, to the phenomenon of a global genomic
instability [89, 91, 112, 113].

6.2.2 Histone Modifications

Changes in DNA methylation do not appear to be isolated, independent events. Such
changes accompany global chromatin deregulation and, sometimes, histone modifica-
tions [49, 51]. The term ‘histone code’ is used to describe the plethora of potential
covalent modifications that may occur on several of the core histones. These modifi-
cations, many of which are still not fully understood, allow for an enormous amount
of flexibility and complexity of the regulatory responsibilities of chromatin and
include (not exclusively) acetylation, methylation, ribosylation, ubiquitination,
sumolation and phosphorylation. Although the full scope of their effects remains
mostly unexplored, many of these modifications are known to alter the spatial
arrangement of the DNA strand, thus, changing the accessibility for numerous DNA
associating proteins. Frequently, these spatial rearrangements impact transcriptional
regulation. Examples of such modifications include histone acetylation, methylation
and phosphorylation [51, 113].

Acetylated histone tails lose their positive charge reducing their affinity for the
negatively charged DNA and, thus, lead to a more relaxed chromatin packaging. The
increasingly relaxed acetylated loci experience increased transcriptional activation,
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while histone deacetylation has an opposite effect—transcriptional repression [51].
Histone methylation is not so straight forward. Methylation can result in different
transcriptional consequences depending upon the residue affected [18, 95]. For
example, methylation of lysine 9 of histone H3 is associated with chromatin compac-
tion and gene silencing, while methylation of lysines 4 or 27 of histone H3 results in
chromatin relaxation and transcriptional activation. Additionally, histone residues can
be either mono-, di- or tri-methylated, and again, lead to different transcriptional profiles
(both between the degree of methylation and the recipient residues) [18, 43, 95, 113].
In a practical example, it has been shown that tumours undergo a massive loss of
tri-methylation at lysine 20 of histone H4 [37, 105]. This loss occurs along with
DNA hypomethylation and is linked to chromatin relaxation, aberrant expression and
has been suggested to be a universal marker for malignant transformation [37, 96].

Although influencing transcription and expression is considered the paramount
purpose of the epigenome, it also has been implicated in identifying DNA lesions,
recruiting repair complexes and facilitating in the repair process. Phosphorylation,
another important facet of the histone code, [43] is best studied in the modification
of histone H2AX (a member of the H2A family). The phosphorylation of H2AX is
crucially important for the repair of DNA strand breaks and the maintenance of
genome stability [15]. As H2AX becomes phosphorylated at serine 139 (YH2AX) it
accumulates in foci at the break sites, possibly as one of the earliest cellular responses
to double strand breaks (DSBs) [82, 93, 97]. A direct correlation exists between
H2AX phosphorylation and the number of radiation induced DSBs [16]. Again, it
appears that this mechanism does not act exclusively as YH2AX recruits histone
acetyl transferase (HAT') to relax the neighbouring chromatin.

6.2.3 Small RNAs — New Regulators of Gene Expression

Another mechanism of epigenetic control is mediated through small regulatory
RNAs [10] with a particular interest in microRNAs (miRNAs). miRNAs are abun-
dant, small, single-stranded, non-coding RNAs that regulate gene expression and
are conserved across species [47, 99]. To control the translation of the target mRNAs,
miRNAs associate with the RNA-induced silencing complex (RISC) proteins and
bind to the 3'UTR of mRNAs, thus, serving as translational suppressors that regu-
late protein synthesis [46]. Regulatory miRNAs impact cellular differentiation, pro-
liferation, apoptosis and, possibly, even predisposition to cancer [30, 47]. Aberrant
levels of miRNAs have been reported in a variety of human cancers [108, 114].
Furthermore, it has been suggested that small RNAs may be involved in the regula-
tion of chromatin packaging [10, 41].

Another class of short, non-coding RNAs are 29-30 nucleotides long and form
complexes with Piwi proteins (piRNAs) [5, 6, 14, 21, 32]. This novel class of small
RNA molecules, discovered in 2007, are expressed in the mammalian germline and
have been linked to silencing of retrotransposons and other germline genetic elements
[6, 14, 21].
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6.2.4 Epigenetics and Environment

Epigenetic regulation appears to be vitally important for all organisms—especially
eukaryotes, and during this decade it has become increasingly apparent that epige-
netic changes modulate the molecular, cellular and organism responses to a chang-
ing environment [49, 52, 71, 111, 113]. Through interaction with their surrounding
environment, living organisms are constantly exposed to a variety of stressors
including physical, chemical, biological and social. Although these interactions
may be positive and negative, all of them may potentially re-shape not only the
genome, but also the epigenome. The body of work supporting this hypothesis
continues to grow as more effort is applied to investigating the molecular players
involved in communicating the signals and effecting the epigenetic changes. The
full potential of epigenetics and the role it plays in maintaining a balanced physiol-
ogy cannot be fully appreciated until all the mechanisms are fully researched and
understood: a daunting, albeit, critically important task.

6.3 Direct Effects of Radiation Exposure

Besides diagnostic and therapeutic medical radiation exposures, which usually repre-
sent finite doses, most exposure comes from more ubiquitous, unobvious sources that
tend to supply chronic levels of radiation. These include backround radiation, cosmic
rays, radioactive waste, radon decay, nuclear tests and accidents (e.g. Chernobyl and
other nuclear power plants). It is important to note that all living organisms are exposed
to ionizing radiation (IR) on a day-to-day basis (both purposeful and unavoidable) yet,
the underlying mechanisms of such exposure is not fully understood. On one hand, IR
is a well-known cancer-inducing agent. The carcinogenic potential of IR was recog-
nized soon after its discovery, when the first radiation-induced tumor was reported in
1902 [17, 64, 65]. Over the past decade, intense research efforts have been made to
elucidate the cellular and molecular mechanisms of radiation-induced carcinogenesis
in mammalian cells. On the other hand, radiation is one of the primary clinical
methods used for detecting and fighting human malignancies: medical practices that
are responsible for prolonging countless lives. It can be difficult to justify the use of a
known mutagen and carcinogen in such clinical methods without fully understanding
the proximal, distal, immediate and persistent effects that are caused by radiation
exposure, which makes investigations into the direct and indirect effects of IR much
more imperative.

IR can disrupt a variety of processes in exposed cells including gene expression,
mitochondrial processes, cell cycle arrest and apoptotic cell death [2—4, 19, 33, 48,
50, 85, 92, 106]. Perhaps its most important characteristic is that IR is a potent DNA
damaging agent capable of producing lesions such as cross linking, nucleotide base
damage and single and double strand breaks [45, 64]. The accumulation of DNA
damage caused by IR in conjunction with the disrupted cellular regulation processes
can lead to carcinogenesis [64].
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6.4 Epigenetic Changes in the Directly Exposed Tissue

Direct radiation exposure strongly influences epigenetic effectors. DNA damaging
agents including ionizing radiation have been reported to affect DNA methylation
patterns [53, 60, 104]. Acute exposures to low LET x-rays or y-rays were noted to
result in global hypomethylation [53, 104]. Surprisingly, this effect was not a
generic response as it was later shown that the IR exposure leads to a profound
dose-dependent and sex- and tissue- specific global DNA hypomethylation [56, 68,
83, 84, 86]. Furthermore, the changes in methylation status did not appear to occur
indiscriminately throughout the genome, but rather may be focused to particular
loci as it was noted that IR exposure also affects methylation of the promoter of the
p16 tumour suppressor in a sex- and tissue-specific manner [60]. These changes in
methylation patterns correlated with the radiation-induced alterations in the expres-
sion of DNA methyltransferases, especially de novo methyltransferases DNMT3a
and DNMT3b suggesting that the changes are part of purposeful radiation-induced
mechanism and not just another immediate, direct radiation-induced structural
change [84, 86]. Most importantly, the radiation-induced global genome DNA
hypomethylation appeared to be linked to genome instability in the exposed tissue
[57, 83, 84, 86].

DNA methylation is closely connected with other components of chromatin
structure and although much attention has been given to the radiation-induced
changes in DNA methylation, histones have been largely overlooked. Among the
histone modifications that change upon radiation exposure, phosphorylation of
histone H2AX has been studied most intensively. Recent studies have also indicated
that radiation-induced global loss of DNA methylation may correlate with the
changes in histone methylation, specifically with the loss of histone H4 lysine
tri-methylation [84].

6.5 Epigenetic Determinants of the Indirect Radiation
Effects: Bystander Effect

Despite a significant body of evidence that points towards the epigenetic nature of
radiation-induced bystander and transgenerational effects, until recently few studies
addressed the exact nature of epigenetic changes related to the indirect radiation
response. The pioneering work of Kaup and colleagues has shown that DNA
methylation is important for the maintenance of radiation-induced bystander
effects in cultured cells. Using cultured human keratinocytes, they demonstrated
that the dysregulation of DNA methylation profiles in naive cells exposed to media
from irradiated cells persists for 20 passages. Over a similar period of culture under
similar conditions, these cells also exhibited an increased and persistent level of
chromosome and chromatid aberrations, reproductive cell death, apoptosis and
other signs of genome instability [54].
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Epigenetic changes were also shown to be important in whole-tissue- and
whole-organism-based bystander effect models. The reconstituted 3D human
tissue model offers an excellent alternative to cell cultures. The recent study by
Sedelnikova and colleagues examined bystander effects in two reconstructed
human 3D tissue models—bronchial epithelial and full-thickness skin. Following
microbeam irradiation of cells located in a thin plane through the tissue, a variety
of biological endpoints were analyzed in distal bystander cells (up to 2.5 mm away
from the irradiated cell plane) as a function of post-exposure time (0 h to 7 days).
In bystander cells, they detected a significant increase in the levels of phosphory-
lated H2AX; apoptosis (persistent); micronuclei formation; loss of nuclear DNA
methylation; growth arrest (persistent) and an increasing number of senescent
cells. Of a special interest is the observed loss of DNA methylation in bystander
cells as it may be indicative of an epigenetic nature of bystander effect in 3D human
tissue models [98].

Further insight into the role of epigenetic changes in the bystander effect comes
from animal-based studies, where irradiation was shown to induce DNA damage
and modulate the epigenetic effectors in distant bystander tissues. The Kovalchuk
and Engelward laboratories pioneered in vivo studies on the role of epigenetic
changes in radiation-induced bystander effects. To analyze in vivo bystander effects,
they developed a mouse model whereby half of an animal body was exposed to
radiation, while the other half was protected by a medical grade shield [57]. This
model was used to monitor the induction and repair of DNA strand breaks in the
unexposed cutaneous tissue. In addition to this well-established endpoint, the
authors also explored the possibility of epigenetic mechanisms (i.e. DNA methyla-
tion and alterations in DNA methyltransferases and methyl-binding proteins) in the
generation and/or maintenance of a radiation-induced bystander effect in the
unexposed cutaneous tissue. They have shown that radiation exposure to one half of
the body leads to elevated levels of DNA strand breaks, and altered levels of key
proteins that modulate methylation patterns and silencing in the bystander half of
the body at least 0.7 cm from the irradiated tissue. These are some of the first data
to clearly demonstrate that the epigenetically regulated bystander effects occur
in vivo in distant tissues. Importantly, these epigenetic changes in bystander tissues
are not due to the insufficient shielding or radiation scattering [57].

To be relevant for carcinogenesis, the epigenetic manifestations of bystander
effects should accumulate and/or persist over a long period of time. To investigate
the possibility that the localized X-ray irradiation induces persistent epigenetically
modulated bystander effects in distant tissues, Koturbash and colleagues monitored
the occurrence of epigenetic changes (i.e. DNA methylation, histone methylation
and miRNA expression) in spleen tissue 7 months after the localized cranial irradia-
tion. This analysis has revealed that the localized cranial radiation exposure leads
to the decreased levels of global DNA methylation. It also alters the levels of key
proteins that modulate methylation patterns and silencing (i.e. de novo methyltrans-
ferase DNMT3a and methyl-binding protein MeCP2) and contributes to the reacti-
vation of the LINEI retrotransposon in the bystander spleen, located at least 16 cm
from the irradiation site. Importantly, it is the first evidence that down regulation of
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DNMT3a and MeCP2 is probably triggered and maintained by higher activity of a
small regulatory RNA, microRNA miR-194. These experiments have demonstrated
that miR- 194 is up-regulated in the bystander rat spleen. These data have also clearly
demonstrated that the bystander effect occurs in vivo in distant tissue, persists over
a long period of time, and are epigenetically regulated [58].

The observed altered expression of miR-194 in the bystander rat spleen was quite
intriguing and promoted further studies of microRNAome changes in bystander
tissues. Using the microRNA microarray platform, microRNAome patterns have
been profiled in skin and spleen tissues of mice subjected to sham treatment, whole-
body or head exposure. The radiation exposure led to significant alterations in the
microRNA expression profiles in bystander skin and spleen [59] The pronounced
microRNAome alterations can also be seen in the bystander tissues using the 3D
model [61]. These data suggest that the microRNA expression changes really occur
in bystander tissues. Their exact function in the bystander effect still has to be
delineated. Furthermore, due to their small size and high stability, microRNAs may
be plausible candidates for the bystander signal.

6.6 Transgenerational Effects

Targeted effects of radiation are caused by direct interaction of ionizing particles
with genetic material. Direct germline mutations are transmitted to subsequent
generations in according to the laws of classical genetics and may lead to a whole
spectrum of deleterious effects including, but not limited to, dominant lethality and
congenital malformations [38, 73].

A growing body of data shows that heritable effects of radiation exposure are not
limited to those caused by targeted mutations. A number of studies have shown
de novo mutations in the non-exposed progeny of an irradiated parent that resemble
radiation induced genomic instability [13, 69, 70, 100-102]. Early work that focused
on the study of radiation-induced, dominant, lethal mutations in mice, unexpectedly,
showed an excess of intrauterine deaths of fetuses fathered by pre-conceptually
irradiated (at spermatogonial stage) mice. This effect continued to the F2 generation
[70]. Later, the discovery of hypermutable mini satellite loci (short tandem repeats
in human and mouse genome) provided an invaluable biomarker for the study of
radiation-induced germ line mutations [23]. Pioneering works by Dubrova et al.
showed increase of germ line mutation rates in the progeny of fathers exposed to
radiation as a result of the Chernobyl accident [24, 25]. The same methods were
used to detect the increased frequency of germ line mutations in multi-generation
families living close to the Semipalatinsk nuclear test site and among the Techa
River population [1, 28, 29].

Animal studies conducted by the same group showed that germ line mutations at
mini satellite loci were induced at a frequency that was an order of magnitude higher
than is expected in the case of direct mutations [26, 27]. Importantly, the increased
rate of mini satellite mutations was still observed in F2 progeny of irradiated male
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mice and this trait was exhibited by most of the offspring in violation of Mendelian
laws [7]. Induction of transgenerational genomic instability was influenced by the
dose, type of irradiation and stage of germ cell development [26, 31, 75].

Transgenerational genomic instability may be linked to transgenerational radia-
tion induced carcinogenesis that manifests itself as an increase of cancer risk in the
unexposed progeny of irradiated parents. Increased predisposition to tumour forma-
tion in the progeny of irradiated mice was first demonstrated by Nomura [76-78, 80].
This effect, although slightly carcinogenic, was transmitted to subsequent genera-
tions in a non-mendelian manner and was greatly enhanced upon application of
secondary carcinogens [109, 110]. A number of experiments were designed to
confirm and expand initial findings by Nomura. Daher et al. [20] reported marginally
significant increase of leukemia incidence in the progeny of X-ray irradiated N5
mice, as well as earlier onset in leukemia development in the progeny of mice injected
with tritium. Similarly, modulation in leukemia/lymphoma development was
observed after in BDF1 and CBA mice after pre-conceptual treatment with pluto-
nium 239, followed by secondary exposure to methylnitrosourea [67]. A lifetime
study that included 4,279 mice showed that pre-conceptual treatment to a high, acute
dose of X-Rays leads to increased hematopoietic malignancy in the female and
bronchioloalveolar adenocarcinomas in male progeny. On the other hand the same
study failed to show increased tumour induction by secondary exposure to urethane
[72]. The exact manifestations of radiation induced transgenerational carcinogenesis
were shown to depend on the dose, type of irradiation, stage of germ cell development
and genetic background of the model organism [22, 66, 79].

To date, the exact molecular mechanism of radiation induced transgenerational
effects remains unclear: the high frequency of induction and the fact that these effects
are present in most, if not all, of the offspring are incompatible with the involvement
of genetic mutations. Radiation induced free radicals could be considered, however,
their short lived nature and negligible cytoplasmic component in sperm make them
an unlikely candidate. Manifestations and the mode of transmission of this effect
suggests that it has to be fixed across multiple loci in most if not all of the germ cells
produced by affected gonad. It is tempting to hypothesize that these changes are
memorialized in the germ cell through epigenetic mechanism. DNA methylation
marks at imprinted loci and certain repeat elements were shown to be resistant to
epigenetic reprogramming events in developing embryos [42, 62]. A series of recent
studies described the ability of sperm-bound small RNA to trigger developmental
changes in the embryo that could be transmitted to subsequent generations in
non-mendelian manner [40, 87, 88]. No data is available on the ability of histone
marks to trigger similar responses, however, histones were shown to be present in
sperm covering genomic areas responsible for embryonic development [12].

A preliminary study conducted by Kovalchuk’s group found significant loss of
cytosine DNA methylation in the thymus of the progeny after paternal exposure to
X-rays. The loss of DNA methylation was paralleled by a significant decrease in the
levels of maintenance (DNMT1) and de novo methyltransferases DNMT3a, DNMT3b
and methyl-CpG-binding protein (MECP2). They also noted significant accumula-
tion of DNA strand breaks in the thymus [57]. Localized cranial irradiation of male
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rats leads to accumulation of DNA lesions and loss of global DNA methylation in
mature sperm [103]. Loss of DNA methylation along with dysregulation of DNA
methylation enzymes was also found in the progeny of cranially exposed male rats
[103]. A microarray expression profiling revealed altered miRNA levels in the thy-
mus of adult male mice pre-conceptually exposed to 2.5 Gy of X-Ray [36]. Changes
in miRNAome were paralleled by dysregulation in miRNA processing machinery
and decreased expression of LSH [36]—a chromatin remodelling factor implicated
in the regulation of DNA methylation at repeatable elements [74]. DNA methylation
profiling of repeats in the same samples revealed loss of CpG methylation at LINEI
and SINEB2 retrotransposable elements [36].

Cumulative evidence points to the epigenetic origins of radiation-induced trans-
generational genomic instability and cancer predisposition, however, their exact
mechanism remains unclear. Future research in this area has to rely on the use of
microarray technology, next generation sequencing and bioinformatic approaches in
order to extract functionally relevant, causal changes influencing epigenetic repro-
gramming and genomic stability across generations. Such research has both practical
and fundamental value, as it may offer an understating of how genotoxic factors
contribute to complex disease by altering our epigenome across generations.
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Chapter 7
Radiation and Terror

Colin B. Seymour and Carmel E. Mothersill

The best description of terrorism I have encountered is in this poem by Yeats, an Irish

writer
The second coming

Turning and turning in the widening gyre
The falcon cannot hear the falconer;
Things fall apart; the centre cannot hold;
Mere anarchy is loosed upon the world,
The blood — dimmed tide is loosed, and everywhere
The ceremony of innocence is drowned;
The best lack all conviction, while the worst
Are full of passionate intensity.

-William Butler Yeats

This paper is presented to examine certain radiological aspects of terrorism, and
to demonstrate that the perception of any event, and the consequent reaction to that
perception, is more important than the reality of the event. Radiation, as a terrorist
weapon, has been considered for a number of years. A report from 1969 (classified
for 15 years) examined radiation sickness or death caused by surreptitious adminis-
tration of ionizing radiation to an individual [1]. It was initiated because of a sug-
gestion that Alexander Dubcek, Czeckoslovak Communist Party Leader, had
radiation sickness due to radiation exposure or consumption of radioisotopes during
his August 1968 captivity in Moscow.

This was not confirmed or denied by the report, which concluded that surrepti-
tious administration of a lethal or sublethal dose to an individual was technically
possible. It would however be technically difficult to achieve an immediately lethal
dose, or for the subsequent illness to be undiagnosable, and at sub lethal doses the
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outcome would be uncertain. The final conclusion was “In view of the existence of
other tried and true methods of political assassination, the use of ionizing radiation
for this purpose would seem unnecessarily cumbersome unless the enemy were
to expect some compelling advantage peculiar to the administration of radiation”.
A striking example of this was the recent poisoning of the Russian security agent
Litvinenko with Polonium 210 which served as a graphic and very public demon-
stration of the misfortune that could befall dissenters.

The object of terrorism is to strike terror into a general population, but the motives
for terrorism may vary considerably. Simplistic terrorism, in historical terms, was
primarily intended to cause regime change. Often the terrorism was an expression
of alienation from the state apparatus of power, with disenfranchised intellectuals
and middle classes giving some tacit support.

The success of terrorism in it’s primary objective, that of inducing a state of
terror, means that it is useful to both revolutionaries, who wish to change the estab-
lished order, and those who wish to consolidate power and enable more draconian
powers for the existing government. There is also the possibility of a “third player”
who may wish to manipulate events for financial or other reasons that may not be
immediately obvious.

In terms of striking terror into a general population, a “dirty bomb” that ensures
widespread radiological contamination is obviously the weapon of choice, and is
aided by the fear of radiation that pervades most of the population. The bomb would
have minor health effects, but would cause major panic, disruption and chaos. The
panic caused would depend on the objectivity or sensationalism of the reporting,
and the level of trust in the population of the government. The style of reporting
would also to some extent depend on the trust of the media of the government, and
so the argument could be made that the effect of terrorism in this context could
depend entirely on the trust of the population in their government and institutions.
There is no doubt that trust in government has eroded considerably over recent
years. Consider the following quote from Lord Denning, a senior English judge.

Before his Lordship’s court were the six men who had been convicted of the
Birmingham pub bombings. They alleged that the West Midlands police had beaten
them up, and were suing for damages. Denning realized that accepting the police had
beaten them up meant accepting that the police had beaten false confessions out of
them, which meant accepting that the police had framed innocent men for one of the
worst IRA atrocities on the British mainland. ‘This,” said Denning as he dismissed
the case, ‘is such an appalling vista that every sensible person in the land would say,
“It cannot be right these actions should go any further.”

This amount of trust in the police or security forces now seems quaint and
anachronistic. In modern times it is almost accepted that security forces will disregard
the law, and abuse it when it suits their purposes.

It is also apparent that the extent of control over the media is important, and it is
notable that most governments try to control at least certain aspects of communica-
tion, often under the cloak of “security.” Control over the opinions of the media is
important both prior to and after the terrorist event, as it allows a pre-determined
response. An example of this would be, “If a terrorist event occurs we will blame
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and retaliate against A even if we know A did not instigate or was involved in the
terrorist event.” The government can use the terrorist event to further its own policy
objectives. Terrorism without objectives is anarchy. That is not to argue that the
average person classified as a terrorist need necessarily be aware of the objectives,
any more than a conventional soldier need know the plan of his generals. It does
mean that in order to form a reasoned response the objectives have to be identified.
This may change the question from “Who did this?” to “Who benefits from this?”

Another issue that arises in the context of a radiological dispersion device is that
it is clearly designed to panic a population. If the population is panicked it becomes
more vulnerable to secondary attacks, and dealing with the secondary attacks
become more problematic. It also becomes more vulnerable to an authoritarian
style government. It would be a challenge for any government not to feel itself
pushed towards a more authoritarian response, which may actually be a response
that was anticipated and hoped for. Perhaps the only logical response to a terrorist
incidence is to stabilize the situation (calm, prevent further casualties) and then
assess the situation in depth.

In terms of public policy it might be prudent to legislate in terms of hormetic
models rather than linear (no threshold) models. The absolute certainty that any dose
of X is harmful is not only scientifically wrong, it is unnecessarily alarmist. Everybody
is aware that food is good, unless too much is eaten in which case it becomes bad. By
not encouraging the same views for most substances, fear is encouraged because
“any dose of radiation is harmful.” As we become more regulated as societies,
fear becomes a more pervasive weapon for governments to exercise control over the
population. It could be argued that over-regulation itself leads to a fearful society,
willing to take only sanctioned risks. If the society is fearful, any attacks designed to
create fear will be more effective. It is ironic that in trying to control the population
more closely the government both emulates and makes terrorism more effective. This
quote from Neil Addison, Director of the Thomas More Legal Centre, eloquently
supports this conclusion;

Whether it is fox hunting, smoking, adoption agencies or microchips in rubbish bins, we are
a society that is increasingly intolerant, repressive, regulated and untrusting and, in conse-
quence, we have officials who are dictatorial, interfering and untrustworthy.

In this climate terrorism becomes more effective as a weapon.
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Chapter 8

Bystander Effects and Adaptive Responses
Modulate In Vitro and In Vivo Biological
Responses to Low Dose Ionizing Radiation

Jie Zhang, Manuela Buonanno, Geraldine Gonon, Min Li, Mariann Galdass,
Grace Shim, Sonia M. De Toledo, and Edouard I. Azzam

Abstract We have utilized cellular and molecular approaches to characterize
biological effects that are induced in normal mammalian cells and tissues exposed
to low doses/low fluences of ionizing radiations that differ in their quality (i.e. linear
energy transfer; LET). In human cells exposed to particulate radiations with high,
but not low, LET character, the induced stressful effects were not only confined to
the cells that have been directly targeted by the radiation, but involved a number
of non-targeted and delayed effects. Chromosomal damage and oxidative changes
in proteins and lipids were detected in cells exposed to alpha and high charge and
high energy (HZE) particles and in their neighboring bystanders. Signaling
events mediated via inflammatory cytokines and/or intercellular channels that
comprise gap junctions were critical for the expression of the induced non-targeted
effects. With relevance to health risks, the stressful changes in bystander cells
were propagated to their progeny. In contrast, induced DNA repair and antioxidant
defense mechanisms often attenuated the basal level of DNA damage and oxidative
stress to below the spontaneous rate in tissues of animals and in cultured rodent
and human cells exposed to low dose/low dose-rate y rays, a low LET radiation.
Together, our data suggest that low dose radiation-induced signaling events act to
alter the linearity of the dose-response relation that is predicted by biophysical
arguments. They show that the nature of the altered responses strongly depend on
radiation quality.

Keywords Low dose ionizing radiation * Bystander effect ¢« Adaptive response
* Health risks ¢ Linear energy transfer
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8.1 Introduction

Although recent advances in biochemical, molecular, and epidemiological techniques
have increased our understanding of the biological effects and health risks of low dose
ionizing radiation (<100 mSv), great ambiguities in knowledge still remain. The
quality (i.e. linear energy transfer; LET), dose and dose-rate of the radiation, the types
of irradiated cells, their microenvironment and their metabolic state, as well as the
variations in inherent radiation sensitivity are among the factors that can modulate
the responses to low dose radiation. These characteristics and others are under
intense investigation in many laboratories, including ours; the results are yielding a
wealth of novel insights into the mechanisms that underlay cell and tissue responses
to low dose/low fluence ionizing radiation [37]. It is hoped that the elucidation of the
mechanisms involved may alleviate the uncertainties in estimating low dose radiation
effects on human health [13]. Typically, human epidemiological studies would be
ideal to assess such effects; however, they currently have limited statistical power due
to the small size of the cohorts under study [3].

Understanding the biological effects of low dose radiation is of immense, public,
scientific and regulatory interest, as the frequency of human exposure to low dose
radiation has been on the increase. In addition to exposures from natural sources
(e.g. inhaled radon gas), the human population may be subjected to ionizing radiation
during activities related to nuclear technology, mining, air travel and space explo-
ration. Perhaps of greatest significance is the explosive growth in diagnostic radiology
use where an increasing number of individuals, including children, are being
repeatedly exposed to low dose radiation [19].

Currently, for the purposes of radiation protection, the deleterious effects of
ionizing radiation are assumed to have a linear dose response with no threshold
[13]. Two radiation-induced phenomena that were particularly recognized in the
past three decades, namely adaptive and bystander effects, are thought to cause a
challenge to these assumptions [28]. The propagation of damaging effects from
irradiated to non-irradiated bystander cells would, presumably, result in supra-linear
dose-response relationships. In contrast, the expression of adaptive responses that
mitigate the initial damaging effects induced by radiation would suggest an
infra-linear dose-response relationship or the existence of a threshold dose, below
which there would be no risk. Although widely observed, the data confirming the
expression of these two phenomena are not universal [17, 33, 74, 75]. Moreover,
the exact molecular steps by which adaptive and bystander effects are elicited
remain unclear. Elucidation of these steps would clearly increase our understanding
of the role of cellular processes that impact the health risks of low dose radiation
exposures.

We have been intensely involved in examining the mechanisms underlying
radiation-induced bystander and adaptive responses by using model cells and
rodent tissues. Here, we summarize some of our findings in the context of a brief
review of the latter phenomena. These findings provide strong support for the
expression of both bystander and adaptive responses and reveal a critical role of
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the quality of the radiation in triggering either protective or stressful effects at low
doses. Whereas, low doses of low LET radiations (highly energetic X rays, y rays
or protons) triggered processes that mitigated not only stressful effects induced by
subsequent challenge doses of radiation, but also stressful effects due to endoge-
nous oxidative metabolism [4-6, 27], high LET radiations (o particles and high
charge, high energy (HZE) particles) resulted in the propagation of stressful
effects from irradiated to non-irradiated bystander cells [7-9]. The data strongly
support a role for intercellular communication and oxidative metabolism in the
mediation of these responses. Induction of genomic instability and low dose
hypersensitivity are other phenomena that are also thought to impact the health
risks of exposure to low dose radiation. These phenomena are being investigated
in different laboratories [45, 54, 58, 60].

8.2 Interactions of Ionizing Radiation with Biological Matter

Tonizing radiation is energetic and penetrating. Many of its chemical effects in
biological matter are due to the geometry of the initial physical energy deposition
events, referred to as the track structure. The transfer of radiation energy to living
tissues causes ionization of atoms and molecules and breaks chemical bonds, which
initiates a series of biochemical and molecular signaling events that culminate in
transient or permanent physiological changes [36].

Tonizing radiation exists in either particulate or electromagnetic types. The ioniza-
tions and excitations that it produces tend to be localized, along the tracks of
individual charged particles, in a pattern that depends on the type of radiation
involved. Whereas the ionization events produced by fast electrons ejected from
molecules traversed by high energy X rays or y rays are well separated in space,
those produced by certain charged particles, such as a and HZE particles, occur in
dense columns along the particle path [35]. Such differences in ionization patterns
mainly arise from differences in charge-to-mass ratio of the impacting particles.

Effects due to the track structure define the quality of the radiation and are
commonly called linear energy transfer (LET) effects. In irradiated mammalian
cells, which consist mainly of water, single energy deposition events cause bursts
of reactive oxygen species (ROS) in and around the radiation track as well as in the
intercellular matrix. Depending on the physiological state of the cell, these bursts
of reactive species may alter the cellular redox environment, modify signaling
cascades and normal biochemical reactions, and generate damage to cellular
molecules and organelles [77]. In addition to the damages caused by water radiolysis
products (i.e. the indirect effect), cellular damage may also involve reactive nitrogen
species (RNS) and other species [80], and can occur also as a result of ionization
of atoms on constitutive key molecules (e.g. DNA). The latter is known as the
direct effect [36]. The ultimate result, of direct and indirect effects, is the develop-
ment of biological and physiological alterations that may manifest themselves
seconds or decades later. Genetic and epigenetic changes may be involved in the



74 J. Zhang et al.

evolution of these alterations [44, 48]. Intercellular communication among the
irradiated cells [2], and between irradiated and non-irradiated cells [7, 84], as well
as oxidative metabolism and DNA repair mechanisms are major mediators of the
system responses to ionizing radiation exposure [31].

Because high LET radiation deposits greater amounts of energy per unit length
of matter traversed, the possibility of multiple lesions in close proximity and short
time frame is high [26]. Consequently, for the same total dose absorbed, high LET
radiation is more damaging to cells than low LET radiation [36]. The effects of
LET, dose, and dose-rate in the cellular responses to low dose/low fluence ionizing
radiation exposures continue to be intensely investigated. Here, we highlight the
relevance of the latter characteristics of radiation in the expression of adaptive
responses and in the nature of the biological effect propagated from irradiated to
bystander cells in the exposed cell populations.

8.3 Ionizing Radiation-Induced Bystander Effects

The ionizing radiation-induced bystander effect is broadly defined as the occurrence
of biological effects in unirradiated cells as a result of exposure of other cells in the
population to radiation. Bystander effects have been mainly observed in high density
cell cultures exposed to low fluences of a particles wherein only a small fraction of
cells is irradiated [63]. Emerging data also indicate that bystander effects exist in cell
cultures exposed to low doses of HZE particles [39]. They have also been noted in
co-cultures of irradiated and unirradiated cells [15, 34]. Stressful effects including
up-regulation of stress-responsive proteins, genetic changes, induction of cell cycle
checkpoints and cell death occur in both irradiated and non-irradiated cells of human
and rodent origin at different stages of growth (reviewed in [10, 37, 60, 62, 67]).
More recently, strong evidence for bystander responses in vivo has been presented
[41,56]. A few studies have also indicated that radiation-induced protective responses
are mediated in a bystander manner in cell cultures exposed to low doses of low LET
radiations [47] (and our unpublished data).

By using several biological endpoints to investigate non-targeted effects, including
induction of DNA damage and various parameters of oxidative stress, our studies
strongly support a role for LET, dose-rate and total absorbed dose in determining
the nature and magnitude of the radiation-induced bystander effect and its persistence
in progeny cells [18, 27, 66]. Together with results generated by others, the data clearly
show that a given cell need not be directly irradiated to experience an ionizing
radiation-induced biological response. Depending on cell type and radiation character-
istics, distinct molecular interactions lead to propagation of either damaging or
protective effects from irradiated to unirradiated cells and between irradiated cells.
Gap-junction selectivity, secreted diffusible factors and oxidative metabolism are
mediators of these effects [10].

A direct evidence for the role of gap-junction intercellular communication (GJIC)
in these processes was shown by our group and by others [7, 8, 84]. The modulation
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Fig. 8.1 (a) Expression of p21Waf1 in protein lysates from gap junction communication-competent
WB-F344 or gap junction communication-deficient WM-aB1 confluent cultures following exposure
to o particles. Cells were harvested 4 h after the exposure and proteins were examined by western
blot analyses. (b) In situ immunofluorescence detection of p21Wafl expression in control non-
irradiated WB-F344 cultures and in cultures exposed to 0.3 cGy of a particles. Expression of p21Waf1
in control non-irradiated and in 1 cGy-exposed cultures of GJIC-deficient WM-aB1 cells [5]

of proteins involved in the p53/p21Waf! stress-induced signaling pathway and
induction of DNA damage in bystander cells were observed only in GJIC-proficient
cell cultures. The data in Fig. 8.1 describe p21™*! expression in sham-exposed and o.
particle-irradiated cultures from two related rat epithelial cell lines that differ in their
ability to communication via gap junctions. The WB-F344 cells are GJIC-competent,
a function that is sensitive to inhibition by lindane and other chemicals that block
junctional communication [24, 52]. The WM-aB1 cells were derived from WB-F344
cells, but are deficient in GJIC [8, 64]. Similar to WB-F344 cells, WM-aB1 cells
express connexin43, a structural protein of gap junctions, however they are deficient
in the ability to phosphorylate it, which renders them deficient in functional GJIC
[8, 64]. The western blot analyses data in Fig. 8.1a show an increase in p21%! Jevels
in confluent WB-F344 cultures exposed to mean doses as low as 0.3 cGy. In WM-aB1
cell cultures, an increase in p21%V! levels is significant only at mean doses of 5 cGy
or higher. Therefore, the magnitude of the response in the GJIC-competent cells and
the lack of p21™*! up-regulation in WM-aB1 GJIC-deficient cultures exposed to low
mean doses strongly support the involvement of GJIC in the bystander gene expres-
sion response. This is further confirmed by the in situ immunofluorescence data in
Fig. 8.1b showing induction of p21™" in confluent cultures exposed to a mean dose
of 0.3 cGy. While small clusters of responding cells were observed in WB-F344
cells, only single isolated and presumably irradiated WM-aB 1 cells invariably exhibited
up-regulation of p2 1% after exposure to doses in the range of 0.3—1.0 ¢cGy (Fig. 8.1b).
At these mean doses to the monolayer, 1% or less of the WB-F344 or WM-aB1 cells
would have their nuclei traversed by an a particle.

The WM-aB1 cells were transformed by mutagenesis of the WB-F344 parental
cell line [79]. To exclude effects due to mutagenesis other than loss of GJIC, we



76 J. Zhang et al.

CX43 ** CX43 -
Waft 6 1 510 15 85cGy 0 6 1 5 10 15 85 cGy

Fig. 8.2 Western analyses of p21Wafl level in lysates from isogenic wt or connexin43”~ MEF
cultures exposed to a particles. Cells were harvested 4 h after the exposure [5]

tested the induction of the p53/p21"! signaling pathway after low fluence a particle
irradiation of low passage mouse embryo fibroblasts (MEFs) from wt and isogenic
knockout embryos for connexin43. Similar to WB-F344 and WM-aB1 cells
(Fig. 8.1), the data in Fig. 8.2 indicate a lack of detectable increase in p21"! level
in connexin43~"~ cell cultures exposed to mean doses less than 10 cGy. In contrast,
p21% was induced in wt cell cultures exposed to mean doses as low as 0.6 cGy.
Collectively, these data support strongly the involvement of GJIC in the bystander
gene expression response observed in confluent, density-inhibited cell cultures
exposed to low fluences of a particles. They are relevant to estimation of the health
risks of exposure to environmental radon. Radon accounts for 55% of the average
annual radiation dose to the public in the USA and is considered to be the single
largest naturally occurring environmental hazard. In fact, ~10-14% of lung cancer
fatalities in the USA may be linked to radon and its a particle-emitting decay [12].

In addition to o particles, and with relevance to space exploration, we have also
observed prominent stressful bystander effects in cell cultures exposed to low fluenes
of HZE particles [20]. Our published and unpublished data indicate prominent
induction of DNA damage, protein oxidation, lipid peroxidation and perturbations in
mitochondrial functions, including mitochondrial protein transport and inactivation
of the metabolic enzyme aconitase in bystander cells and in their progeny. Gap-junction
communication was a major mediator of the propagation of these effects in the tissue
culture systems used in our studies.

8.3.1 Gap-Junction Channels and the Cellular Response
to Ionizing Radiation

Gap junctions are dynamic structures that are critical for diverse physiological
functions [38]. The intercellular channels that comprise gap junctions are formed
by connexin protein. Each of the ~20 isoforms of connexin forms channels with
distinct permeability properties. Though the properties of channels formed by each
isoform differ, connexin pores, which vary in diameter, usually allow permeation
of molecules up to ~1,000 Da, well above the size of most second messengers.
Connexin channels have been shown to be highly selective among molecular
permeants [38].
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Fig. 8.3 Upregulation of CONNEXIN43 in a-particle-irradiated cell cultures. (a) Northern
analyses of connexin43 expression in AG1522 fibroblast cultures exposed to a-particles doses
ranging from O to 24 cGy and held at 37°C for 6 h. (b) Western analyses of connexin43 in AG1522
confluent cultures at 3 h after exposure to o particle doses ranging from 0 to 10 cGy under normal
growth conditions [7]

Evidence for the involvement of GJIC in propagation of bystander effects has
been derived from studies with a particle, B particle, y, and HZE radiations. These
studies highlight the relevance of bystander responses to radiotherapy, diagnostic
radiology, and risk of environmental and occupational exposures [40]. Manipulation
(171) of connexin expression/gap-junction gating by pharmacological agents, forced
expression by transfection, and connexin gene knockout studies have provided
evidence for the participation of GJIC in radiation-induced bystander effects [10].
This is particularly supported by the stabilization and up-regulation of connexin
mRNA and protein by ionizing radiation Fig. 8.3 [11]. Examination by Northern and
Western analyses of AG1522 normal human fibroblast cultures exposed to low
fluences of a particles indicated that the CONNEXIN43 gene is indeed activated.
Relative to sham-irradiated controls, CONNEXIN43 mRNA (Fig. 8.3a) and protein
levels (Fig. 8.3b) were increased after exposure to mean doses ranging from 1 to
24 cGy. The similar increases at all doses suggest that low fluences of o particles
induce molecular pathways that lead to maximal up-regulation of CONNEXIN43.
The data in Fig. 8.3b indicate increased expression in three protein bands detected by
the antibody used. These bands were previously described to represent the native,
phosphorylated and hyperphosphorylated isoforms of connexin43 [49].Low fluences
of a particles up-regulate both the native and the post-translationally modified
isoforms in confluent normal human fibroblasts [11].

Participation of GJIC in stress-induced bystander effects is not unique to ionizing
radiation; it has also been described in high density cell populations exposed to
chemotherapeutic agents. Toxicity of these compounds was enhanced by functional
gap-junction communication in target cells [43]. Thus, many systems show that GJIIC
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enhances the effects of toxic agents on targeted and untargeted cells. Direct intercel-
lular communication may also lead to induction of protective effects that attenuate
damage in targeted cells [83]. The determinants and mechanism(s) of these effects,
however, remain largely undefined. Our emerging data indicate that permeability
properties of gap-junction channels affect the nature of the induced bystander
response. Different connexins form channels with different selectivities for various
molecules including ions and highly similar second messengers [14].

Direct intercellular communication is not unique in propagating radiation-induced
non-targeted effects. A wealth of data has also shown the critical importance of
secreted diffusible factors in the expression of radiation-induced non-targeted effects
[62]. TGF-B, interleukin-8, serotonin and others have been implicated in propagation
of bystander effects [50, 61].

8.3.2 Oxidative Metabolism and Bystander Effects

Normal oxidative metabolism is a key endogenous generator of reactive oxygen and
nitrogen species [29], and homeostatic control of normal cellular growth pathways is
tightly dependent on oxidants [21]. A disruption of the balance between oxidant
production and antioxidant defense alters the homeostatic cellular redox environment,
resulting in a state of oxidative stress that promotes several pathological conditions
including degenerative diseases and cancer [32]. The endogenous targets of oxidants
are diverse and include nucleic acids, proteins and lipids.

There is a strong connection between the generation of ROS and RNS and the
damage that follows radiation exposure. Whereas ~60 ROS per nanogram of tissue
were estimated to be generated from a hit caused by '¥’Cs y rays [23, 51], we can esti-
mate that over 2,000 ROS are generated from an o particle traversal, corresponding to
a ROS concentration of ~19 nM in the nucleus of a normal human AG1522 cells [2].
Such a ROS concentration can obviously cause extensive oxidative damage and may
constitute a signaling event that triggers the spread of stressful effects from irradiated
to neighboring bystander cells.

The involvement of ROS in the ionizing radiation induced bystander response was
postulated by Nagasawa and Little [63] in their initial report describing the induction
of sister-chromatid exchanges (SCE) in bystander Chinese hamster ovary cells
present in cultures exposed to fluences of a particles by which less than 1% of the
nuclei were directly targeted. Evidence for such involvement was subsequently
generated in studies involving various biological endpoints and irradiation
modalities [10]. Induction of stress responsive proteins, lethality and genetic changes
(SCEs, mutations, chromosomal aberrations) in bystander cells was inhibited by
superoxide dismutase (SOD) and other antioxidants [10].

ROS act as second messengers that regulate gene expression by signaling
processes that involve activation of redox sensitive transcription factors [1, 16,
51, 53, 70, 71, 76]. Consistent with a role for radiation-induced alterations in
redox sensitive transcription factor activation in bystander cells in cultures
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Fig. 8.4 Electrophoretic mobility shift assay in o particle-irradiated AG1522 fibroblast cultures
indicates activation of NFkB DNA-binding by low mean doses at 30 min after exposure [10]

exposed to low fluences of a particles, increases in the DNA-binding activity of
NF«xB were observed in AG1522 normal human cell cultures exposed to doses
as low as 0.3 cGy (Fig. 8.4). A similar level of increased DNA-binding activity
was observed at 0.6 and 3 cGy although a five-fold greater fraction of cell nuclei
are traversed at 3 cGy than at 0.6 cGy. Importantly, when SOD (100 pg/ml,
300 U/ml) was added to the culture 30 min prior to irradiation, the increase in
NF«xB DNA-binding activity was inhibited (Fig. 8.4), further supporting the
role of O, in the bystander response of AG1522 cells.

Extensive data now indicate that the intracellular production of superoxide
anions and hydrogen peroxide in both irradiated and bystander cells involves both
the plasma bound NADPH-oxidase and mitochondria [9]. Of particular signifi-
cance, our data strongly indicate that increased ROS levels following cellular
exposure to oo or HZE particles persist in progeny cells for many generations. This
is manifested by increased oxidation of cellular proteins and disruption of mito-
chondrial physiology. In particular, decreased aconitase activity, which is involved
in electron transport and regulation of gene expression, was observed, in bystander
cells, 20 population doublings after exposure [20]. Ectopic over-expression at the
time of irradiation of the antioxidant enzymes superoxide dismutase or glutathione
peroxidase, in bystander or irradiated cells, attenuated DNA damage and induction
of stress-responsive proteins in the bystander cells (our data, unpublished). These
results show that oxidative metabolism modulates non-targeted effects at the level
of the irradiated and bystander cells.

Through in vivo experiments consisting of partial body irradiation of male
Sprague-dawley rats with low fluences of HZE particles (energetic titanium or oxygen
ions), stressful effects involving mitochondrial dysfunction were observed in
non-targeted tissues 20 months after the exposure [41]. Decreases in mitochondrial
protein import as well as increases in antioxidant defense in non-targeted tissues
were associated with perturbations in immune responses and inflammatory cytokines
levels (e.g. interleukin-6) (unpublished). These data are consistent with the findings
of others who showed that inflammatory-type responses involving oxidative stress occur
after exposure to ionizing radiation [23, 55]. In these in vivo experiments, activation
of macrophages and neutrophil infiltration were not a direct effects of irradiation,
but were a consequence of the recognition and clearance of radiation-induced
apoptotic cells. The occurrence of such a response has been suggested to provide a
mechanism for the interactions between irradiated and non-irradiated haemopoietic
cells [23, 55]. Such interaction was also observed in out of field experiments
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examining the genetic effects of partial organ irradiation. Antioxidants and nitric
oxide synthase inhibitors attenuated these effects [46] strongly supporting the role
of ROS and RNS in mediating bystander effects [57, 73].

Overall, several studies challenge the traditional paradigm that the important
biological effects of ionizing radiation are due to DNA damage induced as a result of
direct interaction of the radiation track with the cell nucleus. They indicate that irra-
diated and non-irradiated cells interact, and oxidative metabolism and intercellular
communication have an essential role in signaling events leading to radiation-induced
bystander effects. However, clear evidence explaining how these events occur is still
lacking. Regardless, the occurrence of bystander effects implies that the modeling of
dose response relationships based on the number of irradiated cells may not be a
valid approach [54].

8.4 Low LET Radiation-Induced Adaptive Responses

The “adaptive response” is a phenomenon generally induced by low dose/low
LET radiation that protects cells and whole organisms against endogenous damage
or damage due to a subsequent dose of radiation [81]. Data generated over the last
three decades suggest that exposure of mammalian cells, including human cells,
to low doses of low LET radiation (e.g. X rays, y rays, B particles) induces molecular
processes that are different from those induced by high dose radiation [30].
Such processes were found to be protective against stress measured by several
biological endpoints [28]. Radiation-induced adaptive responses were dependent
on the adapting dose, dose rate, expression time, culture conditions and stage of
the cell cycle [72]. Adaptive responses seem to be evolutionarily conserved as
effects that protect against DNA damage in mammalian cells [65] mirror the
evidence of radiation-induced protective mechanisms in prokaryotes and lower
eukaryotes [69]. Adaptive responses to ionizing radiation have also been detected
in vivo [22, 59].

Of particular relevance to risk assessment, it was observed that low-dose/low
LET radiation (0.1-10 cGy) decreases the frequency of neoplastic transformation to
a level below the spontaneous rate in C3H 10 T2 mouse embryo fibroblasts (MEFs)
and in HeLLa human hybrid cells [6, 68]. It is noteworthy that these protective effects
were seen only in irradiated cells that were allowed to incubate at 37 C before
release from contact inhibition (Fig. 8.5), which suggests that time is required for
expression of the protective effects.

Chronic exposure of C3H 10 T% MEFs to cobalt-60 y-radiation at doses as low as
10 cGy protected the cells not only against damage from endogenous metabolic
processes, but also against neoplastic transformation by a subsequent large acute
radiation exposure [5]. The induced resistance to neoplastic transformation cor-
related with increased ability to repair radiation-induced chromosome breaks [4].



8 Radiation-Induced Adaptive and Bystander Responses 81

2 o 2
LO'& QQQ Q-QO
O A
] © Q

N
& RN o@*

9
o A© N
Fig. 8.5 Low dose/low dose rate y rays decrease the frequency of neoplastic transformation to a
level below the spontaneous rate in C3H 10 T%2 mouse embryo fibroblasts [9]

Transformation
Frequency
(x 10-3)

Significantly, our recent proteomic studies have identified novel proteins that were
distinctly induced by low and not high dose y rays. We have uncovered a role in DNA
repair for the translationally controlled tumor protein, which was induced by almost
ten-folds in cell cultures exposed to doses as low as 1 cGy (Zhang et al. manuscript
in preparation).

In addition to up-regulation of DNA repair mechanisms [78], other processes
may also modulate cellular responses to low dose/low dose-rate irradiation.
Irradiation, under such conditions may affect the overall redox-state of the cell and
its anti-oxidation potential, and may alter chromatin conformation, hence affecting
the accessibility of DNA lesions to components of the DNA repair machinery. It
may also induce mechanisms (e.g. apoptosis) that eliminate heavily damaged cells
from the irradiated cell population [82]. Our data indicate that direct intercellular
communication by gap-junctions [27] is an important modulator of these effects. In
addition, the induction of cell cycle checkpoints presumably provides more time for
repair of radiation damage. Such effects may involve epigenetic events that could be
transmitted to the progeny of low dose irradiated cells (Chaudhry et al. manuscript
in preparation).

Similar to its role in modulating bystander effects, oxidative metabolism is also
a significant mediator of low dose, low LET radiation effects. Exposure of normal
human fibroblasts maintained in 3-dimensional architecture to 10 cGy from vy rays
delivered over 48 h reduced the frequency of micronucleus formation (a form of
DNA damage) to levels similar or lower than background [27]. The effects corre-
lated with up-regulation of cellular content of the antioxidant glutathione [27].
Extensive data have also shown that whole-body exposure of mice to low dose/low
dose-rate y rays up-regulates superoxide dismutase and alters mitochondrial func-
tions in a manner that attenuates the generation of ROS (Li et al. manuscript in
preparation). We predict that such alterations provide a defense mechanism that
allows the organism to cope with the radiation-induced oxidative stress. Together,
the data suggest that mitochondria, which are active participants in oxidative metab-
olism, play a crucial role in low dose-induced adaptive responses.
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8.5 Conclusions

Some of the mechanisms (e.g. junctional communication, oxidative metabolism)
that underlie the bystander effect have been also implicated in the adaptive response
to ionizing radiation. However, classical adaptive response protocols involving low
LET radiation are clearly distinct from those of bystander studies conducted mainly
with high LET radiation. In the adaptive response, cells are exposed to a small dose
of low LET radiation. In contrast, cells traversed by an o or a HZE particle receive
a substantial dose (10-70 cGy) and undergo a complex type of DNA damage. While
similar mediators may modulate the same endpoint in both phenomena, the occur-
rence of opposite effects, such as pro-survival rather than cytotoxic effect, may
reflect changes in concentration of the inducing factor(s). For example, ROS have
been shown to be a double-edged sword capable of inducing both proliferative or
cell death effects depending on their concentration. Moreover, recent studies empha-
sized the effect of LET on the yield of water radiolysis products [42]. Prevalence of
different radiolysis species at the time of irradiation may induce dissimilar effects.
However, the bystander effect and adaptive response could also be mediated by
distinct mechanisms/mediating factors.

Due to limitations in the statistical power of current human epidemiological
studies in assessing the health risks of low dose radiation exposures, mechanistic
studies may be essential to understanding biological effects, and to help evaluating
risks at low doses. Coupled with epidemiology, the knowledge of cellular and
molecular processes that underlay low dose radiation-induced biological effects
should further refine our estimates of radiation risks at low doses. The expression of
stressful bystander effects in cell populations exposed to low fluences of high LET
particles may contribute to the understanding of lung cancer incidence from envi-
ronmental radon and degenerative diseases that may occur following deep space
travel [25]. Bystander effect studies may also enhance our understanding of biologi-
cal effects that result from non-uniform distribution of incorporated radioactivity
such as a particles emitted from radionuclides used in therapeutic nuclear medicine
or released during nuclear accidents or terrorist activities [40]. In particular, they
offer avenues to characterize the nature of communicated signaling molecules and
formulate strategies to protect normal tissue surrounding irradiated tumor targets. In
contrast, the expression of adaptive responses in low dose/low LET exposed cell
populations and the propagation of protective effects from irradiated to non-irradiated
cells present in these populations may explain reported hormetic effects. They indicate
that for some individuals, the risk from very small doses of radiation delivered at
low dose-rate may be inexistent.

In conclusion, it is apparent that extensive in vitro and in vivo experimental
evidence suggests that biological responses together with biophysical considerations
likely determine the outcome of cellular exposure to ionizing radiation. Collectively,
these studies should further contribute to the setting of radiation protection standards
that would be effective in different exposure scenarios, applicable to men and women
of all ages, and that must protect radiosensitive persons.
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Chapter 9
Inter-plant Communication of Genome
Instability in Radiation Exposed Arabidopsis

Franz Zemp and Igor Kovalchuk

Abstract Bystander effect is the phenomenon of the response of naive bystanding
cells or organisms to the stress experienced by neighboring cells or organisms. It is
well documented for animal cells grown in vitro, and there are some reports of
similar response on the level of the whole organism and even between stressed and
non-stressed organisms. Here we present the evidence of the existence of communi-
cation between stressed and non-stressed plants. We show that naive plants neigh-
boring plants exposed to X-ray or UVC exhibit similar increase in the frequency
of homologous recombination as exposed plants. We present the evidence that
communication signal is primarily airborne.

9.1 Introduction

‘Bystander effects’ is a term originally used in cancer therapeutics, and refers to the
attempt at affecting a single type of cell within a heterogeneous population resulting
in several types of cells being affected by the treatment [11, 25]. Now the term
bystander effect has been applied to a number of different phenomena whereby
unexposed ‘units’ exhibit the molecular symptoms of stress exposure when adjacent
or nearby ‘units’ are a subject to a stress. Indeed, a unit seems a peculiar subject;
however, the unit here can be referring to neighboring cells, systemic cells, or even
entire organisms.

Modern bystander effects are non-targeted effects of ionizing radiation exposure.
They refer to naive cells that were either in direct contact with irradiated cells or
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received an irradiation ‘distress’ signals from irradiated cells ([24-27, 29-31, 46, 26]).
In these instances, bystander effects can include a wide variety of genetic alterations
such as gross genome rearrangements, chromosome aberrations, sister chromatid
exchanges, deletions, duplications, gene mutations, and amplifications [13, 14, 16,
41, 42, 46-48]. With further influences such as changes in gene expression, cellular
proliferation, senescence, and cell death [20, 21, 36, 37, 39].

Other bystander-like effects are plasma- or blood-borne signals produced upon
irradiation that direct chromosomal breakage and abnormalities in unirradiated
tissues. These factors have subsequently been termed clastogenic factors [26, 28,
30]. Similar to clastogenic factors are abscopal effects, in which radiation-induced
changes occur outside the targeted area of irradiation, often in different organs
[25, 26, 28]. A classic example is the bilaterally symmetric radiation-response,
where only the left or right organ is exposed, but similar responses occur in both
organs [17, 25, 28].

Bystander-like effects have also been shown in separate organisms. This can
include the transgenerational transmission of radiation effects to offspring, especially
in terms of ‘bequeathing’ genomic instability to cellular [24, 26, 28] or organismal
[3] progeny. Radiation-induced bystander phenomena have been shown to occur
between cohabiting animals as well [32, 33].

As such, bystander and bystander-like effects are known to be involved in a
number of different processes in different organisms. The commonality lies in non-
effected ‘units’ receiving signals from effected ‘units’ to produce a response that
modifies homeostasis in the non-effected ‘units.’

The field of radiation-induced bystander effects in plants, in the sense of cell-cell
media transfer experiments, has yet to be explored. However, abscopal bystander-
like effects are well known to occur in plants under a variety of biotic or abiotic
stresses. The local application of biotic or abiotic stresses to plant tissue can lead
to systemic changes in pathogen resistance [12], methylation pattern [7], recombi-
nation rate [10], hormone levels [38] and gene expression [44]. UV-triggered intra-
plant bystander effect was shown to be in part dependent on the free radicals as
application of radical scavenger prior to UVC irradiation resulted in bystander
signal of substantially lower intensity [10]. The first published work referring to
ionizing radiation-induced abscopal effects in plants occurred in 2007 [45]. This
laboratory demonstrated that direct and specific radiation to the shoot apical mer-
istem of embryonic Arabidopsis with 1,000 a-particles resulted in post-embryonic
developmental defects in root formation.

Plants have long been known to communicate to one another via diffusible signals,
or volatile organic compounds. This phenomenon was first discovered several
decades ago when it was observed that non-herbivore attacked (bystander) plants
residing next to herbivore-attacked plants were emitting the same defensive signals
and activating the same defensive machinery as the attacked plants [2]. The reason
for this signalling, or eavesdropping as some would put it, has a number of pur-
poses including the priming of defences before the arrival of the herbivore, the
readying of pathogen defences to disease, or to attracting predators or parasitoids
of the organisms causing stress [2, 15]. Interestingly, some of the phytohormones
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implicated in these plant-plant signals are similar to the hormones involved in
both the systemic acquired resistance and systemic wound signalling. Again, this
plant-plant communication of damage or impending attack could be considered
bystander-like phenomenon.

One of the signatures of the influence of bystander signal is the genome insta-
bility, including the increase in the homologous recombination frequency (HRF).
Homologous recombination in plants plays dual roles as both a double-strand
break repair mechanism as well as the mechanism responsible for increased
genetic diversity during meiosis [7]. In our laboratory and others, it has been
shown that plants treated with ionizing radiation have increased levels of homolo-
gous recombination [5, 10, 22, 23, 35]. Further experiments have even shown that
the local leaf treatment with UV-C leads to increased recombination rates in both
the local and systemic leaves [10]. This systemic recombination signal (SRS) was
also found in pathogen- [18] and reactive oxygen stress-treated plants [10].

Itis possible that the SRS, as well as some of the other systemic signals, are trans-
mitted not through the plant vasculature, which is the common perception, but
through the immediate gaseous environment of the plant. If this was indeed the case,
plants exposed to ionizing radiation with increased recombination rates may transmit
the signal to neighbouring plants in a closed environment.

In this work, we show that plants neighboring X-ray- and UVC-irradiated
plants exhibit similar changes in recombination frequency. We show that the bystander
effect has two components: liquid, released through roots and airborne, released
by leaves.

9.2 Methods

9.2.1 Plant Lines and Growth Conditions

For the experiments on liquid media, sterilized Arabidopsis thaliana (cv. 24) line 11
seeds were spread on sterile Whatman No. 1 filter paper in a divided (Fisher) or
undivided (Fisher) Petri plates. A total of 4 mL of liquid MS media was added to the
plates (2x2 mL in divided plates). In the solid media experiments, the same steril-
ized seeds were spread on divided or undivided Petri plates containing 25 mL of solid
MS media (liquid media recipe plus 8 g/L agar (Sigma)). The plates were stratified
for 48 h at 4°C, and then grown in Enconair (Winnipeg, Canada) growth chambers at
16/8 h light/dark, at 23°C and 18°C, respectively.

Arabidopsis line 11 is a transgenic line that contains a homologous recombina-
tion (HR) reporter gene. This reporter line has two, non-functional, overlapping,
truncated copies of the B-glucuronidase gene (GUS; [6, 43]). If a strand break
occurs anywhere in the region of homology in one of the two truncated GUS genes,
the HR double-strand break repair pathway could repair it using the other strand as
a template, potentially restoring the function of the GUS transgene (Fig. 9.1; [6]). In
this case, sectors of blue will result after histochemical staining.
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Fig. 9.1 Representation of homologous recombination reporter line #11 in Arabidopsis. HR
homologous recombination; 3-Glu GUS staining solution

9.2.2 Experimental Set-Up

Ten-day old Arabidopsis line 11 plants were a subject to either X-Ray (XR) or
UV-C (UV) irradiation while growing on either solid or liquid MS media in either
undivided or divided Petri dishes. Half of the plates were covered with a shielding
that protected the plants underneath, and the plants were irradiated. Seven days
post-irradiation the plants were harvested separately as either irradiated (IR; not
covered) or bystander (BS; covered) plants. An additional treatment was added,
half-bystander (¥2BS), in which the plates were covered as above, but only media
was irradiated. Seventy-five to 150 plants were counted per treatment, and the aver-
ages taken to represent the recombination rate for that experiment. The experiment
was independently repeated three times, and statistics were performed on those
three averages in MS Excel 2003.

9.2.3 Radiation Treatments

Plants were prepared for irradiation at 10 days post-germination. In the instance of
UV-C irradiation, the Petri lids were removed and half of the plate was completely
covered in tinfoil. The entire plate was than irradiated with 7,000 ergs (~60 ergs/s)
of UV-C. A set of control plates were completely covered with tinfoil and irradiated
under the same conditions to ensure there was sufficient UV protection. X-ray irra-
diation was done in a similar manner. Half of the Petri dish was covered with a
2.5 mm thick medical grade lead shield, and whole plates received 20 Gy of X-rays
(90 kV, 5 mA, ~18 mGy/s). Again, a set of control plates were irradiated while
completely covered with the lead shielding to ensure sufficient protection.

9.2.4 Histochemical Staining

Whole plants were harvested 7 days post-irradiation. These plants were then imme-
diately placed in GUS staining solution (100 mg of 5-bromo-4-chloro-3-indolyl
glucuronide substrate (GBT) in 300 mL of 100 mM phosphate buffer (pH 7.0),
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0.05% NaN,, and 1 mL dimethylformamide) and vacuum infiltrated for 10 min.
Plants were incubated in the staining solution for 37°C for 48 h, and then destained
with 70% ethanol for 24 h. The number of events per plant was than counted under a
dissecting microscope, and the number of spots/plant (homologous recombination
frequency) was calculated.

9.3 Results

The analysis of HRF in irradiated and non-irradiated bystander plants (Fig. 9.2a)
showed the increase in the case of X-ray and UVC exposures, although the effect of
X-ray was more pronounced (Fig. 9.2b, c¢). We hypothesized that the bystander effect
on recombination frequency was triggered by the signal released by roots and transmit-
ted through the liquid. To test whether the effect of the signal will be different depend-
ing whether plants were grown on liquid or solid media, we performed the experiments
using both media (see Sect. 9.2 for details). We found that in general HRF was higher
in plants grown on solid media and that the bystander increase in HRF was more
pronounced when plants were grown in the liquid media (Fig. 9.2b, c).

To test for the presence of airborne bystander signal, we performed above
mentioned experiments using a divider that did not allow liquid exchange but
allowed the air exchange (Fig. 9.3a). The analysis showed that there was the
increase in HRF in both, irradiated and non-irradiated plants, regardless whether
there was a divider present or not (Fig. 9.3d, e). The results were similar for both,
X-ray and UVC exposures.

Next, we asked ourselves whether the bystander signal could have originated
from liquid media itself as the result of water radiolysis or similar radical producing
events. To test this, we placed plants only in one half of the plate that was protected
by the shield; no plants was placed in non-shielded area. We used plates that did and
did not have a divider (Fig. 9.3b, c¢). The results showed that in the case of liquid
media, there was an increase in HRF in neighboring plants when the divider was not
used (Fig. 9.3d, e; data point labelled as “1/2 bystander”). At the same time, no
increase in HRF was observed when the divider was used. Similar trend was
observed for the solid media, although the data were not significantly different.

9.4 Discussion

Homologous recombination frequency increases can be the result of up-regulation
of the homologous recombination double-strand break repair pathway, and has been
shown numerous times to respond to direct ionizing radiation [5, 10, 22, 23, 35].
This increase in HFR is a measure of genome instability, which generally refers to
the susceptibility of the genome to mutations, rearrangements, and activation of
mobile elements [7].
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Fig. 9.2 X-ray and UVC induce the HRF increase in both exposed and bystanding plants. Ten-
day-old Arabidopsis line 11 plants were a subject to either 20 Gy of X-ray (XR) or 7,000 ergs of
UV-C (UV) irradiation while growing on either solid or liquid MS media in either undivided or
divided Petri dishes. (a) Schematic presentation of the experiment. Half of the plates were covered
with a shielding that protected the plants beneath from the radiation (Bystander), while the other
half was uncovered (Irradiated). (b) X-ray exposure experiment. Y axis shows the average recom-
bination frequency in exposed and “bystander” plants grown on liquid or solid medium. Asterisks
(*) show significant difference from control (* P<0.05; ** P<0.01; *** P<0.001). (¢) UVC
exposure experiment. Y axis shows the average recombination frequency in exposed and
“bystander” plants grown on liquid or solid medium. Asterisks (*) show significant difference from
control (P<0.05)

Elevated levels of HRF are generally accountable through two mechanisms, the
increase in the amount of double strand breaks, and/or the increase in the activity of
homologous recombination repair machinery [6]. In the case of ionizing radiation,
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Fig. 9.3 The signal triggering bystander effect is transmitted through liquid and air. Ten-day-old
Arabidopsis line 11 plants were a subject to either 20 Gy of X-ray (XR) or 7,000 ergs of UV-C
(UV) irradiation while growing on either solid or liquid MS media in either undivided or divided
Petri dishes. (a) Schematic presentation of the experiment. Half of the plates were covered with a
shielding that protected the plants beneath from the radiation (Bystander), while the other half was
uncovered (Irradiated). The Petri dishes used contain the dividers separating the medium in which
irradiated and non-irradiated plants are grown. (b) Schematic presentation of the experiment.
Plants were only planted under the shielding and not in the non-protected area. (¢) Schematic
presentation of the experiment. Plants were only planted under the shielding and not in the non-
protected area. The Petri dishes used contain the dividers separating the irradiated medium and
non-irradiated plants. (d) X-ray exposure experiment. Y axis shows the average recombination
frequency in exposed and “bystander” plants grown on liquid or solid medium. Asterisks show
significant difference from control (P<0.05). (e) UVC exposure experiment. Y axis shows the
average recombination frequency in exposed and “bystander” plants grown on liquid or solid
medium. Asterisks show significant difference from control (P <0.05)

it is not surprising that increased HRF occurs upon exposure, as ionizing radiation
is well known to induce double-strand breaks in eukaryotic cells, most commonly
through the production of genotoxic intercellular reactive oxygen species [9, 10].
However, here our data suggests that direct UV-C and X-ray exposure cause
increases in HRF that are more pronounced in liquid than solid media. This is an
interesting finding, as it would suggest that plants in liquid media are more suscep-
tible to total plant irradiation. However, if one considers the framework of the exper-
iment, the plants as well as the media are being irradiated. It may be possible that
the irradiation of the media is creating free radicals that are affecting the plants
global HRF. It is well documented that the radiolysis (X-ray) and photolysis (UV)
of water produces substantial quantities of hydroxyl radicals (‘OH) and hydrogen
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peroxide (H,0,) [19, 1]. Itis possible that irradiation of the media is producing these
reactive oxygen species (ROS), which are then being taken in by the plant. Further,
as the solid media is a semi-solid gel, it is possible that the ROS produced in solid
media are less mobile, resulting in less uptake by the plant and causing less damage.
These less-mobile ROS also explains the less dramatic increase in HRF in bystander
plants in solid media.

These ROS produced by the irradiation of media could explain the bystander-like
effect in the non-divided plates. It is likely that the ROS created by the radio- or
hydrolysis of the media on the irradiated side of the plates can diffuse to the
bystander side, causing similar effects in these plants. This is supported by the “1/2
bystander” treatments where only media is irradiated resulting in similar increases
in HRF in undivided bystander plants.

Further, this increase is completely abolished in the “1/2 bystander” divided
plates, suggesting the physical barrier separating the media is capable of halting the
signal. This evidence supports the media diffusible signal hypothesis and removes
any speculation of media produced gaseous signals.

Interestingly, however, is that bystander plants on divided plates that do contain
irradiated plants do produce an elevated HRF. This would suggest that in addition to
the media produced ROS causing elevated HRFs in bystander plants, the directly
irradiated plants are producing a gaseous signal causing increased genome instabil-
ity in neighbouring, unexposed plants. This is a truly phenomenal and novel finding.
It is curious, however, why there is not an additive result in the increase in HRF in
the bystander undivided plates. In this instance, the bystander plants are receiving
both the putative aqueous ROS as well as the radiation-derived volatile signal. It
may be possible that there is a certain level of saturation in this system, and HRF
rates produced in this manner are regulated to a maximal level. Alternatively, as the
irradiated plants covered much of the surface of the media, it could be the scenario
that the plants are absorbing most of the dose and the media is receiving little radia-
tion, resulting in the generation of only one prominent signal.

The ability of plants to communicate through the release of volatile organic
compounds is not novel. In past it was observed that plants not attacked by insects
(bystander), residing next to those that were attacked, were able to produce the
same volatile signalling molecules and were activating the same defensive path-
ways as the attacked plants [2]. A number of volatile organics have been studied
over the years in an attempt to characterize these plant-plant interactions. Small
highly volatile compounds, such as ethylene, methanol, isoprene, acrolein and
some monoterpenes, can diffuse in the surrounding environment rapidly, limiting
signalling to systemic leaves or very close neighbours [2]. Heavier volatile com-
pounds, such as methyl jasmonate (MeJA), methyl salicylate (MeSA), have been
suggested to function over longer distances, as their slow dispersal will allow for
the establishment of turbulence-resistant of plumes [2]. In our case, since we are
working in a limited air volume of a sealed Petri dish, the signalling of either type
of volatile could be possible.

MeSA and MeJA has previously been implicated in intraplant stress responses and
systemic signalling, with examples in systemic acquire resistance (SAR; [12, 34]) and
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systemic response to wounding (SRW; [38]). Interestingly, both the plant-plant
signalling of wounding [2] and pathogen infection have been shown before [40].

Similar to these systemic effects is the systemic recombination signal (SRS)
discovered in our laboratory several years ago [7, 10, 18]. In this model, the local
application of virus, UV-C or rose Bengal (a ROS producing compound) resulted
in the local and systemic induction of increased recombination rates. Indeed, this
systemic induction of increased HRF may be similar to the plant-plant induction of
HRF we show here.

The biological relevance of such a signal between plants is indeed quite perplex-
ing. It has been postulated that the SRS generated in systemic leaves in plants helps
drive increasing genetic diversity in plants, as their sessile nature forces them to
adapt to survive [4, 8]. However, overwhelming rates of recombination are not
‘geno-healthy’ either, as homologous recombination can cause the loss of heterozy-
gosity at herterozygous loci. It is possible that this putative plant-plant signal evolved
as a systemic signal as opposed to an interplant signal, and it is only in the context
of this experiment where close proximately plants in a small gaseous environment
are exhibiting this plant-plant-like phenomenon.
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Chapter 10

Direct and Reverse Bystander Effect Between
Irradiated and Unirradiated Organisms: The
Modulating Role of Chemosignalling in Ecology

B.P. Surinov, V.G. Isayeva, and A.N. Sharetsky

Abstract It was shown that mice or rats exposed to sublethal dose of ionizing
radiation are able to decrease the immune reactivity of intact animals when them
kept together in the same cage. Even one individual can cause such a disturbances
of immunity in a group of intact animals. The data indicate that at early stage after
exposure to sublethal doses of ionizing radiation mice secrete volatile components
(VC) in urine which decreased thymus dependent humoral immune response in
intact animals (to 60-70% relative control). The stable effect observed as a result
of 1-day exposure allowed us to study the time course of secretion of immunosup-
pressive VC by irradiated animals. These VC possess attractive properties for the
intact individuals. The irradiated mice showed an increased attractiveness to intact
individuals. The biological significance of a combination of the immunosuppres-
sive and attractive effects of VC is unclear. It is supposed, that mammals possess
of the distant immunomodulating chemosignal system, aimed at the immunoreac-
tivity of individuals with immunodeficiency state.

It was established that VC of intact mice restored the humoral immune response
and other parameters of immunity in irradiated with a dose of 1 Gy animals. In this
case, the irradiated recipients demonstrated an increase of humoral immune response
to 140-170%. These VC of intact mice activated at irradiation mice phagocytic
activity peritoneal macrophages. Exposure of rats for the third day after irradiation

This work was supported by the Russian Foundation for Basic Research and the Government of
Kaluga Region project No 09-04-97505.

B.P. Surinov (b)) » V.G. Isayeva ¢ A.N. Sharetsky

Medical Radiological Research Center of the Russian Academy of Medical Sciences,
Kaluga Region, ul. Koroliova, 4, Obninsk 249036, Russia

e-mail: surinov@mrrc.obninsk.ru

C.E. Mothersill et al. (eds.), Radiobiology and Environmental Security, 99
NATO Science for Peace and Security Series C: Environmental Security,
DOI 10.1007/978-94-007-1939-2_10, © Springer Science+Business Media B.V. 2012



100 B.P. Surinov et al.

(1 Gy) to the VC of intact animals significantly increased the number of red blood
cells, lymphocytes and granulocytes in the bloodstream.

Thus, direct and reverse bystander chemosignaling between the irradiated and
intact, irradiated and irradiated animals mediate the modification of immunity and
behavioral reactions of recipients. Apparently these untargeted effects of radiation
spreading from one individual to another can have a significant impact on the viability
of the entire population of animals.

Keywords Ionizing radiation * Bystander effect « Chemosignaling * Immunity

10.1 Introduction

As established previously, exposure to ionizing radiation, stress, immunode-
pressants induced in laboratory animals excretion with urine absent in norm
volatile components (VC). Exposure of these VC to intact conspecifics reduced
their immunoreactivity and the number of hemocytes [11, 12]. It was found
later that such excretions have the properties of chemosignals attracting intact
animals.

Combination of attractive and immunosuppressive properties inherent to VC
was not explained in terms of biological feasibility a long time. In the published
data has been reported only about the role of signaling in natural physiological
conditions [1, 3], in particularly [8], in disassortative mating of animals relevant
for the viability of offspring or for limitation contact of healthy and infected
individuals [4, 5, 9].

In the literature we are not found any information about chemosignalling
induced by ionizing irradiation in animals with the exception of works of authors
of this paper [10-12].

Meanwhile the advantage of use of such damage as ionizing radiation allowed
much deeper to explore the issue of chemocommunication in pathological state and
detect a number of previously unknown facts. For example, it was found that the
secretion of attractive or aversive chemosignals depended on the dose of ionizing
radiation and period after radiation injury [10]. As result is the assumption that the
attractive chemosignals induced by sublethal doses of radiation provide with a com-
munication aimed at improving the viability of the animals, whereas the aversive
signals appeared in terminal period after exposure to lethal doses of radiation, prob-
ably, like an infection, may play a role in limitation of propagation of pathology in
the group of animals [14].

This paper presents the results of further study the stimulating effect of urinary
volatiles of irradiated and intact animals on the antibody forming capacity of
individuals with reduced immune reactivity induced with sublethal dose (1 Gy)
of ionizing radiation, or on these parameters in animals immunized with thymus
dependent antigen.
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10.2 Materials and Methods

10.2.1 Animals and Procedures

Laboratory male mice of the inbred CBA strain and hybrids F1 (CBA x C57B1/6),
2-3 months old (25-30 g) where kept in standard plastic boxes by groups of 5-6 per
box with ad libidum food at room temperature (20-22°C) under a 14 light: 10 h dark
cycle. (In certain experiments are used the Wistar rats).

The whole-body irradiation of the animals was carried out with doses of 1 or
4 Gy using a ®C0 source with a dose-rate of 3.2 mGy/s on “Gamma-Cell-220”
equipment (Atomic Energy Canada Limited, Canada).

Donors urine volatile components (VC) were intact and irradiated with a dose
4 Gy individuals.

To obtain urine samples at the bottom of the box was placed sheet of filter paper
(bedding). Access to this bedding was limited by a performed screen elevated
above the bottom at 0.5 cm. Paper bedding containing of absorbed 72 h urine of
irradiated or intact mice were transfer for 1 day in box with radiation at a dose of
1 Gy recipients under the mesh screen.

10.2.2 Immunological Investigations

To study the influence VC in the development of the immune response papers with
urine samples were placed in boxes to the immunized animals. In 24 h after expo-
sure with bedding animals were injected intraperitoneally with 0.2 ml of suspen-
sion of sheep red blood cells (SRBC) in dose 1 x 10® cell/mouse in medium 199. In
4 days mice were decapitated of under ester narcosis and determined the mass and
cellularity of the spleen. The number of antibody forming cells (AFCs) in the
spleen was determined by Cunningham method. In each of the studied groups was
5-7 individuals.

10.2.3 Phagocytosis

Effect of VC on the phagocytic activity of peritoneal macrophages of mice-recipients
was assessed by their ability to absorb latex particles of diameter 1.5 pum (firm
DIA*M). Mice were decapitated under ether anesthesia. The suspension of mac-
rophages obtained by washing the abdominal cavity 199 medium supplemented with
10% fetal calf serum. The reaction of phagocytosis set by mixing 1 ml of suspension
of macrophages in a concentration 10° cells/ml with 1 ml of latex suspension at a
concentration of 10 pl/ml. The mixture was incubated for 30 min at 37°C. Smears
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were fixed 30 min in 96% ethyl alcohol and dyed with Romanovsky-Giemsa.
Counted the number of absorbed latex particles per phagocytic macrophage
(phagocytic index).

Experiments were reproduced at least three times.
Statistic analysis of results we performed with use of Student’s t-test.

10.3 Results and Discussion

10.3.1 Immunological Investigations

The ionizing radiation with 1 Gy causes suppression of immune reactivity in mice.
Thus, 3 days after irradiation of animals, significantly reduced spleen weight,
cellularity and the number of AFC induced by challenge with SRBC (Table 10.1).
As aresult of exposure of these mice during the third day after irradiation to VC of
intact syngeneic animals led to the fact that the spleen cellularity and the number of
AFC significantly exceeded these parameters in the irradiated animals not exposed
to VC. Almost the same effects were observed after exposure to VC of individuals
irradiated with a dose of 4 Gy.

A similar effect of these VC in the recipient mice on day 7 after irradiation
(1 Gy) was also accompanied by a significant increase in the ability to the immune
response to antigen (Table 10.1). In this case, unlike the effect observed on day 3
after irradiation, change in spleen mass and cellularity not detected.

Table 10.1 Immunological parameters (M +m) in irradiated 1 Gy male mice F1 (CBA x C57BI6)
after exposition to volatile components (VC) of urine of intact mice in different time post irradia-
tion periods

Spleen
Time after Number of cells,
Groups of animals irradiation, days ~ Mass, mg 1x10° AFC, 1x10°
Control — 130+6.5 189+12.3 121+9.0
(100£5.0) (100£6.5) (100+£7.4)
Irradiated 1 Gy 3 94.7+3.8* 137 +8.4% 52+3.1%
(72.8+£2.9) (72.5+4.4) (42.9+2.6)
Irradiated 1 Gy +VC 82.8£2.5%** 134+ 4% 61.7£2.6%%*
intact mice (63.7+1.9) (70.9+7.3) (50.9£2.2)
Irradiated 1 Gy 7 110+3.8 164+14 50£2.2
(84.6+2.9) (86.8+7.4) (41.2+1.8)
Irradiated 1 Gy +VC 105+5.2 145+13 66.2 £ 2 4% %%
intact mice (80.8+4.0) (77.2+6.3) (54.6+£2.0)

Note: In brackets — % to control
*Significant different (p<0.05) from control
**Significant differences (p<0.05) from 1 Gy
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Table 10.2 Dynamics immunological parameters (M +m) in irradiated 1 Gy male mice CBA after
1-day exposition to volatile components (VC) of urine of intact or irradiated (4 Gy) singenic mice
in during the third day post irradiation period

Time after Mass of spleen, Number of cells AFC in spleen,
Groups of animals exposition, days mg at spleen, 1 x10® 1x10?
Irradiated 1 Gy 1 101+2.3 80.0+7.1 104+2.9
(100£2.3) (100+8.9) (100£2.8)
Irradiated 1 Gy +VC 83.6+4.3% 83.3+34 126 +6.0%*
intact mice (82.8+4.3) (104+4.3) (121+5.8)
Irradiated 1 Gy+VC 86.0+3.3%* 103+3.4* 125+15.0
irradiation 4 Gy mice (85.1£3.3) (129+4.3) (120+14.4)
Irradiated 1 Gy 3 90.4+1.8 74.0+5.1 67.4+9.0
(100+2.0) (100+6.9) (100+13.4)
Irradiated 1 Gy +VC 83.4+5.2 84.0+9.8 96.7+6.0%
intact mice (92.3£5.8) (114%13.2) (143+8.9)
Irradiated 1 Gy+VC 99.0+4.0 82.0+£12.4 113+6.8*
irradiation 4 Gy mice (110+4.4) (111+16.8) (168+10.0)
Irradiated 1 Gy 7 83.4+2.7 90.0+£3.2 85.0+6.7
(100+3.3) (100+3.5) (100+7.9)
Irradiated 1 Gy +VC 102+2.8% 116x£17.5 183 +4.5%
intact mice (122+3.4) (129+19.4) (215+5.3)
Irradiated 1 Gy+VC 115+3.8* 104+5.1* 195+£10.4*
irradiation 4 Gy mice (138+4.6) (115+5.6) (229+12.2)

Note: In brackets — % to irradiated mice
*Significant differences (p<0.05) from irradiated 1 Gy

We evaluated the immune response in mice irradiated with a dose of 1 Gy, at
different times after their exposure to VC of intact or irradiated with Gy of indi-
viduals (Table 10.2).

As a result of exposure of these mice to VC of intact animals during the third
day after exposure to ionizing radiation the spleen cellularity and the number of
AFC was significantly higher than these parameters in the group of irradiated mice
which is not exposed VC.

Within 3 days after exposure to VC of irradiated with 1 Gy mice, showed a
significant, approximately 1.5-fold, increasing of the number of AFC in the spleen.

In more remote periods, within 7 days after exposure, effects of VC on irradiated
mice increased — the spleen cellularity and the number of AFC in was more than two
times higher than that in animals not exposed to VC.

During this observation period is also increased as the mass and cellularity of the
spleen, especially after exposure to VC produced by mice irradiated with 4 Gy.

Therefore, the single exposure of the irradiated with 1 Gy mice to VC of intact
or irradiated (4 Gy) was accompanied by stimulation of the immunity. The effect
not only on long-preserved, but strengthened over time.

The above data rather differ from previously described ones with respect to the
impact of a single exposure with the same VC, but at different times after irradiation
of the mice with a dose of 1 Gy.
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In this case, stimulation of humoral immunity in the irradiated with the same
dose of mice was less pronounced.

This confirms the above data relating to the development of immunopotentiating
effect in the course of time after exposure of irradiated animals to VC.

These data are in fact the opposite to results obtained in the process of studying
of the immune reactivity of intact mice exposed to VC produced by mice after expo-
sure to 4 Gy. In the latter case, there was inhibition of humoral immunity, which
lasted more than 3 days.

In one series of experiments were simultaneously evaluated the impact of VC
produced by male mice-CBA after exposure to radiation with 4 Gy (3 days), on
intact animals and irradiated with 1 Gy.

It was found that as a result of exposure of VC with intact or subjected to radia-
tion with 1 Gy mice, there was a decrease or increase the number of AFC in the
spleen up to 62.0 £ 5.6% (p<0.05) and up to 95.6+17.5%, respectively.

In irradiated at a dose of 1 Gy mice not exposed to VC the number of AFC in the
spleen was 58.3+1.9% (p<0.05) compared with the intact animals (100+£2.6%).

Therefore, postradiation VC have different directions in the action depending on
the state of recipients. It should be emphasized that the described here immunos-
timulatory effect was revealed at relatively weakly expressed immunodeficiency, as
in this case at deficiency caused by irradiation with a dose of 1 Gy.

Similar experiments, but with mice irradiated with a dose of 4 Gy, resulted in
irregular results and in case of exposure to animals with 6 Gy immunostimulatory
effect was not found.

Ability of chemosignals produced intact mice to increase the immune reactivity
of irradiated animals also demonstrated on a model which has previously been
used to confirm the immunosuppressive effect of irradiated mice to intact when the
irradiated and intact animals in equal proportions contained in one box.

Assessment of the capacity to antibody genesis of the irradiated with a dose of
2 Gy male mice (10 animals in each group) contained during the 2 weeks together
with intact animals showed that the number of AFC in the spleen in 1.4 times
(p<0.05) higher than that of in only irradiated mice kept separately (Table 10.4).

Immunostimulatory effect observed under the combined housing in one box
intact mice with individuals irradiated at a higher dose (4 Gy) was unstable and not
reproduced in all series of experiments.

The presence in urine of chemosignals recovering under certain conditions rela-
tively not too deep post-radiation damage was confirmed by experiments with rats
in which investigated the number of formed elements in peripheral blood after expo-
sure to the VC (Table 10.5). Exposure of irradiated (1 Gy) of rats during the third
day of post-radiation period to VC of intact or irradiated animals caused quantita-
tive changes in the cellular composition of blood.

Thus, 3 days after irradiation (1 Gy) the number of red blood cells in rats was
7.75+0.24 1 x 10'%/1. Exposure of such animals with the components of irradiated or
intact rats increased in recipients compared to 1.2 times.

Influence VC of the intact or irradiated (4 Gy) animals on the intact or the irradi-
ated (1 Gy) rats also resulted in increase of the absolute number of blood lymphocytes
and polymorphonuclear leukocytes, respectively, 1.7 and 1.9 times (Table 10.3).
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Table 10.3 Cell structure of periferalnblood (M +m) irradiated in the dose 1 Gy (3 day) rat Wistar
after exposition to VC intact or irradiated (4 Gy) animals

Erythrocytes, Leucocytes, Lymphocytes, Neurophiles,
Groups of animals 1x10'/1 1x10%71 1x10°1 1x1071
Irradiated 7.75+0.24 10.7+1.4 3.2+0.27 2.4+0.45
(100£3.1) (100+13.0) (100+8.4) (100+18.8)
Irradiated + VC 9.65+0.24* 14.1+1.5 5.5+0.87* 4.54+0.61*
intact rat (123£3.1) (132+14.0) (172+27.0) (189+25.4)
Irradiated + VC 9.4+0.48* 9.8+0.7 34+0.3 2.8+0.18
irradiated rat (121+6.2) (91.6+6.5) (106+9.4) (117+7.5)

Note: *Significant differences (p<0.05) from groups irradiated rat not exposition exposition with VC

Table 10.4 Immunological parameters (M+m, in brackets — % to control) in irradiated (1 Gy)
male mice CBA after co-habitation during the third day with intact male

Spleen
Groups of animals Mass, mg Number of cells, 1x10° AFC, 1x10°
Intact 113+5.6 106+6.8 182+8.3
(100£5.0) (100£6.4) (100+4.6)
1 Gy 76.6+3.8% 72.0+2.0% 141+19.3
(67.8+3.4) (67.9+1.9) (77.5+10.6)
1 Gy +intact male 86.4+3.8* 108 +8.6%* 228+£32.4%*
(76.5+3.4) (102+8.1) (125+17.8)

Note: In brackets — % to intact control
*Significant differences (p<0.05) as compared with intact animals
**Significant differences (p<0.05) as compared with irradiating animals

Table 10.5 Immunological parameters (M+m, in brackets — % to control) in intact male mice
CBA after co-contents during the third day with irradiated male

Number of cells AFC in spleen,
Version experiment Mass of spleen, mg at spleen, 1x10° 1x10°
Control — content wish 104=1.7 132£9.0 90.1x4.9
intact individual (100£2.1) (100+7.1) (100£11.2)
Experiment — content wish 95.3+2.1 107+6.4 74.1+£4.6
irradiated individual (92.1£2.0) (81.1+5.0) (82.8+6.0)*

Note: In brackets — % to irradiated mice
*Significant differences (p<0.05) from control

Among the findings of particular interest is the fact that the immunostimulatory
effect on irradiated mice is intrinsic not only VC that are contained in the urine of
mice, but also the intact individuals themselves. It was found that the presence even
one intact male-mouse in the group of irradiated mice (1 Gy within 3 days) increased
their immune reactivity (Table 10.4 ), and presence in group of intact animals only
one irradiated male depressed their immune reactivity (Table 10.5 ) Hence, it is
probably of VC produced by one animal is sufficient to demonstrate their chemosig-
nal properties aimed at mobilizing the immune system.
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In one series of experiments studied the effect of post-radiation VC on animal
induced by non-radiation factors. As one of these models has been elected immune
response to foreign antigen.

This antigens were sheep red blood cells (SRBC). To some extent this is model
of response to infection. Mice recipients were exposed to VC gave off irradiated
(4 Gy) individuals up to 1 day, immediately, 3 and 7 days after injection of SRBC.

The number of AFC in the spleen was evaluated 4 days after injection of antigen.
As aresult of exposure to post-radiation VC before the antigenic stimulus the num-
ber of AFC in the spleen decreased to 30.4 £6.5% relative to controls.

Such reaction is fully consistent with previously obtained data showing the
immunosuppressive properties of post-radiation VC excreted in the urine of irradi-
ated animals [2]. After exposure, VC to the recipient mice immediately after the
administration of antigen an immune response is not changed. In that case, when the
recipients were exposed to VC through 1, 3 or 7 days after immunization, the num-
ber of AFC increased compared with the control to 193+11.0, 122+27.7 and
263 +60.7%, respectively.

The presented here results of effects VC of irradiated mice on individuals before
and after immunization showed the dual nature of the studied chemosignals — the
direction of their influence on syngeneic animals depends on the state of the
immune system. If before the immunization was observed suppression then after
immunization — stimulation of the humoral immune response (Table 10.6).

10.3.2 Phagocytic Activity

Study of the effect of VC on the phagocytic activity of peritoneal macrophages of
irradiated mice showed (Table 10.7) that phagocytic index (number of particles
absorbed by one of phagocytic macrophages) in mice-recipients after exposure to
VC of intact animals increased in 1.4 times in comparison with irradiated unex-
posed animals.

This information is also, as in the case of antibody genesis, opposite the previously
obtained data showing the inhibitory effect of post-radiation VC on phagocytosis.

In the data presented here show that the combination of mutual attractiveness of
irradiated and intact with [13] described here immunostimulating effects indicate
to the existence of biologically relevant complex of reactions regulated by
chemosignals. In this complex participate both animals, producing chemosignals
induced by various factors, and individuals whose reaction to the signals depends
on their physiological state.

Our data allow to revise the view at some biological traits of the bystander effect
at the interorganismal level [6, 7, 10].

If previously considered that such an effect caused by unknown of post-radiation
VC were directed only at the suppression of immunity, the above data demonstrate
also the opposite effect — the impact VC of intact animals on irradiated individuals
resulted in the restoration of immunity. The such phenomenon (immunostimulation)
was observed also and after exposure VC to animals after antigenic administration.
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Table 10.6 Immunological parameters (M +m) at male mice F1 (CBA x C57B16) after exposition
to volatile components (VC) irradiated (4 Gy) individuals in different time relatively
immunization

Spleen
Time exposition, Number of cells,
Groups of animals day Mass, mg 1x10° AFC, 1x10°
Control 1 day before 95.4+3.3 122+9.8 23.0+0.5
immunization (100+3.5) (100+8.0) (100+2.2)
Exposition to VC 102+3.9 141+8.0 7.0£1.5*
irradiated (107 +4.0) (116+7.0) (30.4£6.5)
Control Immediately after 119+£3.7 143+5.0 27.5+3.1
immunization (100+3.1) (100+3.5) (100+11.3)
Exposition to VC 104+6.4 135+£14.0 30.8+2.9
irradiated (87.4£5.0) (94.4£9.8) (112+10.5)
Control 1 day after 103+5.0 142+13.0 46.6+2.9
immunization (100+4.9) (100+9.2) (100+6.2)
Exposition to VC 102+4.8 147+10.2 89.9+5.0 *
irradiated (105+5.0) (93.4+6.5) (193+11.0)
Control 3 day after 77.4+2.6 106+6.0 18.0+3.8
immunization (100+3.4) (100£5.7) (100£21.0)
Exposition to VC 74.6+19 83.3+6.8* 22.0£5.0
irradiated (96.4+2.5) (78.6+6.4) (122+27.7)
Control 7 day after 772+1.9 112+4.9 9.5+1.5
immunization (100+2.4) (100+4.4) (100+16.0)
Exposition to VC 76+2.1 88.0+6.7* 25.0+6.0*
irradiated (98.4+2.7) (78.6+6.0) (263+60.7)

Note: In brackets — % to control
*Significant different (p<0.05) from control

Table 10.7 The phagocytic activity (M+m) of peritoneal mac-
rophages of irradiated (1 Gy, 3 dais) mice after exposure to the volatile
components of urine of intact or irradiated (4 Gy) of individuals

Animals group Phagocytic index
Intact 9.0£0.4
Irradiated 13.2+1.0*
Irradiated + VC of intact individuals 18.5+£0.6%**
Irradiated + VC of irradiated individuals 12.8+1.2%

Note: *Significant different (p<0.05) from control; **significant
different (p<0.05) from irradiated

Hence, in our experiments we found that the orientation of the immunomodulatory
effect of chemosignals depended on time of exposure of VC relatively of the effects
of ionizing radiation or antigenic stimulus, i.e. the physiological condition of the
recipient. This manifests itself most clearly in respect of post-radiation effects
chemosignals induced by exposure to radiation with a dose of 4 Gy, which causes
immunosuppression in intact animals, but stimulate the immune response in individu-
als immunized with an antigen, or irradiated with low doses (1 Gy) of radiation.
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Under certain conditions, the immunosuppressive chemosignals for intact animals
have regenerating and stimulating activity in relation to immunocompromised by the
radiative and nonradiative effects individuals.

Therefore, bystander effect in groups of animals can have both suppressive and
repaired consequences. Dependence of these effects upon the state of the donor
chemosignals, and individuals-recipients can evaluate them as manifestation of
biologically advisable of mechanisms that allow animals with chemosignaling to
recognize individuals with disturbance of immunity and provide them by stimulat-
ing t and reparating effects.

10.4 Conclusion

The presented research findings demonstrate the ability of animals to produce
chemosignals with previously unknown properties. Under certain conditions, they
show the regenerating or stimulating activity in relation to other individuals who
have a disturbance of immunity resulting from radiation and nonradiation effects.
Therefore, bystander effect in groups of animals can have both suppress and repaired
consequences. The direction of immunomodulatory effect is depends upon the
status of immune system of donors and recipients of chemosignals. It is probably
argue for existence of biologically advisable mechanisms that allow animals using
the chemosignaling to recognize individuals with immunity disorders and provide
them a stimulating and repaired effect.
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Chapter 11

Molecular-Genetic Analysis of Genetic
Predisposition to Myocardial Infarction
and Comparison of Risk Factor Population
Rates in Different Countries

Alexander Gonchar, Maxim Ameliyanovich, Kristina Zhur,
Irma Mosse, and Konstantin Mosse

Abstract Factor V Leiden and Protrombin G20210A mutations as well as some
gene polymorphisms, such as Val34Leu of the coagulation factor XIII, 4G/5G of
PAI-1 gene and Thr312Ala of fibrinogen alpha chain have been investigated as risk
factors of myocardial infarction (MI). The methods of polymerase chain reaction
(PCR) with specially designed allele specific primers were used to determine poly-
morphisms and mutations. DNA extracted from lymphocytes or dried bloodspots
was used as matrix for PCR. Blood samples of 175 patients with acute myocardial
infarction and 270 people of the control group were investigated. It was obtained
that the rate of Thr312Ala heterozygotes among patients with myocardial infarc-
tion was 1.3 times as high as in the control group. The frequency of Factor V
Leiden and G20210 mutations in patients with myocardial infarction was more
than 2 times as high as in the control group. Leu/Leu genotype was shown to be
responsible for risk of myocardial infarction development too (OR=2.02).
According to our data 4G/4G genotype of the PAI-1 gene may be predisposing to
the myocardial infarction and 5G/5G one — protecting. Population frequencies of
MI genetic risk factors in Belarus population have been established. The compari-
son of MI predisposition genotypes frequencies with the levels of this disease in
different countries of Europe has been performed. We revealed a statistically sig-
nificant positive correlation between the frequencies of MI morbidity and 4G/4G
genotype. At the same time, there was no statistically significant correlation
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between frequencies of other risk factors and MI frequency. The obtained data
allows conclusion that PAI-1 gene genotype 4G/4G is the most informative for
evaluation of genetic predisposition to MI.

Keywords Myocardial infarction ¢ Gene polymorphisms ¢ Factor V Leiden
and Protrombin mutations ¢ Genetic predisposition * Population frequencies
* European countries

11.1 Introduction

The problem of diagnostics of genetic predisposition to cardiovascular diseases
such as infarctions, insults, thrombosis is very important because these diseases are
the leading causes of mortality nowadays. The data on genetic risk factors for this
kind of diseases are not sufficient enough and are rather inconsistent.

The investigation of genetic predisposition to arterial thrombosis and to myo-
cardial infarction (MI) in particular is worth attention. So, we studied some muta-
tions and gene polymorphisms which influence clot formation at the last stages of
coagulation cascade. Scientific publications about genetic predisposition to arterial
thrombosis are rather doubtful: some studies declare, for instance, that factor V
Leiden is linked with arterial thrombosis [41, 55], while others show that it is not
linked [47].

The Factor V Leiden mutation was described in 1994 by Bertina et al. [5]. This
mutation results in single nucleotide guanine by adenine substitution in factor V
gene in position 1691 and leads to arginine by glutamine substitution in position
506 of polypeptide chain (Arg506GlIn). As a result of this substitution, the factor V
becomes resistant to cleavage by activated protein C. Later on, this mutation was
shown to be a significant risk factor for venous thrombosis and to increase risk of
venous thrombosis 7 times for heterozygous individuals and 80 times for homozy-
gous ones [51]. With this end in view, we undertake an investigation of the Factor V
Leiden mutation as a risk factor of myocardial infarction.

Prothrombin gene encodes a protein (prothrombin), which is one of the most
important factors in the blood coagulation system. Prothrombin is transformed into
active thrombin. Thrombin activates factors XI and XIII, influencing formation of
fibrin monomers, fibrin-oligomers (or soluble fibrin monomer complex) and fibrin-
polymer and subsequent fibrin-polymer stabilization. G20210A mutation is a G to
A transition in nucleotide 20210 of the prothrombin gene. The transition takes
place at 3’ cleavage site of the mRNA resulting in elevated prothrombin levels in
plasma. The level of this protein in plasma of heterozygous individuals can be
higher by 30% than in those with wild genotype [36, 44]. This mutation frequency
in population is 1-4%. The risk of venous thrombosis and thromboembolism in
carriers of G20210A mutation is 2—4 times higher than in those without mutation
[52]. This mutation may be responsible for the development of some pathological
effects during pregnancy.
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The data currently available in the literature do not give a definite answer about
the role of G20210A mutation in the development of CVD, although the 2—4 times
increase of venous thrombosis and thromboembolism risk in carriers of mutations is
not contested [32].

Due to this, we decided to investigate the effect of this mutation on predisposition
to myocardial infarction.

XIII blood clotting factor is a heterotetramer, consisting of two catalytic sub-
units (alpha subunits) with molecular weight of 83.2 kDa and two non-enzymatic
subunits (beta — subunits) with molecular weight of 79.7 kDa, which are noncova-
lently incorporated into the tetrameric molecule with the mass of 325.8 kDa. After
the activation by thrombin, the factor XIII catalyzes formation of covalent bonds
between the alpha-and gamma-chains of fibrin, stabilizing thereby the fibrin clot.
Fibrinogen is a soluble plasma glycoprotein, synthesized in the liver, and its ele-
vated levels in blood plasma may result in the inflammation of the vascular wall,
and thereby it can be associated with the risk of cardiovascular disease. Stabilization
of the fibrin clot is done through the formation of covalent bridges between lysine
and glutamine sites of the fibrin chain. In accordance with the clot-stabilizing
role, the lack of the factor XIII turns into serious complications associated with
excessive bleeding.

There are five polymorphisms described for alpha-subunits of the factor XIII. The
most known one is the Val34Leu polymorphism [4]. It results in valine to leucine
replacement in position 34 of the polypeptide chain. The Val34Leu polymorphism
influences the structure of fibrinogen — a protein is involved in the process of clot
formation at the final stages of the coagulation cascade and, consequently, influences
the strength and elasticity of the thrombus [16, 45, 53, 56]. Substitution of valine for
leucine is associated with the increased activation of the factor XIII by thrombin and
with increased linker activity. The Val34Leu polymorphism does not alter the
concentration of the factor XIII, but, however, alter its activity. The 34Leu isoform
has increased catalytic efficiency 2.5 times and reduced time of clot formation as
compared to the isoform 34Val [39].

Thr312Ala polymorphism of fibrinogen alpha chain — is one of the most impor-
tant causes of arterial thrombosis because of its contribution to formation of fibrin
clots consisting of thinner and compacted fibers with smaller pores between them.
The fibrinogen level correlates with traditional risk factors, such as hypertension,
smoking, diabetes, age and others [42]. The Thr312Ala polymorphism and the
Val34Leu one of the Factor XIII gene are responsible for structural changes in
fibrinogen molecule.

There are controversial data in the scientific literature about the Thr312Ala
polymorphism relation to genetic predisposition to cardio-vascular diseases. It
was shown [10] that this polymorphism influences the poststroke mortality in sub-
jects with atrial fibrilation. In other paper it turned out that poststroke mortality of
subjects with sinus rhythm was not dependant on the polymorphism variant, but
subjects with atrial fibrillation and the Thr\Thr genotype had survival rate 2.3
times as high as the subjects with the Thr\Ala genotype. However these data were
not corroborated in another paper [14].
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So, the scientific literature data about the Thr312Ala polymorphism are insufficient
for clear conclusion about its relationship with cardiovascular diseases.

4G/5G insertion/deletion in PAI-1 gene was studied too. This gene (the inhibitor
of plasminogen activator — an important component of thrombolytic plasminogen-
plasmin system) is widely studied in relation to the risk of acute coronary vascular
disease, venous thrombosis, eclampsia and other vascular disorders. It is shown that
the level of PAI-1 in plasma is associated with polymorphism in the promoter region
of the PAI-1 gene, which is a single nucleotide deletion/insertion (4G/5G).
Individuals who are homozygous for the 4G allele have a higher level of PAI-1 in
plasma. The mechanism underlying allelic differences in the synthesis of PAI-1 was
established and the affinity of both alleles with an activator of gene transcription
was revealed, whereas the 5G allele has also a binding site for a transcriptional
repressor. The absence of the repressor provides a higher level of gene transcription
of the PAI-1 allele 4G. An increased PAI-1 concentration in blood is associated with
an increased risk of thrombosis [54].

The influence of the 4G/5G polymorphism of PAI-1 on the risk of myocardial
infarction was not clear. Some results suggest that the 4G/4G genotype causes an
increased risk of myocardial infarction [18], but at the same time there are reports
that this genotype is neutral [7] or even protective [17]. In general, there is data on
the increased proportion of 4G/4G homozygotes among patients with myocardial
infarction as compared with the control samples [25]. The 4G variant leads to
increased gene expression and consequently to increased levels of PAI-1 in the
blood and to higher risk of blood clots.

That’s why these factors were chosen for myocardial infarction (MI) risk
factor study.

11.2 Methods

Blood samples of 175 patients with acute myocardial infarction were investigated.
These samples were provided on special DNA paper cards by The National Center of
Research and Applied Medicine “Cardiology”. A control group consisted of 270
people without cardiovascular pathology in anamnesis. Blood samples of the control
group were provided by Medical Centre of the National Academy of Sciences of
Belarus. The study was complied with the Declaration of Helsinki and was approved
by the Local Ethics Committee. All patients and control subjects gave their written
informed consent for participation in the study.

Blood samples were used as a matrix for PCR using the method of enhanced
direct amplification described by Makowski [38]. The presence of the Factor V
Leiden and G20210A mutations was detected by the amplification refractory muta-
tion system (ARMS) method with allele-specific primers which were self-designed.
PCR products were visualized on 8% polyacrylamide gel.

To determine the Val34Leu polymorphism of the factor XIII, a technique was
developed on the basis of Tetra-primer ARMS. It is based on using two pairs of
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primers — internal and external in one PCR. Internal primers are allele-specific and the
external ones flank polymorphic site in such a way that after the separation of PCR
products by electrophoresis bands of different lengths correspond to different alleles.

The Thr312Ala polymorphism was detected using the method described by
Carter et al. [10]. with several modifications: the annealing temperature was 62°C,
magnesium concentration was 2.5 mmol/L and 1U per sample of Rsal (Fermentas,
Vilnius, Lithuania) endonuclease was used for digestion.

To detect the 4G/5G polymorphism of the PAI-1 gene, we developed an original
technique using an automated capillary electrophoresis with polychrome laser
scanning. This method allows determination of the 4G/5G polymorphism alleles
directly by the difference of DNA fragment size equal to one nucleotide.

Statistical analysis was processed using Microsoft Office Excel. The significance
in any difference in proportions was tested by the chi-square method.

11.3 Results and Discussion

11.3.1 Molecular-Genetic Study on Myocardial Infarction
Risk Factors

11.3.1.1 Factor V Leiden

Three percent of heterozygous carriers of the Factor V Leiden mutation were detected
in the control group of Belarus people. This complies well with the population fre-
quencies obtained by other authors in Russia and Belarus [23, 32]. Molecular-genetic
analysis revealed the presence of heterozygous (RQ) genotypes in 12 of 175 patients
with myocardial infarction (6.9%), none of the patients was homozygous (QQ) and
163 patients had RR genotype. This data was compared to results in the control
group: 8 heterozygous genotypes of 270 people (3.0%) and none homozygous (QQ)
were found (Table 11.1). So, the rate of heterozygous genotypes in the group with
myocardial infarction was 2.4 times as high as in the control group (OR=2.41). This
indicates the role of the factor V Leiden as a significant risk factor not only for
venous thrombosis but also for arterial one (for myocardial infarction in particular).

The genotype distribution of this mutation did not differ significantly from that
expected for Hardy-Weinberg proportions in the myocardial infarction patients as
well as in the control group.

11.3.1.2 Factor II (G20210A)

During the investigation of the effect of mutation G20210A on the risk of MI, we
found 4 heterozygous genotypes (GA) of the 175 examined samples in the experi-
mental group and 3 heterozygous genotypes in the control group (270 samples).
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Table 11.1 Molecular-genetic study on myocardial infarction risk factors

Factor V Myocardial

(G1691A) infarction Controls OR P value*

Genotype no. (%) RR 163(91.3) 262(97.0)  0.41 (CL:0.17-1.04)  0.05
R/Q 12(6.9) 8(3.0) 2.41(CIL:0.96-6.02)
QQ - - -

Allele no. (%) R 338(96.6) 532(98.5)  0.42 (CL:0.17-1.05)  0.06
Q 12(3.4) 8(1.5)  2.36 (CI:0.96-5.84)
Factor II (G20210A)

Genotype no. (%) G/G 171(97.7) 267(98.9) 0.48 (CI:0.11-2.17)  0.56%*%*
G/A 4(2.3) 3(1.1)  2.08 (CI:0.46-9.42)
A/A - - -

Allele no. (%) G 346(98.9) 537(99.4)  0.48 (CL:0.11-2.17)  0.56*%*
A 4(1.1) 3(0.6) 2.07 (CI.0.46-9.30)
Factor XIII (Val34Leu)

Genotype no. (%)  Val/Val 79(45.1) 123(45.6) 0.98 (CL:0.67-1.44)  0.19
Val/Leu 81(46.3) 135(50.0)  0.86 (CI:0.59-1.26)
Leu/Leu 15(8.6) 12(4.4)  2.02 (CI:0.92-4.42)

Allele no. (%) Val 239(68.3) 381(70.6)  0.90 (CI.0.67-1.20)  0.47
Leu 111(31.7) 159(29.4)  1.11 (CIL:0.83-1.49)
Fibrinogen a-chain (Thr312Ala)

Genotype no. (%)  Thr/Thr 96(54.9) 166(61.5)  0.76 (CI.0.52-1.12)  0.12
Thr/Ala 76(43.4) 94(34.8)  1.44 (CL:0.97-2.12)
Ala/Ala 3(1.7) 10(3.7)  0.45 (CI:0.12-1.67)

Allele no. (%) Thr 268(76.6) 426(78.9) 0.87 (CI.0.63-1.21)  0.42
Ala 82(23.4) 114(21.1)  1.14 (CI:0.83-1.58)
PAI-1 (4G/5G)

Genotype no. (%)  4G/4G 65(37.1) 78(28.9)  1.44 (CL.0.96-2.16) 0.19
4G/5G 77(44.0) 134(49.6)  0.80 (CIL:0.54-1.17)
5G/5G 33(18.9) 58(21.5)  0.85 (CIL:0.53-1.37)

Allele no. (%) 4G 207(59.1) 290(53.7)  1.25(CL:0.95-1.64) 0.11
5G 143(40.9) 250(46.3)  0.80 (CIL:0.61-1.05)

*Calculated for chi-squared test
**Calculated for Yates corrected chi-squared test

We didn’t find any samples homozygous for this mutation. The frequency of mutant
alleles in the experimental group was 2.3%, which is 2.2 times as high as in the
control group (1.1%) (OR=2.08).

11.3.1.3 Val34Leu

We found no differences in the frequencies of Val34 homozygous and Val34Leu
heterozygous genotypes in the experimental and the control groups, but the frequency
of individuals homozygous for 34Leu allele in the experimental group was twice as
high as in the control group (Table 11.1). It means that the Leu/Leu genotype can be
responsible for risk of myocardial infarction development (OR=2.02).
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In fact, the 34Leu isoform of FXIII is known to be activated more rapidly,
what leads to shortened clot formation time and generation of clots with an
altered structure.

11.3.1.4 Thr312Ala

We observed the following genotype distribution in the group of 175 patients with
myocardial infarction: 96 Thi\Thr (54.9%), 76 Thr\Ala (43.4%), 3 Ala\Ala (1.7%).
Genotype distribution in the group of 270 control subjects was as follows: 166 Thr\
Thr (61.5%), 94 Thr\Ala (34.8%) and 10 Ala\Ala (3.7%) (Table 11.1). Thus, there
were a decreased frequency of the Thr\Thr genotypes and an increased frequency of
the Ala\Ala ones in patients as compared with the control group. The rates of Thr\Ala
heterozygotes in two groups differed more considerable (OR=1.44). At the same
time the frequencies of alleles Thr and Ala in patients with myocardial infarction did
not differ significantly from the control rates.

Assessing the results indicating predisposition to thrombosis due to the gene
variant, it is necessary to take into account a complex nature of the disease and the
possibility of cumulative impact of multiple genes, as well as of environmental
factors.

Meanwhile it was obtained in our investigation that the rate of the Thr312Ala
heterozygotes among patients with infarction myocardial was 1.3 times as high as
in the control group. This fact may be an evidence for the impact of this polymor-
phism on the genetic predisposition to myocardial infarction.

11.3.1.5 4G/5G Polymorphism

Population-based distribution of PAI-1 alleles 4G/5G was studied. In the control
group (270 persons), 28.9% of homozygous 4G/4G genotypes in comparison with
37.1% in patients were observed (OR =1.44). As for the 5G/5G genotype its rate in
the control group was 21.5% and 18.9% of such genotypes were registered in the
case (Table 11.1).

These results show that the 4G/4G genotype may be predisposing to the myocar-
dial infarction, and 5G/5G protecting.

11.3.2 Comparison of MI Risk Factor Population Rates
with This Disease Levels in Different Countries

We compared population frequencies of genotypes and alleles of Val34Leu, 4G/5G
polymorphisms and FVL mutation in different European countries with the inci-
dence of myocardial infarction in those countries.
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Fig. 11.1 The incidence of myocardial infarction among the inhabitants (percentage) of some
European countries according to data of the year 2008 [57]

The frequency of myocardial infarction in the European countries is shown in
Fig. 11.1. This diagram is based on the World Health Organization data [57].

The lowest rate of myocardial infarction was found in Spain (0.78%), the highest
rate — 2.31% was found in Russia. Greece, Sweden, Italy and Belarus were charac-
terized by the average level of myocardial infarction, while Poland and Croatia had
lower one.

Figure 11.2 presents published data which demonstrate the following frequencies
for the risk genotype Leu/Leu in different countries: Spain —3.6% [13], Croatia — 7%
[8], Greece — 6% [33], Sweden — 7.1% [15], Italy — 6.5% [28], Belarus — 4.4% [22].

Comparison of these two figures leads to the conclusion that there is no correla-
tion between the incidence of myocardial infarction and the frequencies of the risk
genotype Leu/Leu.

The Factor V Leiden mutation is a well-known risk factor of venous thromboem-
bolism. Distribution of this mutation varies from 0% to 27%, with the lowest rate in
Asian and African countries [27], and the highest one in Lebanon, Jordan [2, 29]
and Israeli Arabs [50]. The incidence of the Factor V Leiden mutation among
Caucasians is about 5%. It is reported that the frequency of this mutation is 3% in
Belarusian population [32]. Our results corroborate this rate which is rather low in
comparison with other western countries. A similar rate of the Factor V Leiden is
detected in Russia — 2.6% [23].

Comparative analysis of the Factor V Leiden mutation in different countries and
in different continents allows the conclusion about the absence of this mutation in
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Fig. 11.2 Comparative analysis of the frequencies of the risk genotype Leu/Leu (percentage) in
some European countries
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Fig. 11.3 Comparative analysis of the frequencies of the FVL mutation (percentage) in some
European countries

African and Eastern Asian countries. Among other peoples a low rate of mutation
carriers is revealed in Asian Americans — citizens of the USA (0.45%) [48] and the
highest —in Israeli Arabs and Lebanon [29, 50]. No carriers of mutation are described
in Africa [27]. Thus, Caucasians are characterized by higher levels of the Factor V
Leiden mutation as compared to other races.

Thus, a low mutation frequency is found in Spain [19], Italy [49] and a high
frequency in Denmark [34], Germany [24], Iceland [43] and Sweden [26]. It is
reported that prevalence of the Leiden mutation is within the average in Croatia
[12], Greece [1] and Canada [35].

Data on the frequencies of the Factor V Leiden mutations in populations of dif-
ferent European countries are represented in Fig. 11.3: Spain — 2% [37], Croatia —
3.9% [9], Greece — 5% [20], Sweden — 11% [11], Italy — 3% [46], Belarus — 3%
[21], Russia—2.6% [3]. No correlation between the incidence of myocardial infarc-
tion and the frequencies of the FVL mutation was observed.
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Our results on distribution of polymorphic variants of the PAI-I gene are in
good agreement with the data obtained in the U.S.A., Sweden and the Czech
Republic [26, 48].

However, a comparison with the data published in scientific literature reveals
significant differences from the results in Russia and Poland. The possible cause of
this is not only population-based differences, but also the previously used methods
for determining allelic polymorphism 4G/5G, which may not always provide the
reliable data.

The frequencies of the 4G/4G risk genotype in some European countries are
shown in Fig. 11.4. (according to the published data). They are: Sweden —31% [31,
58], Italy — 24.3% [40], Belarus — 28.9% [22], Russia — 35.5% [3], Poland — 18.8%
[6, 30]. This 4G/4G risk genotype is the only one, the rate of which correlates with
the level of myocardial infarction in different countries.

The comparison of MI predisposing genotype frequencies with the levels of this
disease in different countries of Europe is shown in Fig. 11.5. Statistical analysis
revealed a statistically significant positive correlation between the frequency of MI
incidence and the frequency of the genotype 4G/4G (r=0.89, P<0.04).

Thus, the comparison of genetic data showed that a higher 4G/4G genotype level
in the population corresponded to a higher incidence of MI, suggesting that this
genotype contributed significantly to the development of the disease. The data
obtained suggest that the 4G/4G genotype of the PAI-1 gene is the most informative
gene variant for determining genetic predisposition to MI.

At the same time a significant correlation of the frequencies of the genotypes
Leu34Leu and the Factor V Leiden mutation with the incidence of myocardial
infarction has not been revealed.

It is known that development of myocardial infarction is highly dependent on
environmental risk factors such as physical inactivity, stress, smoking, diabetes,
hypertension and others. Most of these factors are associated with the level of social
and economic state of the country, so the frequency of the disease depends largely on
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the lifestyle of people in different countries and may not coincide with the frequency
of genetic risk factors. It is clear that separate alleles do not substantially increase the
risk of myocardial infarction. A combination of the predisposing genotypes, as well
as their interaction with environmental factors is the main cause of MI.

11.4 Conclusions

The obtained data show that the Factor V Leiden mutation and Protrombin gene
mutation are the factors of an increased risk of myocardial infarction.

It was also shown that the 4G/4G genotype of the PAI-1 gene can predispose to
myocardial infarction, and the 5G/5G one can be protective.

Genotype distributions of the Thr\Ala polymorphisms in the groups of patients
with myocardial infarction and in the control group were also shown to be different —
the frequency of the Thr\Ala genotypes in patients with myocardial infarction was
significantly higher than in the control group (43.4% and 34.8% respectively).

The increase of the allele 34Leu homozygote frequency in patients with myocar-
dial infarction twice as much as compared to the control group can correspond to an
increased risk of this disease in people with the LL genotype.

Population frequencies of myocardial infarction (MI) genetic risk factors, such
as, the 4G/4G genotype of the PAI-1 gene, and the mutation of the Factor V (Leiden)
in Belarus population have been compared with the frequencies of identified
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genetic risk factors in populations of different European countries. The results
allowed the conclusion that the frequencies of the risk genotypes Leu34Leu
(Fig. 11.2) and 4G/4G (Fig. 11.4) in Belarus are at the average European level and
the frequency of the Factor V Leiden mutation is below the average (Fig. 11.3).

The obtained data on the frequencies of risk genotypes in Belarus were compared
with the frequencies of myocardial infarction and with relevant data from other
European countries. The lowest rate of myocardial infarction was found in Spain —
0.78%, the highest rate — 2.3% was found in the population of Russia. Greece,
Sweden, Italy and Belarus are characterized by the average incidence of myocardial
infarction, while this rate was below the average in Poland and Croatia.

MI predisposition genotypes frequencies were compared with the levels of this
disease in different countries of Europe (Figs. 11.1-11.5).

We revealed a significant positive correlation between the frequency of the MI
incidence and the frequency of the genotype 4G/4G of the PAI-1 gene (r=0.8971,
P<0.04).

At the same time the rates of genotypes and alleles of the Val34Leu polymor-
phisms of the XIII factor and the Factor V Leiden mutation were not revealed to
correlate significantly with the myocardial infarction level in different countries.

Thus, it was shown that the higher 4G/4G genotype frequency in a population
corresponded to the higher incidence of MI, suggesting that the 4G/4G genotype
of the PAI-1 gene was the most informative for determining the genetic predispo-
sition to MI.

It is known that the development of myocardial infarction is highly dependent on
environmental risk factors such as physical inactivity, stress, smoking, diabetes,
hypertension and others. Most of these factors are associated with the level of social
and economic state of a country, so the frequency of the disease depends largely on
the lifestyle of people in different countries and may not coincide with the frequency
of genetic risk factors.
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Chapter 12
Genomic Instability in the Offspring
of Irradiated Parents

Yuri E. Dubrova

Abstract The review describes the phenomenon of epigenetic transgenerational
effects detected in the offspring of irradiated parents. The results of some recent
studies showing elevated mutation rates in the non-exposed offspring of irradiated
parents are presented and discussed. The possible mechanisms and implications of
transgenerational instability are also discussed.

Keywords Instability * Radiation * Germline

12.1 Introduction

The target theory, independently developed in 1947 by Timofeeff-Ressovsky and
Zimmer, and Lea [33, 54], still represents the cornerstone of radiation biology and
radiation protection. According to the modern interpretation of it, the effects of
ionising radiation on the exposed cell are attributed to the initial DNA damage at the
sites (targets) either directly hit by photons or affected by free radicals arising as a
result of the localised ionisation of water [35]. The main prediction of the target
theory is that mutation induction almost exclusively occurs in the directly exposed
cells at the non-repaired and mis-repaired damaged sites. In other words, every-
thing, including the recognition of radiation-induced damage, its repair and muta-
tion induction, happens in the exposed cells. There is another important prediction
of the target theory postulating that the magnitude of mutation induction is directly
related to the amount of radiation-induced DNA damage and the ability of exposed
cell to repair it, meaning that that the yield of radiation-induced mutations strongly
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depends on the dose- and dose-rate of exposure [55]. The target theory also lays the
foundation of a linear-no-threshold risk model, whereby the risk of human exposure
to ionising radiation is linearly related to the dose of exposure without a threshold
[10]. However, a number of recent studies have clearly demonstrated the existence
of non-targeted effects of ionising radiation. They include mutation induction occur-
ring at tandem repeat DNA loci, which are not directly targeted by ionising radia-
tion [16, 18, 48], radiation induced genomic instability, detected among the
non-exposed progeny of irradiated cells/organisms [13, 44, 45], and bystander
effect, whereby an elevated mutation rate is detected in the non-exposed cells, which
receive signals from the irradiated neighbours [40, 44, 45]. Taking together, these
observations imply that the non-targeted effects of ionising radiation can manifest
over a period of time much longer than previously thought and may therefore be
regarded as a component of the genetic risk of ionising radiation. Although a recent
UNSCEAR report has concluded that the existing experimental data on non-targeted
effects ‘are insufficient to justify modifications of current risk estimates’ [56], further
analysis of this phenomenon will be important in improving their accuracy.

In this review the hereditary non-targeted effects of ionizing radiation will be
presented and discussed. According to the results of some recent publications, these
effects can manifest in the germline of directly exposed parents as well as in their
non-exposed offspring. As the phenomenon of non-targeted mutation induction in the
germline of irradiated mammals has previously been discussed in detail (see [17]),
this review therefore describes the transgenerational non-targeted effects of parental
exposure to mutagens, including ionizing radiation. The studies presented here were
designed to test the hypothesis that non-targeted effects induced in the germline of
directly exposed parents could manifest in the offspring, affecting their mutation
rates, cancer predisposition and other characteristics. This paper also presents some
recent findings which were not discussed in our previous reviews [3, 13].

12.2 Experimental Data

The ability of ionising radiation to induce mutations in the germline of exposed
parents has been known for almost a century. The development of the specific
locus test in the late 1950s by William Russell gave rise to a number of compre-
hensive studies aimed to establish the germline effects of ionising radiation and
some chemical mutagens in mice (reviewed by [49]). Although these studies for
the first time provided sound estimates of the genetic risk of high-dose exposure
to ionising radiation in humans [55], they were designed to evaluate mutation
induction in the germline of exposed parents. The detection of transgenerational
effects requires a thorough analysis of the offspring of exposed parents. The first
evidence for unusually elevated mutation rate in the first-generation (F,) offspring
of exposed parents was obtained in the early 1960th (reviewed by [2]). For exam-
ple, a substantially elevated incidence of mosaicisms was detected in the F, offspring
male Drosophila exposed to number of alkykating agents [34, 43]. Another strong
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evidence for transgenerational effects was obtained by Luning and coworkers,
who studied the frequency of dominant lethal mutations in the germline of non-
exposed offspring of irradiated male mice [42]. Although the results of these studies
provided the first indication for the transgeneration destabilisation of the F,
genome, for the long time they had remained inconclusive. One of the main reason
for this was the lack of a sensitive technique for mutation detection in the germline
and somatic tissues.

In the 1990th, we and others proposed that expanded simple tandem repeat
(ESTR) loci can provide a sensitive approach for monitoring radiation-induced
mutation in the mouse germline [15, 48]. ESTRs consist of relatively short repeats,
5-10 bp long, and belong to the most unstable loci in the mouse genome with
mutation rate as high as 0.05 per cell division [11, 29]. In the early studies, the
analysis of ESTR mutation induction was restricted to the germline [4, 15, 18, 19,
57], but with the development of single-molecule PCR it was extended to the somatic
tissues [61]. Given that according to our results the dose-response of ESTR mutation
induction in male mice exposed to ionising radiation and chemical mutagens is
remarkably similar to that for protein-coding genes [4, 14, 18, 19, 25, 57], we
therefore used them for the analysis of transgenerational instability.

Our first published results show that ESTR mutation rates are substantially elevated
in the germline of non-exposed first- and second-generation offspring of irradiated
males [4, 20]. This remarkable stimulation of mutation in the F /F, germline following
paternal irradiation (transgenerational instability) is reminiscent of the above men-
tioned phenomenon of delayed radiation-induced genome instability in somatic cells.
Most importantly, our data demonstrate that the phenomenon of radiation-induced
genomic instability is not restricted to a certain inbred strain of mice, as roughly
equally elevated ESTR mutation rate was detected in the germline of three different
inbred strains — CBA/Ca, C57BL/6J and BALB/c [5].

Using single-molecule PCR, we also analysed ESTR mutation frequencies in
DNA samples extracted from the germline (sperm) and somatic tissues taken from
the F, offspring of male mice, exposed to 1 or 2 Gy of acute X-rays [6, 7, 30].
Figure 12.1a summarises the results of these studies, clearly showing that ESTR
mutation rates are equally elevated in the germline and somatic tissues of F, offspring
of irradiated male mice. Transgenerational changes in somatic mutation rates were
also observed by studying the frequency of chromosome aberrations [52, 58], micro-
nuclei [22] and lacl mutations [41] in the F, offspring of irradiated male mice and
rats. It should be noted that the most compelling data addressing somatic instability
in the F, offspring of irradiated males were obtained from the analysis of somatic
reversions of the pink-eyed unstable mutation [51] and mutations at the mouse
hprt locus [6].

The abovementioned results clearly imply that exposure to ionising radiation
results in the induction of a transgenerational signal in the germline of exposed par-
ents which can substantially destabilise the genomes of their offspring. As far as
potential implications of these data for radiation protection are concerned, the impor-
tant question is — for how long the exposed males can ‘remember’ the history of
irradiation. In a number of our publication, we have addressed this issue. In these
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Fig. 12.1 ESTR mutation frequency in the F, offspring of irradiated male mice. (a) Frequency of
ESTR mutation in the germline and somatic tissues in the F, offspring irradiated males from two
different inbred strains of mice (Data from: [6, 7]). (b) Frequency of ESTR mutation in the F,
oftspring BALB/c mice irradiated in utero or during adulthood (Data from [7])

studies, male mice were mated over a considerable period of time following exposure
to acute X-rays during adulthood [5, 6, 30]. In our recent study we also analysed the
F, offspring male mice irradiated in utero during the early stage of development [7].
Figure 12.1b summarises the results of these studies, showing that the magnitude of
the increases in ESTR mutation frequency in the F, offspring of male mice irradiated
during adulthood or prenatally does not significantly differ.
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These data suggest that some as yet unknown marks of paternal irradiation can
survive even massive epigenetic reprogramming during the early stages of develop-
ment and, being passed to the offspring, destabilise their genomes. Our results
therefore imply that the transgenerational effects may be regarded as an important
component of the long-term genetic risk of ionising radiation. The analysis of muta-
tion frequencies in the germline and somatic tissues of F, offspring of irradiated
males has provided important clues on the possible mechanisms of transgenera-
tional instability.

As in many studies the effects of paternal irradiation were studied in the offspring
conceived by the exposed males and non-irradiated females, the very design of these
studies allowed to establish the F| mutation rates at the alleles derived from the both
parents [5, 6, 51]. Figure 12.2 presents the results of the two studies analysing the
frequency of somatic mutations in the offspring of irradiated male mice. Thus,
Shiraishi and co-workers reported equally elevated frequencies of somatic reversions
at the mouse pink-eyed unstable locus in both alleles derived from the irradiated
fathers and the unexposed mothers (Fig. 12.2a).

In our study, the increased frequency of mutation at the mouse hprt locus was
found in the male F, offspring of male mice (Fig. 12.2b). Given that the hprt locus
is X-linked, the results of this study are therefore in line with the abovementioned
pink-eyed data, as an elevated mutation rate was found at the F, locus derived
from the non-exposed mothers. These results clearly imply that transgenerational
instability is attributed to a genome-wide destabilisation.

12.3 Mechanisms

The data presented in the previous chapter clearly show that mutation rates in
the germline and somatic tissues of offspring of irradiated males are substantially
elevated. It should be stressed that the abovementioned results are at odds with the
main predictions of target theory, as the effects of parental irradiation manifest in
the non-exposed offspring, i.e. mutation induction in these animals are clearly off
target and therefore the phenomenon of transgenerational instability belongs to the
newly discovered non-targeted effects of ionising radiation. The key question is —
what are the mechanisms underlying transgenerational instability? In a number of
publications is has been suggested that the phenomenon of radiation-induced
genomic instability observed either in the clonal progeny of irradiated cells or in the
offspring of irradiated parents cannot be ascribed to conventional mechanisms such
as a mutator phenotype and is most likely a result of epigenetic events [13, 40, 44, 45].
This conclusion is based on the two sets of experimental data, showing that: (i)
in vitro and in vivo radiation-induced genomic instability persists over a long period
of time after the initial exposure; (ii) the number of cells/organisms manifesting
radiation-induced genomic instability is too high to be explained by the direct
targeting of any group of genes. As far as the transgenerational effects of paternal
exposure are concerned, there are two main issues which should be addressed.
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Fig. 12.2 Transgenerational increases in the frequency of somatic reversions of the pink-eyed
unstable mutation (a) and hprt mutation (b) in the F, offspring of irradiated male mice (Data from
[6, 511)

The first step to elucidate the yet unknown mechanisms is to investigate the initial
cellular events triggering an instability signal in the exposed germline. The analysis
of the transmission of such a signal to the offspring and its manifestation represents
another essential step in the clarification of this issue.

Given that exposure to ionising radiation produces a wide spectrum of DNA
lesions [23], the analysis of its transgenerational effects may not provide enough
evidence for a specific type of DNA damage triggering an instability signal in the
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Fig. 12.3 ESTR mutation rates in the F| germline of ENU-exposed and irradiated male mice (Data
from [5, 21])

directly exposed cells. However, it has been suggested that that radiation-induced
complex double-strand DNA breaks (DSBs) may constitute one of the signals that
initiate the onset of genomic instability [37]. To verify whether this particular type
of DNA damage can trigger an instability signal in the mouse germline, we have
studied the effects of paternal exposure to the alkylating agent ethylnitrosourea
(ENU) on the manifestation of genomic instability in the offspring of treated male
mice. In contrast to irradiation, exposure to ENU mainly causes alkylation of DNA
at the N- and O-positions, resulting predominantly in base substitution mutations
and seldom leads to any measurable increases in the yield of DSBs [50]. This work
revealed a number of striking similarities between the transgenerational effects of
paternal exposure to this mutagens and ionising radiation (Fig. 12.3).

Given the profound differences in the spectrum of ENU- and radiation-induced
DNA damage, our data suggest that transgenerational instability is not attributed to a
specific sub-set of DNA lesions, such as DSBs, but is most probably triggered by a
stress-like response to a generalised DNA damage. Our data are in line with the results
of previous studies showing that exposure to some chemical carcinogens and muta-
gens can result in a delayed increase in mutation rate in somatic cells [8, 27, 36, 37]
or affect the fitness of the offspring of exposed male rats [28].

Given that the transgenerational changes can affect mutation rates at tandem
repeat DNA loci, protein coding genes and chromosome aberrations, it therefore
appears that the F, genomes could contain a variety of types of DNA damage. To
compare the amount of DNA damage in the F, offspring and controls, we evaluated
the amount of endogenous single- and double-strand DNA breaks, measured by the
alkaline Comet and -H2AX assays [6]. This analysis revealed an abnormally high
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level of DNA damage in the F, bone marrow and spleen cells (Fig. 12.4a). Given
that in tissues with a high mitotic index, such as bone marrow and spleen, the life-
span of cells containing deleterious lesions such as single- and double-strand breaks
is restricted since these types of DNA damage are not compatible with replication,
these data clearly demonstrate that transgenerational instability is an ongoing
process occurring in multiple adult tissues.
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The presence of a persistent subset of DNA lesions in the offspring of irradiated
males may either be attributed to an oxidative stress or reflect their compromised
ability to repair of a certain type of endogenous damage. The involvement of oxida-
tive stress/inflammatory-type response in the delayed increases in mutation rates in
the progeny of irradiated cells has long been suspected [40, 44]. Reactive oxygen
species are the major source of endogenous DNA damage, including single- and
double-strand breaks, abasic sites, and a variety of nucleotide modifications [32].
However, according to our data obtained by the FPG Comet assay the F, offspring
of irradiated males did not show any alteration in the level of oxidatively damaged
nucleotides (Fig. 12.4a). Using the alkaline Comet, we also measured the efficiency
of repair of single-strand DNA breaks and other alkali labile sites in the F, ex-vivo
irradiated bone marrow samples (Fig. 12.4b). According to our data, the efficiency
of DNA repair in the offspring of irradiated parents and controls is similar.

These data are in line with the results of some early studies, comparing the
spectra of directly induced and delayed mutations at the hprt locus, detected in the
progeny of irradiated cells [38]. According to the results of this study, the spectrum
of delayed mutations, resulted from the ongoing instability substantially differed
from that for directly induced and, in the same time, was very close for the spec-
trum of spontaneous mutations.

These data imply that radiation-induced genomic instability may result from the
enhancement of the process of spontaneous mutation and therefore cannot be attrib-
uted to compromised DNA repair, which would affect the structure of delayed
mutations. Given this, a genome-wide destabilisation of the F, genome could be
attributed to replication stress. For example, some recent data suggest that in human
precancerous cells the ATR/ATM-regulated checkpoints are activated through
deregulated DNA replication, which leads to the multiplicity of DNA alterations [9,
26]. A detailed analysis of the expression profiles in the F, tissues should elucidate
the still unknown mechanisms underlying the phenomenon of radiation-induced
genomic instability.

12.4 Transgenerational Instability and Genetic Risk

The abovementioned results showing that the offspring of exposed parents are genet-
ically unstable may represent a serious challenge to the existing paradigm in radia-
tion protection, according to which mutation induction in directly exposed cells is
regarded as the main component of the genetic risk of ionising radiation for humans
[55]. Given that in the offspring of irradiated parents an elevated frequency of muta-
tions is detected at a number of fitness-related endpoints, including chromosome
aberrations and gene mutations, it would therefore appear that the transgenerational
effects could impair the development. As, according to our data [6], the majority of
the F, offspring of irradiated males manifest transgenerational instability, the number
of affected offspring may substantially exceed that predicted by the target theory,
which is based on the assumption their elevated mortality and morbidity can only be
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attributed to mutations induced in the germline of exposed parents. Indeed, the results
of some animal studies show that paternal exposure to ionising radiation and some
chemical mutagens can affect a number of fitness-related phenotypic traits in the
offspring. For example, it has been reported that the rate of dominant lethal muta-
tions is significantly elevated in the germline of F, offspring of male mice and rats,
exposed either to ionising radiation [42] or cyclophosphamide [28]. The results of
other studies showing decreased proliferation of early embryonic cells and increased
frequency of malformations in the F, offspring of irradiated parents are also consis-
tent with these observations [47, 60].

Given that tumour progression is attributed to accumulation of oncogenic mutations,
the long-term destabilisation of the F| genome could also predispose them to cancer. In
a number of studies, the incidence of cancer in the offspring of irradiated male mice
exposed to recognised carcinogens was analysed [31, 39, 46, 59]. Their results show an
elevated incidence of cancer among the carcinogen-challenged offspring of irradiated
males. The data on significantly elevated incidence of leukaemia in the children of male
radiation workers from the Sellafield nuclear reprocessing plant [24] are in line with
these results.

It should be stressed that further analysis of the clinical impact of transgenera-
tional instability is currently limited because of lack of the reliable experimental
data in humans. So far, just a handful of experimental studies addressing this impor-
tant issue have been conducted and their results are far from being consistent. For
example, a recent publication on the transgenerational effects of post-Chernobyl
paternal irradiation showed an elevated frequency of chromosome aberrations
among the children of exposed fathers [1], whereas Tawn and coworkers failed to
detect significant changes among the children of childhood cancer survivours [53].
On the other hand, the same group of authors reported an elevated G, chromosomal
radiosensitivity in the children of survivors of childhood and adolescent cancer [12].
Given that the design of these studies, as well as the cohorts of irradiated families
analyzed by the authors, dramatically differ, the comparison of their results remains
highly problematic. The important issue of the transgenerational effects of parental
exposure in humans should therefore be addressed in the carefully planned and
executed studies, the results of which will provide experimentally based estimates
of the delayed effects of radiation in humans.
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Chapter 13
Low Dose Responses of Bone Marrow
to X-Rays In Vivo
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Abstract Radiation risk at low doses is determined by linear extrapolation from
high dose epidemiological data. In the last decade many non-targeted effects have
been reported which may be relevant to low dose risk determination. To investigate
cell responses at such low doses we used bone marrow cells of mice. We have not
observed non-targeted effects long- or short-term post irradiation. Exposure below
50-100 mGy provides no evidence of a dose response for apoptotic signaling,
bystander effects and low responses for p53 and p21 induction with significant
individual variability. There is also no evidence for long-term chromosomal insta-
bility in the bone marrow at doses below 1 Gy. The data also demonstrate unex-
pected thresholds above which dose-dependent damage signaling is observed and
the chromosomal instability phenotype is induced. The data are consistent with
low dose X-irradiation being less damaging than would be expected from the LNT
paradigm.
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13.1 Introduction

Exposure to high doses of ionizing radiation unequivocally produces adverse
health effects including malignancy. At lower doses epidemiology is not powerful
enough for the purposes of radiation protection and the carcinogenic risk is esti-
mated by extrapolation linearly proportional to radiation dose down to background
levels (LNT model) relying heavily on radiobiological investigations and theoreti-
cal biophysical considerations [2]. Importantly, dose is used as a surrogate for risk
and averaged across a tissue rather than considered as dose to individual cells. In
recent years, many observations of, so called, non-targeted effects indicate that
radiation-induced lesions are not necessarily restricted to cells in which energy
has been deposited. These observations include radiation induced bystander
effects (responses exhibited by non-irradiated cells that have communicated with
irradiated cells) and radiation-induced genomic instability (nonclonal effects aris-
ing in the descendants of irradiated cells) [16, 29, 32, 40]. The phenomena have
been regarded by some as being particularly important at low doses, potentially
questioning the validity of a simple linear extrapolation of radiation risks from
high to low doses [1, 3, 14, 16, 31, 36]. To study in vivo responses of relevance to
low dose effects of low-LET radiation and their potential risk, we investigated
short-term (p53 pathway signalling and apoptotic responses) and longer-term
(cytogenetic) effects in mouse bone marrow cells after exposure to very low doses
of X-rays where, at the lowest doses studied, not all cells are irradiated and after
1.7 mGy approximately 40% of cells would not have received a single electron
track [11, 12].

13.2 Material and Methods

13.2.1 Animals and Irradiation

C57BL/6 and CBA/Ca mice, susceptible or resistant, respectively, to both radiation-
induced myeloid leukaemia [37] and radiation-induced chromosomal instability
in the bone marrow [39] and exhibiting differences in the generation of
bystander-type signals after exposure to high doses of low-LET radiation [24,
33] were sham- or X-irradiated as described previously [23]. Mice were bred
and housed under conventional conditions and experiments conducted using
adult mice of 8—12 weeks of age. Mice were sham-irradiated for controls or
exposed to different doses of X-rays at a dose rate of 1 mGy/s for low doses (up to
100 mGy) and 7.5 mGy/s for high doses (0.5, 1 and 3 Gy). Experiments were
approved by local ethical review and carried out in accordance with Home
Office Project License.
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13.2.2 Immunohistochemistry

At 3 h post irradiation, femurs were removed, fixed and processed for immunohisto-
chemistry using standard procedures [5]. Femurs were fixed by immersion in 4%
buffered formalin for 48 h and later were decalcified with EDTA, pH 7.0 for
10-12 days. All tissues were processed to paraffin wax using standard histological
processing schedules. Tissue sections 4 um thick were stained using a peroxidise
avidin—biotin-complex technique (Vector Elite ABC System, Vector Laboratories,
UK) detected with an intensified AB/imidazole reaction. Antigen retrieval was
performed by boiling in 10 mM citrate buffer, pH 6.0 for 15 min in a microwave
oven. The CM5 polyclonal antibody to rodent pS3 was provided by D. Lane and
used at 1/80,000 (University of Dundee, UK). Purified rabbit antip21/wafl (AbS,
Oncogene Research Products, Nottingham, UK) was applied at 0.5 pg/ml. Caspase
3 antibody was purchased from Cell Signaling Technology (Cat N. 9664L).
Sections were counterstained with haematoxylin. The numbers of positive cells
and the total number of cells were counted by light microscopy with the aid of an
eye-piece graticule. At least four independent areas were assessed per dose/time
point for each individual animal and the decoded data pooled, tested for normality
using the Shapiro-Wilk Test and differences between control and single experi-
mental groups analyzed using the Student’s t test with multiple comparisons of
dose response data analyzed by Scheffé analysis of variance. Differences with
p<0.05 are stated as significant in the text.

13.2.3 TUNEL Assay

The same tissue sections and cytospined cells as for immunochemistry were treated
by Proteinase K (Sigma) at concentration 10 pg/ml for 30 min at 37°C. Then
Labeling the DNA ends were done using enzyme TdT (Invitrogen) and biotinated-
14-DCTP (Invitrogen) according the supplier instructions. The staining (using a
peroxidise avidin—biotin-complex technique), scoring and statistical analysis are
performed the same way as for immunochemistry.

13.2.4 In Vitro Assay of Bystander Stress Response

To assay for a radiation-induced p53 bystander effect in vitro, bone marrow cell sus-
pensions obtained from C57BL/6 mice were divided into two aliquots; one was irra-
diated the other sham-irradiated. The irradiated aliquot was divided to provide two
sources of signals for study of bystander effects. Two different assay systems were
used: co-culture using transwells with 0.4 pum pores in which irradiated and sham-
irradiated cells are separated by a polycarbonate membrane and media transfer in
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which sham-irradiated cells are suspended in medium obtained from irradiated cells.
After incubation for 3 h in 5% CO, in air at 37°C, cytocentrifuge preparations were
prepared, immunostained, scored and analyzed as for tissue sections.

13.2.5 Assay for Delayed Cytogenetic Aberrations

At 30 and 100 days post-irradiation bone marrow cells were flushed from the fem-
ora of the irradiated mice. Metaphases were accumulated for 1 h by adding 0.02 pg/
ml colcemid to the marrow cells, suspended in a-MEM supplemented with 20%
foetal calf serum at 37°C. These cells were then suspended in 5 ml hypotonic (0.55%
w/v) potassium chloride (KCI) for 33 min incubation at 37°C, then 2-3 ml KCl in
sodium citrate was added (0.28 g KCI and 0.5 g sodium citrate in 100 ml distilled
water) for 8 min. The cells were then fixed in suspension by adding 1-2 ml 3:1
methanol: acetic acid mixture to a final volume of 10 ml at room temperature. After
10—15 min, the cells were resuspended in at least two additional changes of the fixa-
tive mixture. Air-dried slides were aged for 10-14 days before Giemsa (15% in
distilled water) staining. Chromosomal aberrations in coded metaphase prepara-
tions were recorded [39], data obtained from 6 to 12 individual mice pooled after
decoding and differences between the proportions of aberrant cells analyzed by the
Fisher’s exact test as described previously [23, 39].

13.3 Results

13.3.1 Lack of Low Dose-Response and a Threshold
Jor Damage Response Signaling and Apoptosis

Hemopoietic cells express a p5S3-dependent cell cycle G1 phase arrest mediated by
cyclin-dependent kinase inhibitor 1A (p21/Cipl/ CDKNIA) or p53-dependent
apoptosis in response to a variety of stress stimuli. Using immunohistochemical
techniques for p53 and p21 protein expression, preliminary time-response studies
demonstrated that a maximal response could be detected at 3 h after a range of doses
in both C57BL/6 and CBA/Ca mouse strains and at 50 mGy irradiation for both
endpoints in C57BL/6 mice. Samples for analysis in subsequent investigations were
obtained 3 h post-irradiation and there was no significant difference between
C57BL/6 and CBA/Ca strains in the proportion of p53- or p21-positive cells in the
femoral bone marrow of normal untreated 5 mice. After irradiation with 1.7, 5, 12
or 25 mGy X-rays, there was no significant increase in the proportion of p53-posi-
tive cells in C57BL/6 or CBA/Ca bone marrow and significant increases were not
detected until exposure of 50 mGy for C57BL/6 bone marrow and 100 mGy for
CBA/Cabone marrow (Fig. 13.1a). After 50 mGy (C57BL/6) and 100 mGy (CBA/Ca)
exposure, there were correspondingly significant increases in the proportions of
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p21-positive cells (Fig. 13.1b). Thus, for p53 and p21 expression there was no
significant dose response over the range 0-25 mGy.

To determine the proportion of cells responding to radiation-induced damage
with an apoptotic response, the proportions of Caspase-3-positive cells and TUNEL-
positive cells in the bone marrow of irradiated mice were determined. For both
CBA/Ca and C57BL/6 mice, doses below 100 mGy produced no significant increase
in Caspase-3-positivity (Fig. 13.1c). After 200 mGy exposures the proportion of
Caspase-3-positive cells is greater than controls for both CBA/Ca and C57BL/6
bone marrow and after 500 mGy exposures the proportion of TUNEL-positive cells
is significantly increased (Fig. 13.1d). For both strains and for both assays there are
significant dose-dependent increases at higher doses. These data indicate that pri-
mary bone marrow cells do not show a short-term stress response to low levels of
radiation-induced damage.

13.3.2 Lack of an In Vitro Low-Dose Bystander Stress Response

At the lowest X-irradiation doses studied, where not all cells in the bone marrow
would have been irradiated, if bystander responses were operating they would be
expected to enhance the consequences of irradiation producing a greater than
expected response in one or more of the endpoints that we have studied. As there
was no evidence of any enhancement at very low doses in vivo and most bystander
experiments have used in vitro models an in vitro experiment was performed using
a media transfer protocol and also a transwell insert culture dish system such that
the non-irradiated cells shared the culture medium but were not in direct contact
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Table 13.1 Lack of bystander response in vitro

p53-Positive cells (%) Caspase 3 positive cells (%)
Treatment Control 1.7 mGy 3 Gy Control 1.7 mGy 3 Gy
Media transfer 4.1 4.3 3.6 3.8 4.2 4.2
Co-culture 3.0 2.9 2.9 3.1 34 3.3

Table 13.2 Dose-response for radiation-induced chromosomal instability 30100 days post-irradiation

Cells with aberrations Aberrations/cell Chromosome/chromatid
Dose, mGy 30 days 100 days 30 days 100 days (30 days only)
0 4/908 0.004 3:1
1.7 0/132 0/175 0 0 -
5 1/146 0/193 0.007 0 0:1
12.1 3/346 1/174 0.009 0.006 0:3
25 0/205 - 0 - -
50 1/446 - 0.002 - 1:0
100 3/611 - 0.006 - 2:1
500 1/384 - 0.003 - 1:0
1,000 6/571 - 0.011 - 1:5
3,000 12/730 6/275 0.016 0.022 2:10

with irradiated cells. Using the media transfer protocol (Table 13.1), the percentage
of cells exposed to media obtained from 1.73 mGy irradiated cells expressing p53
(4.3%) was not greater than cells receiving media from sham-irradiated control
cells (4.1%).

Similarly, in a co-culture situation there was no evidence for a bystander-mediated
increase in p53 expression with 2.9% cells expressing p53 not being greater than for
cells in communication with sham-irradiated control cells (3.0%). Increasing the
exposure dose to 3 Gy failed to produce a bystander-mediated increase in p53
positive cells. The same results are shown for Caspase-3 staining (Table 13.1). These
data indicate that primary bone marrow cells do not show a short-term bystander
response to low levels of radiation-induced damage and the question arises as to
whether there is a delayed non-targeted effect.

13.3.3 A Threshold for Expression of Radiation-Induced
Chromosomal Instability

One of the longer-term radiation-induced non-targeted effects in bone marrow is the
induction of a genotype-dependent chromosomal instability phenotype where ongo-
ing chromosome breakage is reflected by significant increases in chromatid-type
aberrations [40]. Previously, 3 Gy X-irradiated CBA/Ca mice had been shown to
demonstrate such instability [13, 39] and in the present study at 30 and 100 days
after whole body irradiation with doses up to 500 mGy (Table 13.2) there was no
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evidence for the expression of cytogenetic aberrations (overall, 0.0041 aberrations
per cell) being greater than the control levels (0.0044 aberrations per cell; p=0.5594).
However, consistent with previous data [13, 39], 3 Gy (3,000 mGy) X-irradiation
resulted in a significant increase of chromatid-type aberrations (p=0.0020) and the
elevation after 1 Gy (p=0.0346) was not significantly different from the elevated
levels after 3 Gy (p=0.2887).

13.4 Discussion

The findings of the present study provide no evidence for bystander enhancement of
damage signaling and no dose-dependence of short-term (pS3, p21 and apoptotic
responses) in mouse bone marrow cells after exposure to very low doses of X-rays.
Thus, there is no evidence of a linear response at low doses but instead an unex-
pected threshold where significant pS3 pathway responses are initiated (approxi-
mately 50 mGy for C57BL/6 and 100 mGy for CBA/Ca bone marrow) which then
increase linearly with dose above that threshold.

There may be detection of irradiation at low doses by cells in some mice.
Figure 13.1a, b show enhanced levels of p53 and p21 at doses up to the threshold.
But this non-significant increase is due to much higher response of some mice
(Fig. 13.2). At doses of 50 mGy (the threshold) and 100 mGy all responses are
higher than the mean control level indicating that all mice demonstrate response to
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Fig. 13.2 p53 responses in the bone marrow of C57BL/6 mice after exposure to low dose in vivo
X-irradiation. Each dot is represented by a single mouse
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irradiation. At the lower doses most mice respond similarly to controls but in about
15% of mice the proportions of p53 positive cells are higher than in controls and
those animals may represent the radiosensitive part of population. So, in the same
population of inbred mice variability of responses to low dose radiation is
observed.

The chromosomal instability in bone marrow demonstrated in vivo after 3 Gy
total body irradiation is consistent with previous studies of high doses of sparsely
ionizing radiation [13, 23, 39]. However, at the lowest doses studied in the present
study, there was no evidence for such instability indicating that, similar to the dam-
age response signalling, there is a threshold for the detection of this response. The
threshold of 1,000 mGy for expression of significant chromosomal instability is
approximately an order of magnitude greater than the threshold for p53 pathway
signalling. In contrast to these findings for sparsely ionizing low-LET radiation, our
previous study of bone marrow cells irradiated with a low dose of densely ionizing
high-LET alpha-particles (low fluence with a Poisson distribution and a mean of
one particle per traversed cell) resulted in significant expression of chromosomal
instability in vitro [21] and in vivo [38]. Like our previous study of bone marrow
cells irradiated with a low dose of alpha particles [38], many of the studies of non-
targeted effects relate to cells exposed to low fluences of alpha-particles or micro-
beam-generated charged particles (densely ionizing high LET radiation). In these
situations those cells that are traversed by a single particle receive a substantial dose
(~0.3 to 0.5 Gy) and sustain damage that is much greater and more complex than is
the case for cells irradiated with low doses of sparsely ionizing low-LET X- or
y-rays, where a single radiation track would deliver a dose of the order of 1 to a few
mGy to the irradiated cell [11, 12]. It is important to be clear as to what is meant by
a low and high dose to the individual cell or to population of cells in this context.

There are limited reports of radiation-induced non-targeted effects in vivo [3, 20,
25] but evidence for such effects in vivo after low doses of low-LET radiation is
generally lacking. Prior to the recent interest in bystander effects detected using
in vitro systems there were many reports that clastogenic activity, capable of caus-
ing chromosome breaks in unirradiated cells, may be detected in blood plasma after
high dose radiation exposures. Evidence for such clastogenic factors has been
obtained from a number of sources including radiotherapy patients, atomic bomb
survivors (31 years after exposure), Chernobyl salvage workers and a variety of
individuals with chromosome instability syndromes and inflammatory disorders [7,
22, 28, 30]. Clastogenic activity is associated with lipid peroxidation products [8]
and cytokines [9] and regarded as a biomarker of oxidative stress [6, 10]. Clastogenic
factors may provide a mechanistic link to ‘out of field’ or abscopal effects where
radiation treatment to one local area of the body results in an antitumor effect distant
to the radiation site. This abscopal effect was originally described in 1953 [27] and
clinical reports are generally descriptive [17] providing little insight as to mecha-
nism. However, there are reports [4, 18, 19, 35] that implicate damage responses
involving oxygen radicals produced as a result of the induction of inflammatory
cytokines. It is also of interest the Japanese A-bomb survivors demonstrate evidence
of persisting inflammation [15, 34]. Taken together, the various studies implicate
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inflammatory-type responses as contributing to potential health consequences of
radiation exposure.

Considerable progress has been made in understanding the cellular and molecu-
lar events that are involved in the acute inflammatory response to infection but
responses to tissue injury are much less well understood [26]. The generation of
clastogenic factors and induction of abscopal effects are associated with high dose
exposures and a case can be made for tissue responses contributing secondary cell
damage as a consequence of inflammatory responses to radiation-induced injury
rather than any direct interaction between irradiated and non-irradiated cells. It is,
therefore, far from clear how readily one may extrapolate simply from the in vitro
investigations demonstrating direct interactions between irradiated and non-irradi-
ated cells to in vivo scenarios. In the present study, using relevant exposures and a
radiobiologically-relevant tissue, the findings provide no support for arguments
that in vivo effects after very low doses of sparsely ionizing, low-LET radiation
may be significantly greater than expected by extrapolation from high doses. On
the contrary the data demonstrate the opposite as responses are less than expected
and show that biological responses at low doses in vivo are not necessarily linearly
related to dose and demonstrate, for the first time, a response threshold in primary
bone marrow.
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Chapter 14
Pheromones and Adaptive
Bystander-Mutagenesis in Mice

Eugene V. Daev, Timofey S. Glinin, and Anna V. Dukelskaya

Abstract The genomic instability has been studied by cytogenetic analysis of
chromosome aberrations in somatic and germ cells of CBA mouse strain. It was
shown that volatile substances (VS) excreted by unisex groups of animals into the
environment induce genomic instability in conspecifics of same sex depending
on the state of VS-donors. Different pretreatments of donor animals modified
the cytogenetic effect of their VS in recipients. The meaning of such pheromonal
“bystander” effects for animal fitness is discussed.

Keywords Mouse ¢ Pheromones * Mitotic disturbances * Meiotic disturbances
* Bystander effect

14.1 Introduction

Many social animals share some mechanisms in the formation of their response to
stressors with man depending on degree of their genetic homology. Lots of external
factors could become stressors if acted too long or too strong, etc. Direct action of
some physical or chemical stress-inducing agents on recipient organism of an
animal (including human beings) activates its hypothalamic-pituitary-adrenal axis.
That is a sign of stress reaction accordingly Selye [27]. In spite of the great impor-
tance of studying different negative consequences of the stress state for man the
significance of genetic changes during stress is still underestimated. Meanwhile, it
is possible to suggest that inside different organs and tissues there are many types of
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sensitive cells which genome serves as target for different stressors. By means of
special intraorganismic and intracellular messengers (neuropeptides, hormones,
transcriptional factors etc.) these external factors can substantially disturb target cell
genomes. That influences, in turn, functional activity of agitated cells, then tissues,
organs and finally whole organism viability. Nevertheless we know almost nothing
about the precise genetic mechanisms of such stressor action. But what we know
that in human beings and in some other animals there are so-called psycho-social
stressors and their action can spread rapidly among big groups even without direct
contact with these factors. And again neither fine mechanisms nor possible genetic
consequences of stress widening are well known till now.

In some animals the social way of their life has led to forming of specific mecha-
nisms of spreading of a stress state among groups and populations. Therefore, impact
of genetic disturbances can be amplified drastically also. For studying genetic conse-
quences of stress mouse model of at least one “bystander” mechanisms by means of
chemocommunication looks as the ultimate model.

Data obtained show that different chemosignals and especially pheromones serve
as stress inducing factors in the house mouse. Some pheromonal treatments in mice
activate hypothalamic — hypophyseal axis, induce adrenal hypertrophy and inhibit
development of accessory glands, reproductive and immune function. Behavioral
changes after these pheromonal exposures also correspond to a stress state in the
recipient animals.

It looks like mouse female pheromone 2,5-dimethylpyrazine (DMP) is a good
enough example of such stress inducing signal. This puberty-delaying mouse vola-
tile chemosignal, the emission of which is under the control of adrenal glands [14]
excreted to the environment by “together caged” (overcrowded) females. The main-
tenance of laboratory mice under overcrowded condition could be accepted, with
the caution, of course, as a modeling of dense natural populations which is consid-
ered as a natural stress situation [2, 23].

It is shown in mice that an exposure with female pheromones changes c-fos
activity in accessory olfactory bulbs of males [18, 26] and in testes [7]. It decreases
drastically noradrenalin level in the mucous membrane of the nasal cavity and in the
testes tunic of recipient male mice [8]. DMP delays puberty of immature conspecifics
[20], decreases significantly the reproductive fitness of male [4, 6] and female mice
[19], suppresses immune system [11]. DMP is also aversive chemosignal [9].
There are some other well known pheromonal stress effects in rodents such as
activation c-fos in hypothalamus and limbic area [16, 21, 31], changes in the level
of gonadotropin-releasing factors [13, 15] and pituitary hormones [24, 28, 32],
adrenals hypertrophy [1, 30], inhibition of sexual maturation [22] and suppression
of immune system [29].

Up until now, little has been known or speculated about pheromonal influences
on the genetic machinery and genetic structural integrity of the recipient cells which
lies in the very beginning of at least primer-effects of pheromones. The similar is
true for a meaning of this “bystander” effect of stress spreading for groups and
populations of recipient animals.
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Here we wish to report on the effect of chemosignals originating from intact or
stressed (by overcrowded caging) mouse donors on genome stability in bone
marrow and germ cells of recipient mouse males. Using conventional microscopic
techniques, we have observed mitotic disturbances in dividing cells of the bone
marrow (anaphase-telophase) and meiotic disturbances in germ cells of the testes
of the mouse males.

14.2 Materials and Methods

14.2.1 Material

The inbred CBA/LacSto or CBA/LacStoRap mice used in all experiments were
initially purchased from “Stolbovaya” or “Rappolovo” animal centers (Moscow
region and Saint-Petersburg region, Russia, correspondingly). Isolated animals
(donors of chemosignals) or unisex groups of animals (5 per group of tester animals
and 7-8 per group of chemosignal donors) were maintained under standard condi-
tions (cage size 22x30x 10 cm), food and water provided ad libitum. Bedding was
changed twice a week. After 2 weeks of adaptation, the animals were used for the
experiments.

14.2.2 Treatment Procedure

14.2.2.1 Treatment of Chemosignal Donor Animals

We collected pheromonal cues emitted from mouse females or males to the environ-
ment. We used mainly the protein fraction of dialyzed urine pooled from 10 isolated
or crowded females (VS or VS ), correspondingly. Single animals were caged
separately at least 2 weeks before urine sample collection. Fresh urine individual
samples were immediately pooled and centrifuged (MPW-310, 5,000 rpm, 15 min).
Then 2 ml of supernatant were dialyzed against 0.9% NaCl (“‘Servapore” membrane
#44145, t=1-4°C, 48 h, 2 1x3 changes of salt solution). The volume of samples
with main urinary proteins was maintained constant and they were prepared directly
before the experiment.

To receive different chemosignals we used diverse pretreatments of donor animals.
For some experiments (to escape additional stress of handling of donor animals)
we used just soiled bedding from 10 isolated donor females (SB,). Animals were
placed separately onto sawdust bedding for 5 days. Then soiled beddings from all
donor cages were pooled and mixed. In parallel, we used as stressor soiled bedding
from overcrowded females (SB ). One more stressor was water solution (0.01%) of
the mouse female pheromone 2,5-DMP (Aldrich, 98%).
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We used also soiled bedding from whole body irradiated CBA males (4 Gy,
0.7 cGy/s, ®Co, “Gammacell 220”). Soiled bedding had been collected for 24 h after
irradiation of donor male groups and placed under the wire mesh bottom of standard
cage with recipient animals. Direct contact with soiled bedding was prevented.
One more donor group was stressed by swimming [9]. Similarly, control animals
were exposed to soiled bedding of intact males.

14.2.2.2 Treatment of Chemosignal Recipients

For an exposure of animals to the pheromonal volatile stimuli, cotton balls were
soaked in 1.5 ml of a respective VS or DMP solution and placed inside perforated
plastic capsules. Each capsule was attached to the external side of the cage lid, at a
distance of 2—3 mm from the lid’s wiremesh, to prevent a direct contact of the animals
with sample. An exposure to distilled water served as a control.

During experiment with soiled bedding half of the recipients own bedding was
replaced by the same volume of corresponding sample. The treatment of the recipient
animals was continued for 24 h. Clean bedding was used as a control.

All exposures lasted 24 h, after which the animals were sacrificed by cervical
dislocation. Their bone marrow was rinsed from femoral bones and fixed in a
methanol/glacial acetic acid (3:1) mixture. Testes were fixed the same way after
tunic removal. The material was stored at —4°C until its microscopic analysis.

14.2.3 Cytogenetic Analysis

Small pieces of fixed bone marrow tissue (0.2—-0.5 mm) were placed in a drop of
2% acetoorcein for 30—45 min. They were subsequently rinsed in 45% acetic acid
to remove an extra stain and gently squashed between a cover slip and a micro-
scopic slide. The dividing cells at the anaphase-telophase stages were analyzed
microscopically. The bone marrow cells of mice are dividing with a relatively high
rate to yield a number of cells sufficient for further statistics. A careful analysis of
the anaphase-telophase stage can thus provide an accurate estimation of the factors
associated with mutagenic activity, in fixed materials, without any additional pre-
treatment. In our experiments, the use of the metaphase method was avoided
because it demands colchicine or colcemid and hypotonic treatments which all
could affect the frequency of chromosomal aberrations.

Anaphase-telophase plates without overlapping or significant shifts were ana-
lyzed (more than 200 per each animal). The frequencies of abnormal divisions with
a single bridge, a single fragment and a delayed chromosome as well as cells with
two and more aberrations were registered. Total frequency of mitotic disturbances
(MD) was counted.

Germ cells were removed from seminiferous tubules by shaking and suspended
in fixative solution. Then drops of suspension were placed on slides and dried.
Slides were stained as it was described earlier.
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14.2.4 Statistics

Internal homogeneity among each recipient group was checked through the Chi-square
contingency test for all types of abnormalities. Differences between groups were
estimated by Chi-square criterion [25]. In order to simplify the data for visual clarity,
the frequencies (%) and their errors (m,,) were subsequently calculated.

14.3 Results and Discussion

Our present results show that chemosignals from crowded females increase frequency
of mitotic disturbances in bone marrow cells of recipient mouse males. The results of
one experiment are presented in Table 14.1.

DMP induces stronger change in MD frequency than chemosignals of crowded
females in their soiled bedding (SB ). We obtained similar results for the exposure
with VS  (Fig. 14.1b). At the same time pooled chemosignals from isolated females
(SB,) act in opposite direction. They decrease the MD level in bone marrow cells of
recipient males (Table 14.1, Fig. 14.1b).

Our data provide evidence that the quality of chemosignals excreted by females
depend on their state. Stressed by overcrowding donor females emit to the environ-
ment chemosignals which affect recipient’s organism and destabilize genome of its
dividing bone marrow cells. Since genome instability is a sign of stress state [3, 5] we
propose that chemosignals from overcrowded females spread the information about
unfavorable environmental condition and thus induce stress in their neighbor conspe-
cifics. DMP, which production in mouse females depends on group density and
adrenals activity [19, 20], as we suggest, is one of the possible messengers. But except
DMP females definitely excrete to the environment many other sex specific substances
which “positively” affect recipient males. It could explain more weak influence of
SB,; in comparison with pure DMP action. The same explanation is applicable to
“positive” effect of SB_ (Table 14.1, Fig. 14.1b). Sex-specific “positive” chemosignals
stabilize chromosomes structure and mitotic divisions when DMP does not produced
by isolated females.

Table 14.1 Frequency of mitotic disturbances in bone marrow cells of CBA mouse males after
their exposure with different chemosignals originated from mouse females (%)

Treatment of Number of cells Total frequency Significant

recipients N n with MD of MD (%+m,) differences
clean 9 2,994 102 3.4x0.33 |

SB,, 10 4,320 225 5.2+0.32 |

DMP 10 3,506 306 8.0+£0.46

SB, 10 4,982 87 1.7+£0.18 |

N number of animals, n number of cells, B control (clean bedding), SB soiled bedding (,, , —
after crowded or isolated females, correspondingly), DMP 2,5-dimethylpyrazine, ends of vertical
lines show on significantly different values (y-criterion, P<0.01)
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Fig. 14.1 Effect of different chemosignals originating from mouse females in dividing bone
marrow cells of mouse females (a) and males (b) of CBA strain. Differences in total frequencies
of mitotic disturbances (MitD) between corresponding control and experimental groups are
shown. SB; — soiled bedding of crowded females; VS . — volatile substances from urine of
crowded females; DMP — 2,5-dimethylpyrazine solution; SB, — pooled soiled bedding of isolated
females. All the differences from control are significant; * — difference between effect of SB,
and all other effects (Chi-square test, P<0.01)

We investigated also action of different female chemosignals on dividing bone
marrow cells in mouse female recipients. Our results show that chemosignals in
soiled bedding and purified volatiles from urine of crowded females induce mitotic
disturbances in bone marrow cells of recipient females. DMP acts in a same manner.
The chromosome aberration patterns as well as degree of elevation were not differ-
ent either in case of soiled bedding or purified volatiles. It was shown earlier that
sensitivity of females to DMP depends on their stage of estrous cycle [10].

As we have mentioned previously mouse male chemosignals can serve as
stress-factors. Therefore we compare the DMP effect with the influence of other
chemosignals originated from stressed or intact males in mitotic and meiotic cells
of recipient males. It is shown by ana-telophase analysis that DMP increases total
frequency of meiotic disturbances at anaphase-telophase II stage (Fig. 14.2).

Chemosignals of stressed by physical stressor males (after swimming) act in
similar manner. Finally, volatiles from irradiated males elevate frequency of meiotic
disturbances approximately twice.

Our results are in a good agreement with data that volatile chemosignals from
mouse males stressed by swimming or after whole body irradiation induce the same
mitotic disturbances in intact recipient males [11, 12]. It was shown also similar
genome destabilization in germ cells of stressed mouse males [17].

To our mind cytogenetic disturbances in target cells are a general sign of stress
reaction of an organism at an intracellular level. Such influence could be a mecha-
nism by which volatile chemosignals effect development and fitness of recipient
animals described earlier. With the aid of that mechanism animals could regulate
their population density and structure via “chemosignals — genome integrity of tar-
get cells” interactions [3, 5].
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Fig. 14.2 Effect of Total frequency
2,5-dimethylpyrazine (DMP) of MeiD (%)
and volatiles from CBA mouse

males stressed by swimming 6
(VS ) or from irradiated
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disturbances. All differences
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and corresponding controls are
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14.4 Conclusion

Our data supports the hypothesis that the integrity of target cell genome is decreased
under stress conditions. Cytogenetic disturbances can serve as a universal sign of
organismic stress. Pheromonal “bystander-effects” demonstrate that the olfactory
mechanism in mice is working effectively to spread a stress state and genetic insta-
bility among conspecifics. Definitely there are other different specific and unspe-
cific pathways of indirect widening of environmental influences among
communicating animals. But the importance of searching of such pathways is still
underestimated as well as mechanisms themselves that are not easily analyzed.
Especially it concerns to the genetic consequences of such “bystander-effects”.
Therefore, we should look for appropriate models to study them at all levels. And
research of mouse chemocommunicative mechanisms looks as good possibility to
investigate the problem.
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Chapter 15
Statistical Model of Adaptation Risk
Assessment of Chromosomal Instability

V.L. Korogodina, B.V. Florko, and L.P. Osipova

Abstract One of the modern problems of radiobiology and radioecology is risk
assessment of chromosomal instability in populations that experienced low radiation
effects. For these calculations the probability model of adaptation can be used which
we suggested earlier (Korogodina VL, Florko BV: Evolution processes in popula-
tions of plantain, growing around the radiation sources: changes in plant genotypes
resulting from bystander effects and chromosomal instability. In: Mothersill C,
Seymour C, Mosse IB (eds.) A challenge for the future. Springer, Dordrecht, pp
155-170, 2007). Purpose: description of adaptation processes in population and risk
assessment of genetic instability. Materials: numbers of chromosome abnormalities
in cells and cells with abnormalities in rootlets meristem of seeds collected near the
radiation sources; frequency of abnormal blood lymphocytes in samples of persons
living in the Tyumen and Irkutsk regions of Russia. Methods: statistical modeling.
Results and discussion. An adaptation process can be presented as primary and late
damaging processes accompanied by selection which is described by Poisson and
geometrical laws. Influence of low radiation intensity on chromosomal instability
was analyzed; a continued adaptation process in four generations was shown. Risk of
chromosomal instability can be determined by means of the P- and G-distributions
parameters. Conclusions. Type and structure of model distributions can indicate
adaptation processes in population, or its genetic stability. Accumulation of abnor-
malities and risk of chromosomal instability in resistant subpopulation can be deter-
mined by sample mean of P-distribution. Sample mean and value of G-distribution
indicate intensity of damaging and selection in sensitive subpopulation.
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Keywords Low dose irradiation * Adaptation process ® Chromosomal instability
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bility across generation

15.1 Introduction

Chromosomal instability was observed long years ago [26, 30]. In 1970 V.I. Korogodin
and his colleagues showed that yeast cells instability was coupled together with
accumulation of chromosomal abnormalities [18] induced by low radiation effects
or non-optimal environment conditions [4]. A connection of the phenomenon of
instability with evolution was mentioned [13, 18].

R.A. Fisher [8], J.H. Gillespie [12], and H.A. Orr [32] investigated fitness to the
environment conditions by modeling. Orr showed in evolution models a universal char-
acter of distributions with tails and connection of this phenomenon with selection [32].
N.P. Bochkov and A.N. Chebotarev used statistical modeling to analyze an appearance
of multiple mutations in blood lymphocytes of persons [5]. These authors suggested a
hypothesis based on queues theory that distributions’ tails are connected with DNA
repair [7]. Analysis of distributions of patients with chromosome instability syndrome
on a number of chromosome abnormalities in blood lymphocytes revealed geometrical
(G) and Poisson (P) components [3].

Our statistical model of adaptation is based on time-dependent accumulation of
abnormalities and selection [9, 17]. To testify the model and investigate features of
adaptation processes we used the following data: own studies of lab-irradiated pea
seeds, selected line [19] and plantain seeds collected in natural populations growing
near the radiation sources [20]; investigations of L.P. Osipova on blood lymphocytes
of persons living in the Tyumen and Irkutsk regions [33]; data published by
N.A. Chebotarev on blood lymphocytes of radiochemical enterprise’ workers [7].
For these objects the modeling of the appearances of abnormal cells, abnormal chro-
mosomes in cells and proliferation activity of cells were performed [18, 21-24].

Our aims were to analyze regularities of adaptation, its processing across generation
and to assess the risk of chromosomal instability and selection. To demonstrate these
regularities in ecology and epidemiology, we used data on plantain seeds collected near
the Balakovo (middle Volga) Nuclear Power Plant (NPP) and on blood lymphocytes of
samples of persons living in the Tyumen (Far North) and Irkutsk (Siberia) regions.

15.2 Statistical Methods

We used maximum-likelihood method for approximations. The following statistical
criteria were used for the estimation of regression: (i) R, i is the determination
coefficient corrected for degrees of freedom [35] (equivalent to the T-criterion
known in radiobiology [11]); (ii) the AIC criterion (the Akaike criterion imposes
limitation on minimal information distance between the model and experimental
distributions) [1]; (iii) the BIC criterion (selection of the most probable models from
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the ensemble under the condition of a priori equal probability of any of them) [37].
The most sensitive test for our tasks is T-criterion [11], which encourages good
efficiency of approximation and fines for use of large numbers of parameters.

The best hypothesis with respect to the majority of criteria was preferred. For close
values of criteria, the simpler hypothesis was chosen. For a given number of
experimental points, the number of model parameters is, as a rule, larger than optimal;
therefore, the stability of distributions was verified. The verification consisted in
variation of the length of the partitioning interval upon construction of histograms.
The interval length (Dmax—Dmin)/M was taken as the basis. Here, (D__, D_ ) is the
interval of data variation, M=[log,(N)]+1 is the number of partition intervals, and N is
the number of data points. The verification showed the stability of the distributions.

The program FUMILI [6] was used. The search of optimal values of the model
parameters was carried out in two stages. First, the initial approximation for the model
parameters was found by the random search method or the simulated annealing
method [16]. Then the parameter values were refined using regular procedures BEGS
or Newton [39]. Three parameters were optimized.

15.3 Adaptation Model

The adaptive process has three components [9, 17]: primary radiation injury which
depends on the intensity of radiation (I ); late injury which depends on the intensity
of intercellular “bystander” (Ibym) or intracellular regulatory (Ireg) mechanisms; and
selection which depends on repair systems and environment conditions. A scheme of
adaptation processes in meristem of seeds’ rootlets and its cells is presented in
Fig. 15.1 [24] because apical meristem of rootlet can be model of bone marrow.

These components can be described by different combinations of P and G laws
where P statistics corresponds to statistics of independent events, and G one charac-
terizes it after selection [22]. The independently appeared primary injuries and late
damages follow the Poisson or binomial law [9]. The occurring of late damages can
be approximated as increasing linearly with time, that is, by the Poisson law with
increased sample mean [9].

seedlings cells
Lad™ Ibysl Primary Lrad™Tre
_— .. € [Primar:
» | injures of ; T el Y
cells Stage of first injures of DNA "
—_— |7 i —— | Proliferation
resistent |mitoses, growth resistent
sensitive  [eath of sensitive [Death
La< Ibyst Bystander seedling lrag< lreg Reaul of cells
——— |injures of e » [cgulatory
cells injures of DNA

Fig. 15.1 Scheme of the process of seedlings’ and cells’ adaptation [24]. Primary injury (I_,) induces
the intercellular bystander () and intracellular regulatory () processes. Primary injuries or late
damages can be accumulated. As a result of selection, a stage of first mitoses is reached in resistant
seedlings, the sensitive ones die. Intracellular processes (primary or regulatory damaging of DNA)
lead to proliferation or death of cells
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In practice, the observed P distribution can be a sum of P distributions on the
numbers of primary and late damages. The first distribution dominates if radiation
intensity exceeds late damaging (for cells, L d>Ireg) [17]; therefore its sample mean
should be low. For example, a dose rate of 19.1 cGy/h (time between two hits per
cell=5 s) induces hits in cells in the first 2 min with averaged number of hits per
cell #33; this case corresponds to the lowest sample mean of the P distribution of
seedlings on the number of damaged cells [17]. Irradiation at dose rates of 0.3 and
1.2 cGy/h (time between two hits=35 and 1.3 min, respectively) induces bystander
effects which should prevail in these cases. Complete analysis of pea data and
especially plantain data reveals the correspondence between low P- sample means
for seedlings and cells that couple with high damage factor. Increased value of
P- sample mean indicates the late processes.

Cell is a more sensitive system and responses to slight signals of environment.
We revealed a little constant process of adaptation in intact cells. Environmental
stresses affect sensitive cells that form subpopulation of cells G- distributed on the
number of DNA-damages. When primary irradiation intensity exceeds intracellular
regulatory effects (I d>Ireg), Poisson law displaces G-one.

15.4 Irradiated Plant Populations

15.4.1 Plantain Seeds and Ecology Conditions

Seeds of plantain (Plantago major) were studied. Seeds of all populations were
germinated until seedling roots reached the length that corresponded to the stage of
the first mitoses. The chromosome bridges and acentric fragments were registered
as chromosome aberrations (CAs) in ana-telophases. Antioxidant activities were
studied with a photochemiluminescence method. An amount of seed infusion, which
inhibited chemiluminescence by 50% (C,,), was adopted as a measure of antioxi-
dant status (AOS). For each population, 500 seeds were studied. All methods were
described in [19, 21].

The tested plantain populations were located in sites within 80 km of the Balakovo
NPP and in Chernobyl trace area (Saratov region), and near the accelerator facilities
in the Moscow region. The populations were chosen in similar biotopes. Seeds were
collected at the end of August in 1998 and 1999 from 20 to 30 plants. In 1999 the
temperatures during daylight hours reached 30-32°C in the Moscow region and
38—40°C in the Saratov region (they are extreme for both provinces), and the seeds
experienced elevated temperatures during the maturation period in nature [38].

For sites within a 100 km radius of the NPP, the annual y-radiation dose rates
and *’Cs soil concentrations varied little from the ranges ~0.10-0.15 pSv/h
and ~5-10 Bg/kg reported in independent radiological surveys [25, 38]. These
values do not exceed the average radiation values over the Saratov and Moscow
regions [38]. Our examination showed that chemical pollutions do not correlate
with results of cytogenetic analysis and cannot imitate NPP radiation factor [23].
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Plantain seeds experienced the NPP fallout irradiation in nature (annual fallouts
on isotopes: Kr ~2.5 TBq; Xe ~2.5 TBq, and I ~4.4 TBq), the dose rates are con-
trolled by NPP administration [25]. Distribution of the particulate emissions and
gases were estimated according to the Smith-Hosker model [14] based on NPP
characteristics [25] and winds in summer near the ground in the NPP region [38].
The isotopes fallouts result in y-irradiation mainly (mean energy ~1.1 MeV/y-quanta
[15]). The relative fallout dose rates (RFRD) values were calculated in the ratio to the
dose in site, which was at about 80 km from NPP.

The details of characteristics of sites, determination of radioactivity, and calculation
of NPP fallout irradiation of seeds are published in [17].

15.4.2 Adaptation of Plantain Populations to NPP
Fallouts in Hot Summer

Analysis of biological values showed the character of radiation effects on seeds’
populations collected in years with normal high (1998) and extreme high summer-
time temperatures (1999) [20, 21]. The statistical modeling was performed on the
appearance of CAs in seedling meristem cells and cells with CAs [17, 23]. Adaptive
processes induced by combined effects of radiation and high temperatures in plant
populations in natural conditions were described in [24]. This synergic effect is
verified in lab experiments and modeling [22].

Here, we present data (1999) which demonstrate a strongly synergic process in
plantain populations which leads to a high risk of instabilities and selection. The
parameters of seed distributions (Fig. 15.2) and cells distributions (Fig. 15.3) are
shown as dependents on the calculated fallout dose near the NPP (Figs. 15.2c, d and
15.3c, d) and the seeds’ antioxidant status (Figs. 15.2a, b and 15.3a, b) [17]. The
G- and P-parameters that characterize sensitive cells’ subpopulations are combined
into common graph (Fig. 15.3, gr. 2). The parameters that correspond to sensitive
seedlings’ and cells’ subpopulations are correlated (p<0.001, df=5, n=7) [17].
Thus, sensitive subpopulation of seedlings can be considered as a group at risk of
instability that leads to selection.

Values of surviving sensitive subpopulations of seedlings (Fig. 15.2d; gr. 2) and
cells (Fig. 15.3d; gr. 2) decrease with fallout dose rate (p<0.1, df=3, n=5). At the
border (558 and 1,350) or inside (1,500 r.u') the 10-km zone, approximately 70-80%
of seeds died, and the value of surviving sensitive seedlings is about 2—-3%. Meristem
cells of these survived adapted seedlings consist of increased number (p<0.05) of
late or primary DNA damages [18] (Figs. 15.2¢, d and 15.3c, d; gr. 2).

For plantain seeds collected in different populations of neighboring ecosystems
(relative NPP fallout dose rate=82 r.u), values of the P- and G- distributions of

"Evaluation of this relative dose rate can be less dependable because this population was
located =~ 100 m from the NPP in the shade of the smokestack.
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Fig. 15.2 The parameters of distributions of plantain seedlings on the number of cells with CAs in
root meristem versus antioxidant status (a, b) and calculated relative dose (¢, d). The sample means
(a, ¢) and values (b, d) of the P- and G- distributions are shown (curves / and 2, respectively). Points
with the same dose rate irradiation are connected (a, b). The regressions, a: y=-0,48+5,04-x
(p<0.05)(1),y=0.25+4.80-x(p<0.05) (2); y=-0.92+12.96 - x (p<0.05) (2a); b:y=—0.15+1.43 - x
(p<0.05) (1), y=—0.04+1.02-x (p<0.05) (2); y=—0.104+0.53-x (p<0.05) (2a); c: polynomial fits
(1, 2); d: polynomial fit (/); y=100/x1.4+0.027 (2)

seedlings (Fig. 15.2b, gr. 1, 2) and G-distributions of cells (Fig. 15.3b, gr. 2) differed
(p<0.05). We see that antioxidants increase radioprotection; this conclusion agrees
with investigations published in [41].

For seedlings, a sample mean of G- distribution increases with AOS value
(p<0.05) that suggests an enhancement of bystander damaging (Fig. 15.2a, gr. 2)
with antioxidant status. This result agrees with investigations which showed the
involvement of energy metabolism in the production of bystander effects by radiation
[29]. No influence of antioxidant status on the sample means of cells’ distributions
was revealed in these plantain studies (Fig. 15.3a), perhaps because sample sizes
were not sufficient. The hypothesis has been made that the phenomenon of hypersen-
sitivity can be a result of oxidative stress [31]. The authors of this paper investigated
effects of low-dose radiation on human blood lymphocytes over a range from 1 to
50-70 cGy, which is higher than around the NPP. In our calculations, each seedling’s
meristem experiences an influence of even one g-quantum per 3 months in the 20-km
NPP zone [17]. We suppose that multiple DNA damages could appear due to affected
mass cellular structures. This conclusion agrees with the opinion of C. Mothersill
and C. Seymour concerning the role of epigenetic factors in low-dose effects [28].
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Fig. 15.3 The parameters of distributions of plantain meristem cells on the number of CAs for
seeds collected around the NPP versus antioxidant status (a, b) and calculated relative dose (¢, d).
The sample means (a, ¢) and values (b, d) of distributions of resistant and sensitive subpopulations
are shown (curves 1 and 2, respectively). Points with the same dose rate irradiation are connected
(a, 1, 2). The regressions, b: y=0.73-x+0.02 (p<0.05) (1), y=0.77-x — 0.12 (p<0.05) (2); c:
polynomial fits (1, 2); d: polynomial fit (1); y=100/x1.4+0.027 (2)

15.5 Irradiated Persons and Their Descendants

15.5.1 Samples of Individuals and Their Living Sites

At the beginning of the 1950s, nuclear tests were conducted in the Novaja Zemlja
and Semipalatinsk sites, resulting in radioactive fallouts in the Far North and Siberia,
including the Tyumen and Irkutsk regions. At present, '*’Cs contaminations are 153
and 118 Bg/kg (lichen and venison, respectively) in settlements Samburg of Tyumen
region [34], and 55 Bq/m? (soil) in Maloe Goloustnoe of Irkutsk region [27].
Random samples of persons living in settlements Samburg and Maloe Goloustnoe
were studied. Analyses of chromosomal breakages in blood lymphocytes of persons
living in these settlements are published in [33]. Frequency of lymphocytes cells
with abnormalities was determined as the ratio of the abnormal lymphocytes num-
ber to proliferated ones. As a control, group of individuals from city Novosibirsk,
whose blood sample (1 ml) contained not less than 100 activated lymphocytes, was
studied. Blood samples of 163 (Samburg), 66 (Maloe Goloustnoe) and 40 (control)
individuals were investigated.
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To investigate the consequences of irradiation across generations, we analyzed
distributions of individuals on the occurrence frequency of lymphocytes with
CAs in blood samples of persons living in these settlements and of the control
group. It was shown that frequency of lymphocytes with CAs in blood can
be considered for statistical modeling of adaptation processes [10]. The samples
of persons were divided into four groups corresponding to individuals who
were irradiated by fallouts and their children, grandchildren, and great-
grandchildren.

15.5.2 Process of Adaptation Across Generation

The types of distributions for individuals living in the Tyumen and Irkutsk regions
are P, G, and P+G (Fig. 15.4). Analysis of distributions for the parental generation
on the frequency of lymphocytes with CAs has a geometrical component, which is
negligible for great-grandchildren (Samburg) and disappears for grandchildren and
great-grandchildren (Maloe Goloustnoe) regulated by Poisson statistics. A tendency
is observed towards decreased P- sample means across generations, but it remains
higher (3.1+4.2, p<0.05) than the control value (1.4) (Table 15.1). This tendency
may reflect more resistant young individuals than old ones and the deaths of persons
with small numbers of lymphocytes (these ones are “G distributed” [2]).

Bystander processes in resistant groups of persons lead to an increasing frequency
of lymphocytes with CAs in blood samples, and the risk of these effects can be
evaluated by P parameters. The frequency of lymphocytes with CAs is 3.2+0.3 for
50% of persons who are less than 18 years old, whereas the same instability is
observed of 5% of tested control individuals only (Table 15.1, Fig. 15.4). Death of
sensitive persons is connected with lymphocyte depletion: persons with lymphocyte
deficiencies are those with blood diseases, which were accounted in the presented
statistics. They form a “group of risk” which can be determined by G value. The
P and G values demonstrate that the processes of genome instability and selection
prevail in the oldest generation.

A comparison of genome instabilities of persons living in the Tyumen and
Irkutsk regions shows that the sample means of P distributions for both regions are
approximately equal. Distributions for parents’ and children’s samples from
settlements M. Goloustnoe and for all samples from settlements Samburg reveal a
G component. Taking into account the absence of lymphocyte activation in many
of the Samburg individuals (Table 15.1), we can surmise that stronger and contin-
ued radiation effects can be caused by the traditional food chain of the North
nations’ “lichen-reindeer-man”.

The study of genetic instability across generations of mice irradiated with low-
dose-rate radiation indicates a genetic instability in the F1, F2, and F3 generations
from irradiated males [40]. Analysis of distributions’ structure for samples of persons
living in sites Samburg and Maloe Goloustnoe shows chromosomal instability which
continues across three generations of irradiated individuals, because the mP
values of distributions of youngsters’ samples are increased (Table 15.1, Fig. 15.4).



Fig. 15.4 Statistical modeling of distributions of persons of different generations on the frequency
of cells with CAs occurrence. X-axis—frequency of cells with CAs, %; Y-axis—frequency of occur-
rence, %. Sample persons living in settl. Samburg (a — d); settl. M. Goloustnoe (e — h); c.
Novosibirsk (i). Parents (a, e); children (b, f); grandchildren (c, g); great grandchildren (d, h).
Total curve of approximation ( ); Poisson component (== =); Geometrical one (= = m).
Standard errors of total approximation curve are shown
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Table 15.1 Frequency of blood lymphocytes with CAs of persons living in the Tyumen and
Irkutsk regions, and Novosibirsk city, parameters of most effective model of approximation

Settlement Samburg, Tyumen region

Frequency G,P
Age NO NI 0 2 4 6 8 10 12 14 16 >18 mG/G mP/P
50-80 24 7 2 4 6 4 1 0 0 0 0 O 0.2/1.7 4.2/15.4
3949 36 4 6 8 7 4 1 2 1 0 0 2 5.0/19.3 3.5/11.1
18-38 71 7 7 17 19 145 1 O 0O O O 3.2/18.5  4.2/44.7
Frequency G,P
Age NO NI 0 5 10 15 20 0 O O 0 mG/G mP/P
<18 29 - 0 18 06 0 1 0 0 O O O - 3.3/28.1

Settlement Maloe Goloustnoe, Irkutsk region
Frequency G,P

Age NO N2 0 2 4 6 8 10 12 14 16 >18 mG/G mP/P

60-80 10 3 4 1 2 3.0/9.9 -
40-60 32 4 17 125 3 3 I 0 0 0 5.8/1.3 4.2/24.6

Frequency G,P
Age NO N2 O I 2 3 4 5 6 7 8 9 mG/G mP/P

3]
(=)
—
(=)
(=)
[«

1840 23 1 1 1 3 6 - 4.0/23.7
<18 15 - 1 1 3 5 2 2 1 0 0 O - 3.1/15.3
City Novosibirsk

Frequency G,P
Age NO N3 0 1 2 3 4 5 6 7 8 9 mG/G mP/P
- 40 40 7 16 13 4 0 0O O O O O - 1.4

Standard error of sample means d(mP)=10-15%, d(mG)=30-40%. The control group consisted
of persons from Novosibirsk, the number of analyzed lymphocytes exceeding 100 in each blood
sample. NO, total number of examined persons; N1, number of persons in whose blood samples the
lymphocytes were not activated; N2, number of persons in whose blood samples the number of
activated lymphocytes did not exceed 30; N3, the number of persons in whose blood samples the
number of analyzed lymphocytes exceeded 100

Model characteristics indicate the significance of resistance in individuals (youngsters’
samples) which plays the main role in selection in blood lymphocytes: samples of
older individuals are characterized by a G distribution on the number of lymphocytes
with CAs (Fig. 15.4) and on lymphocyte depletion (Table 15.1). Finally, it was revealed
that the intensity of bystander processes and selection are higher in settlement
Samburg, and this can be connected with a stronger radiation influence due to the food
chain of “lichen-reindeer-man”. All these prevail upon the phenomenon of chromo-
somal instability and should be considered as components of the adaptive process.
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15.6 Conclusions

1. Model of adaptation consists of three components: primary injures; late radiation-
induced damages; selection. Statistically it can be described by combination of
Poisson and geometrical laws;

2. Type and structure of the distributions indicate a stable state of population or
adaptation processes characterized by chromosomal instability and selection;

3. Parameters of G-distribution can be used for assessment of risk of chromosomal
instability coupled with selection;

4. Increased value of Poisson sample mean indicates the processes of secondary
radiation-induced damaging. Risk of abnormalities’ accumulation can be calcu-
lated by means of P-parameter;

5. Radiation intensity influence on adaptation processes. Intensities of late damag-
ing and selection increase with dose rate irradiation;

6. Adaptation process continues across generation. Its intensity depends on envi-
ronmental factor and objects’ resistance.
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Chapter 16

Effects of Bystander Factors Induced
In Vivo in Blood of People Affected
by Chernobyl Accident

Pavel M. Marozik, Irma B. Mosse, Sergey B. Melnov, Mikhail S. Marozik,
Carmel E. Mothersill, and Colin B. Seymour

Abstract The purpose of this work was the analysis of the effects of bystander
factors from blood sera of people affected by the Chernobyl accident on human
keratinocyte cell culture (HPV-G cells). A new method was developed for evaluation
of bystander factor presence in vivo in blood of people irradiated by the Chernobyl
accident. Affected population groups included liquidators of the Chernobyl accident
and people living and working in areas of Gomel region contaminated by radionu-
clides. The analysis has shown that bystander factors persist in Chernobyl liquida-
tor blood samples for more than 20 years since irradiation. The data suggest that
blood sera contain bystander factors, which are able to induce micronuclei and
decrease metabolic activity of HPV-G cells.

Keywords Bystander effect  Chernobyl ¢ Liquidators ¢ Keratinocytes ® Micronuclei

e Alamar blue * Melanin ® Melatonin

16.1 Introduction

For a long time it was considered that genetic effects of irradiation are related only to
direct DNA damage. But a lot of evidence suggests the existence of a phenomenon
of information transfer from irradiated cells to non-irradiated (so-called radiation
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induced bystander effect, RIBE) [7, 8]. Such bystander factors could be induced not
only by ionizing radiation, but also observed under different pathological condi-
tions [5]. The specific nature of these factors and mechanism of RIBE are still
unknown [1].

In recent years some evidence of RIBE induced in vitro was obtained, while the
effects in vivo are not enough studied.

Effects of bystander factors induced in vivo in blood of people affected by the
Chernobyl accident are of particular interest.

For the first time such studies were performed by Dr. I. Emerit [2], when it was
shown that blood sera from liquidators of the Chernobyl accident or residents of
areas contaminated by radionuclides contained an increased level of bystander fac-
tors. These factors increased the frequency of chromosome aberrations and micro-
nuclei in own lymphocytes of serum donors even decades since irradiation.

In Emerit studies own lymphocytes of serum donors were used as a test-system. But
these cells were already exposed to ionizing radiation, as a result, the level of chromo-
some aberrations and micronuclei was increased there. At the same time, human
peripheral blood lymphocytes under in vitro conditions could be subcultured only for
2-4 days, therefore it is impossible to evaluate serum effects for a longer period.

In the present study a new method was developed which allows evaluation of
the effects of bystander factors from sera of different groups of populations on
immortalized culture of human keratinocytes. This method has serious advantages
as compared to that which was used earlier: cells could be cultivated for a longer
period of time (re-cultivation once a week), they are more sensitive as compared
to human peripheral blood lymphocytes, experiments could be easily repeated,
allowing simple comparison and interpretation of the obtained results.

Using this method, we evaluated the level of damaging bystander factors in blood
of areas irradiated by the Chernobyl accident.

The study of the nature and possibility of modification of bystander factors, circulat-
ing in blood serum of populations, affected by the Chernobyl accident, will facilitate
better understanding of radiation damage mechanisms. Knowledge of these mechanisms
is increasingly important for cancer radiation therapy — for using special correcting
coefficients taking into consideration effects of bystander factors. The anti-tumor
therapy could be more effective and safe. Revealing the nature of the damaging bystander
factors will promote more exact dose evaluation and radiation risk for people, exposed
to ionizing radiation, as the risk of radiation exposure at low doses, calculated using
direct and bystander effects, may be higher as compared to that calculated only from
direct effects. The ability to neutralize and modify these factors may help to decrease
significantly the effects of whole body radiation exposure.

16.2 Materials and Methods

16.2.1 Cell Culture

In the present study HPV-G cells (human keratinocytes, immortalized by human
papilloma virus transfection), deficient in p53 were used as a test system. Cells were
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cultured in Dulbecco’s MEM: F12 (1:1) medium supplemented with 10% Foetal
bovine serum, 1% penicillin-streptomycin (1 g per 100 ml), 1% L-glutamine and
1 pg/ml hydrocortisone. The cells were maintained in an incubator at 37° centi-
grade, with 95% humidity and 5% carbon dioxide and routinely subcultured every
8-10 days.

16.2.2 Affected Populations

The objects of investigation were blood sera from people affected by the Chernobyl
accident: Chernobyl liquidators of 1986—1987 (22 persons), Polessky State Radiation
Environmental Reserve workers' (PSRER, 21 persons) and people, living in areas of
Gomel region (GR) contaminated by radionuclides(15 persons). The analysed groups
also included four persons with acute virus infection (flu) living in areas contaminated
by radionuclides. The control group included clinically healthy people from non-
contaminated areas, corresponding to the main group in age and sex (36 persons).

16.2.3 Serum Extraction

The blood samples were taken and placed in Vacutainers for serum extraction (Becton
Dickinson, USA), centrifuged at 2,000 g for 10 min, and the serum was frozen and
stored at —20°C before use. Before freezing, the sera were filtered through 0.22 pm
filters (Nalgene, USA) in order to remove all residual cell components of the blood.

16.2.4 Radioprotective Substances

Antioxidant substances melanin and melatonin were used as radioprotectors.
Melanin (Belarusian pharmaceutical association, Minsk) was used at 10 mg/l
concentration, melatonin (Sigma, Germany) — at 10 mg/ml.

16.2.5 Micronucleus Assay

Micronuclei assay. After plating, cells were left at 37°C in the CO, incubator to be
attached for 12 h. The blood serum from affected populations was placed into 25 cm?
flasks (NUNC, USA) (6,000 cells per flask) 1-2 days after plating, and cells were

'Polessky State Radiation and Environment Reserve (founded in 1988) is a territory of Gomel
region, where humans cannot live because of the very high levels of radiation contamination. The
territory of this reservation is 215.5 ha.
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placed again in the incubator for 1-2 h. Then cytochalasin B was added (7 pg/ml
concentration) and the cells were incubated for 24 h. The cell culture medium was
removed, the cells were washed with PBS and fixed with chilled Karnua solution
(1 part of glacial acetic acid and 3 parts of methanol, 10-15 ml three times for
10-20 min). Later flasks were dried and stained with 10% Giemsa solution. The
micronuclei count was carried out under inverted microscope. The data are presented
as the micronuclei (cells with micronuclei) frequency recorded per 1,000 binucleated
cells +standard error.

16.2.6 Alamar Blue Assay

Alamar blue (AB) assay. HPV-G cells were plated on 96-well microplates (NUNC,
USA) at the concentration of 2 x 10* cells/well. After plating, cells were incubated
for 24 h to allow attachment to the bottom of the well. Then the medium was
removed, cells were rinsed with phosphate buffered saline (PBS) and the blood
serum from the Chernobyl accident populations was added to the cells together
with melanin and melatonin as appropriate. Microplates were placed into the incu-
bators. Twenty-four hours later, serum was removed, cells were rinsed with PBS
and 100 pul of a 5% solution of Alamar Blue prepared in phenol red free DMEM
media were added. Microplates were placed again into the incubators. Three hours
later, fluorescence was quantified using a microplate reader (TECAN GENios,
Grodig, Austria) at the respective excitation and emission wavelength of 540 and
595 nm, respectively Wells containing medium and Alamar Blue without cells
were used as blanks. The mean fluorescent units for the three replicate cultures for
each exposure treatment were calculated and the mean blank value was subtracted
from these results.

16.2.7 Statistical Analysis

All experiments were repeated at least three times, and within each experiment cultures
were set up in triplicate. Results are expressed as the means +/— standard errors.

16.2.7.1 t-Test

When the distribution was normal, significance was determined using the ¢ test. The
level of significance was chosen as 95%; at t>2.67, the difference is highly signifi-
cant at p<0.01, at t>1.96, the difference is significant at p<0.05. At p>0.05, the
difference is not significant.
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16.2.7.2 Mann-Whitney U-Test

The Mann-Whitney U test is a nonparametric alternative to the ¢-test for indepen-
dent samples and was calculated using STATISTICA 8.0 (Statsoft, USA). The U
statistics is accompanied by a z value (normal distribution variate value), and the
respective p-value.

16.3 Results

16.3.1 Study of Effects of Blood Sera from People,
Affected by the Chernobyl Accident on Micronuclei
Frequency in HPV-G Cells

Table 16.1 presents data on the effects of blood serum samples from different popu-
lation groups on the total micronuclei frequency in HPV-G cells (average data
presented).

The micronuclei frequency in the controls indicates the level of spontaneous
mutagenesis (it is comparatively low). The data from Table 16.1 show that the num-
ber of the cells with two and especially three micronuclei is very low as compared
with the number of cells with one micronucleus.

As seen from Table 16.1, people exposed to chronic radiation (PSRER work-
ers) have an increased level of bystander factors, expressed as a considerable
increase in micronuclei frequency (almost three times as high as the control level
—248.03%0+20.77 as compared with 80.30%0+ 13.14, p<0.01).

At the same time an increase in the number of the cells with more than one
micronucleus was observed. Thus, the data clearly indicate that intensive chronic
irradiation of PSRER workers significantly promoted accumulation of bystander
factors in blood.

Table 16.1 The effects of blood serum samples from different groups of population on HPV-G
micronuclei (MN) frequency (average data are presented)

Frequency of cells with MN, %o Total number of ~ Total MN

1 MN 2 MN 3 MN cells with MN, %o frequency, %o
Control 69.5£11.1 50+1.1 0.3+0.1 748x124 80.3+13.1
Liquidators 200.6+12.2 30.6x2.6 4.6x1.1 235.6+x14.0% F 273.7+£22.4%
PSRER workers 196.5+109 18.8+3.8 4.4+1.1 219.7+18.3* 1 248.0+20.8%, }
Residents of GR 130.5+7.7 11.8+1.8 0.8+0.3 143.1+9.3* 156.5+11.2*

Residents of GR with  190.2+6.6 87.7+4.8 233+23 301.2+7.8% 7 435.6£8.4%, 1
acute virus infection

* p<0.01 (compared to controls); T p<0.01 (compared to GR residents)
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Similar results were observed after comparative analysis of the micronuclei
frequency between the control group and the liquidators group (people exposed to
acute radiation). The total micronuclei frequency of 273.7%o0+22.4 and the fre-
quency of cells with micronuclei of 235.6%0+14.0 in cells treated with serum
from liquidators were significantly higher than those in the control group (in both
cases p>0.01). Also, an increase in the number of cells with more than one micro-
nucleus was observed.

The level of micronucleus frequency induced by serum samples from the resi-
dents of contaminated areas of Gomel region is statistically significantly different
from the control (156.47%0+11.22 vs. 80.30%0+13.14 p<0.01), but much lower
than in people, exposed to additional radiation influence (as compared to liquidators
and PSRER workers in all cases p<0.01).

At the same time, the level of the micronucleus frequency induced by serum
samples from the residents with acute virus infection at the active stage is higher
than in all previous cases — the micronucleus frequency induced by the serum from
these patients is 435.6%0+8.4, and the number of cells with micronuclei is
301.2%0+7.8. These figures are much higher than those for liquidators and PSRER
workers (in both cases p<0.01).

16.3.2 Study of the Effects of Blood Sera from Population
Groups, Affected by the Chernobyl Accident
on Metabolic Activity of HPV-G Cells

The study was run to understand if there were any bystander factors observed in
serum samples of these population groups which could affect cell metabolic activity.
The blood serum samples for Alamar Blue analysis were taken from Chernobyl
liquidators and residents of contaminated areas of Gomel region.

Figure 16.1 presents the average data for all these groups (metabolic activity of
intact cells is taken as 100%). The viability of the cells treated with serum samples
from non-irradiated individuals is very close to intact levels (t=0.33, p<0.01 — the
difference is not significant). It means that the metabolic activity of these cells is
not damaged by serum samples from healthy people, not increasing or decreasing
significantly the viability of HPV-G cells.

Treatment of the cells with serum samples from Chernobyl liquidators clearly
reduces the viability of HPV-G cells more than 1.5 times — from 24.89 +0.25 x 10° FU
(intact cells) and 24.67x0.62x10° FU (non-irradiated individuals) to
15.65+0.82x 10° FU (liquidators); p<0.01 in both cases (t=10.79 and 8.77, respec-
tively). Treatment of HPV-G cells with serum samples from residents of contami-
nated areas of Gomel region also reduces the viability of cells (19.16+0.71 x 10° FU,
t=7.62 compared to intact cells, p<0,01), but not as significantly as sera from
liquidators.

Table 16.2 presents the results of the comparison between all groups using the
Mann-Whitney U-test.
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Fig. 16.1 Cytotoxic effects of serum samples from the control groups, Chernobyl liquidators and
residents of GR on metabolic activity of HPV-G cells (as a percentage of intact cells, average data
for all groups of populations are presented)

Table '16.2 Comparative Groups of comparison 7 "
analysm.of four independent Klvs K2 D Y
groups (intact cells K, KL oe e o 00 o
non-irradiated individuals K, - Liqui e}tors . <0.
liquidators and residents of K1 vs. GR residents 3.40*%  <0.001
GR) using Mann-Whitney K2 vs. Liquidators 3.54%  <0.0005
U-test K2 vs. GR residents 3.07%  <0.005

Liquidators vs. GR residents ~ 3.03*  <0.005
* Statistically significant at p<0.01

The analysis of differences between all groups showed that there was statisti-
cally significant difference (with at least p<0.005) between all groups excluding
intact cells vs. non-irradiated population group (p>0.05). The highest difference
was observed between liquidators vs. intact cells.

16.3.3 Study of the Effects of Antioxidant Substances
on Bystander Factors

In previous studies [6] we have shown that bystander effect when induced in vitro
by transfer of culture medium from irradiated cells to non-irradiated could be
decreased using radioprotectors with antioxidant activity (melanin, melatonin). In
the present investigation we have studied the possibility of these substances to neu-
tralize bystander factors, induced in vivo.

Figure 16.2 presents the results of an attempt to modify the effects of blood
serum samples from Chernobyl liquidators on metabolic activity of HPV-G cells
using melanin and melatonin (average data).
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Fig. 16.2 Effects of melanin and melatonin on HPV-G cells treated with blood serum samples
from Chernobyl liquidators (control is taken as 100%)

As it can be seen from Fig. 16.2, addition of melanin and melatonin to the medium
together with serum samples from Chernobyl liquidators doesn’t have any protective
effect. The viability of cells treated with only serum samples (16.24+0.73 x 10° FU)
is almost the same as viability of cells treated with serum samples and melanin
(15.21+1.13x10° FU) or melatonin (15.45+1.04x 10° FU) — the difference is not
significant (t=0.77 and t=0.62, respectively; p>0.05 in both cases).

16.4 Discussion

In similar studies on liquidators from Armenia [3, 4] it was shown that only 42% of
liquidators had an increased level of clastogenic factors (chromosome aberrations)
as compared to the level of spontaneous mutations. In our experiments 100% of
liquidators, 95% of PSRER workers and 82% of residents from contaminated areas
had an increased level of factors as compared to the control levels. A possible expla-
nation of such difference could be the different protocols used in analysis. As men-
tioned above, HPV-G cells are much more sensitive to mutagenic factors as compared
to peripheral blood lymphocytes. Another explanation could be that the cohort from
Dr. Emerit studies [3] included liquidators of 1986—1988. After 1987 the dose limits
for people engaged in clean-up works significantly decreased. Therefore liquidators
from 1986 expressed higher levels of damaging factors as compared to liquidators
of 1987-1988. In the present study liquidators of the consequences of the Chernobyl
accident in 1986-1987 were analyzed, which were the most affected group and
received the highest doses of radiation (higher than 250 mGy).

According to the results of the present study, bystander factors persist in the
blood of Chernobyl liquidators for more than 20 years after the accident. In previ-
ous studies it was shown that irradiation of blood in vitro at a radiation dose of
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500 mGy resulted in significant clastogenic activity and irradiated cells incubated
in fresh culture medium continued to produce factors in culture as it was shown in
studies [3].

Thereby, performed studies have shown that blood sera from population groups
affected by the Chernobyl accident contain bystander factors, which are able to
induce micronuclei and decrease metabolic activity of recipient cells. Pathological
processes, such as acute virus infection, could significantly influence the level of
bystander factors, increasing their damaging effect. The developed new method of
evaluating of effects of damaging factors from blood sera has obvious advantages as
compared to the assays which were used in previous studies [3] and may be applied
in long-term monitoring of biological consequences of irradiation.

The results of the study of the mechanisms and nature of bystander factors
circulating in blood stream of irradiated individuals make a major contribution in
understanding non-direct effects of radiation in vivo and allows obtaining of new
data on intercellular communications.
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Chapter 17

Association Study of the Frequencies

of Spontaneous and Induced Chromosome
Aberrations in Human Lymphocytes

Luybov Sal’nikova, Anastasia Chumachenko, and Alexander V. Rubanovich

Abstract The data on the frequencies of chromosome aberrations in lymphocytes of
peripheral blood of 99 volunteers depending on genotypes by genes of xenobiotics
detoxification before and after y-irradiation with the dose of 1 Gy in vitro are presented.
The frequencies of aberrations were estimated by analyzing not less than 500-1,000
metaphases per person. The data of the cytogenetic analysis were compared with the
results of PCR genotyping by the genes of xenobiotics detoxication (CYPIA I, CYP2D6,
GSTM1,GSTT1, GSTP1, COMT, NAT2), genes of DNA repair (XRCC1, XPD, ERCC],
APEXI, RAD23B, OGGI1, ATM) as well as by the genes of oxidative response and cell
cycle regulation (SOD2, CAT, GCLC, MTHFR, Tp53). The frequency of spontaneous
aberrations of chromosome type was reduced for homozygotes by the deletion of
GSTMI1 locus, especially for double homozygotes by the deletions of GSTM-GSTT1
genes. The mentioned frequency increased additively with the number of copies of the
minor allele variants XPD*2251 G and XPD*862A of gene of excision repair XPD
(»=0.025). The frequency of y-induced chromosome aberrations proved to be elevated
for the carriers of a minor allele OGGI1*977 G (p=0.011). The significantly elevated
number of y-induced chromosome aberrations was also observed for the carriers of
major alleles XRCCI1*G1996 and XRCCI*C580 (p=0.002). The frequency of
v-induced chromosome aberrations proved to be reduced for G/G homozygotes by a
minor allele of poorly studied site CYPAIT606G: 0.094+0.006 against 0.112+0.002
for the carriers of allele T (p=0.004). The results of meta-analysis of the data of 14
works on the effect of genotype by GSTM1 locus on the frequency of cytogenetic
anomalies in the control and exposed populations are discussed.
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17.1 Introduction

In this work, the results of our investigations [11, 12] aimed at the systematic search
for genotypic associations of the radiosensitivity of human chromosomes are
reviewed. These works are carried out using the bank of DNA of young healthy
volunteers on the base of the previous thorough cytogenetic analysis of spontaneous
and y-induced (1 Gy in vitro) chromosome aberrations of blood lymphocytes. The
existence of the DNA bank allows the recurrent control of new groups of polymor-
phic candidate genes for the presence of the association with the frequency and
spectrum of chromosome aberrations.

It is well known that the revealed dependence of the radiosensitivity on the poly-
morphism of candidate genes often is not confirmed in other works. In our opinion,
this is to a great extent related to a low statistical stipulation of the corresponding
association studies (the analysis of no more than 100 metaphases per person for
sampling of 20-60 donors). A distinctive feature of this work is the estimation of the
frequencies of aberrations of chromosome type via scanning of many metaphase
cells as well as a significant (for such studies) number of donors.

By now we have performed the search of genetic markers of the radiation risk
among the genes of xenobiotics detoxication (CYPIAI, CYP2D6, GSTM1, GSTT1,
GSTPI, COMT, NAT2), genes of DNA repair (XRCCI, XPD, ERCCI, APEXI,
RAD23B, OGG1,ATM) as well as genes of oxidative response and cell cycle regula-
tion (SOD2, CAT, GCLC, MTHFR, Tp53). All loci studied were characteristic of the
functional polymorphism associated with the change in activity and/or in the amount
of the corresponding enzyme as well as of associations with different biological
effects and diseases.

17.2 Materials and Methods

The correlations of the frequencies of spontaneous and induced chromosome aber-
rations were studied with the samples of peripheral blood taken from 115 young
(20-25 years old) healthy males (students of the Military Technical University,
Balashikha). The investigation was sanctioned by the Ethic Commissions of the
Institute of General Genetics, RAS and the Military Technical University.

The cytogenetic analysis was successfully carried out for 99 donors. Each sample
of pure blood for the cytogenetic analysis was poured into two tubes: the first one
was exposed to y-irradiation (Co%, 1 Gy, dose rate of 1.37 Gy/min), and the second
tube was used for analyzing the spontaneous chromosome aberrations.

The preparations with metaphase cells for estimation of chromosome aberrations
were obtained by the standard method [11, 12]. 500 (for y-induced aberrations) or
1,000 (for spontaneous aberrations) of metaphases of the first mitosis per person
were analyzed. The differential assessment of aberrations of the chromosome type
(dicentric and ring chromosomes, acentrics, atypical monocentrics) and of chromatid
type (single and isochromatid fragments and exchanges) was carried out.
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The genotyping was accomplished using the allele-specific tetraprimer PCR. The
method allows the amplification of DNA fragments corresponding to the alternative
alleles in one tube. The amplification products are separated via electrophoresis on
an agarose gel without fluorescence labels. The studied polymorphic sites are listed
in Table 17.1. In the case of deletion-insertion polymorphism (GSTM1, GSTTI)
two genotypes were revealed: a “zero” one—homozygote by deletion (D/D) and a
“positive” one carrying a functional allele in the homo- or heterozygote state (I/*).
From here on * is related to an arbitrary allele.

Table 17.1 Average frequencies of spontaneous and induced aberrations per 100 cells (+SE) for
carriers of different genotypes

v- induced aberrations

Spontaneous aberrations (1 Gy in vitro)

Loci and Chromosome All Chromosome All
genotypes # type aberrations aberrations ~ # type aberrations aberrations
CYPIAI T/T 40 0.26x0.04 0.94+0.09 42 11.0+0.3 12.1£0.4
T606G T/G 41 0.25+0.05 0.87+0.12 43 11.4+03 12.9+0.4
152606345 G/G 12 0.15+0.06 0.68+0.10 12 9.4+0.6 10.4£0.8
CYPIAI /T 81 0.24+0.03 0.90+£0.08 84 11.1+0.2 12.4+0.3
T3801C T/C 11 0.23x0.07 0.74x£0.15 11 10.7+0.5 12.0+£0.6
rs4646903  C/C 1 035 0.47 2 89+29 9.8+3.4
CYPIAI A/A 88 0.24+0.03 0.89+0.07 91 11.0+0.2 12.3+0.3
A4889G
rs1048943  A/G 5 0.29+0.10 0.62+0.10 6 103+0.9 11.7x1,1
CYP2D6 G/A 28 0.27+0.05 098+0.11 28 11.3+x04 12.4+0.5
A1934G G/G 65 0.23+0.04 0.83+0.08 65 10.8+0.3 12.4+0.3
rs3892097
GSTM 1 D/D 35 0.20+0.05 0.80£0.09 39 11.2+04 123+04

17* 58  0.27+0.03 0.92+0.10 58 10.9+0.3 12.3+0.4
GSTT1 D/D 30 0.21+0.05 097+0.16 30 109+04 12.2+0.5

1/* 62  0.26+0.04 0.84+£0.07 67 11.0+0.3 12.3+0.3
GSTP1 A/A 47  0.24+0.04 0.83£0.08 48 10.8+0.4 12.0+£0.4
A313G A/G 37 0.26+0.05 0.87£0.08 40 11.4+0.3 12.7+0.4
rs1695 G/G 9 0.17+0.11 1.13+£0.49 9 10.5+0.5 123+1.2
comTt A/A 23 0.28+0.07 095+0.12 26 11.5+05 12.9+0.5
G1947A G/A 49 0.24+0.04 0.80£0.07 50 10.9+0.3 12.1+£0.3
rs4680 G/G 21 0.21+0.06 097022 21 10.6+0.5 12.1+0.7
NAT2 A/A 5 0.37%0.16 0.92+0.22 5 11.6=x1.1 12.6+1.2
G590A G/A 36 0.26+0.05 0.94+0.13 37 114+04 12.9+0.5
rs1799930 G/G 52 0.22+0.04 0.83+0.08 55 10.7+0.3 11.8+0.3
SOD2 C/C 27 0.22+0.05 0.82+0.10 28 10.7+0.4 11.7+£0.4
C47T C/T 43 0.24+0.05 093+0.12 45 11.3x04 12.7+0.4
rs4880 /T 23 0.26x0.05 0.84+0.10 24 10.9x0.5 12.1+0.5
CAT A/A 12 0.15+0.08 0.88+0.14 12 10.9+0.5 12.2+0.6
T21A T/A 44  0.26x0.09 0.84+0.09 46 10.6x0.3 11.8+0.4
rs7943316 T/T 37 0.25+0.05 092+0.13 39 11.5x04 12.9+0.5

(continued)
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Table 17.1 (continued)

v- induced aberrations

Spontaneous aberrations (1 Gy in vitro)
Loci and Chromosome All Chromosome All
genotypes # type aberrations aberrations  # type aberrations aberrations
GCLC Cc/C 78 0.25+0.03 0.90+0.08 81 11.1x0.2 12.5+0.3
C129T C/T 15 0.21+0.06 0.74+0.10 16 10.3+0.6 11.4+0.7
rs17883901
MTHFR C/C 43 0.22+0.04 0.80+0.06 46 10.8+0.3 11.9+04
C677T C/T 41 0.29+0.05 1.02+0.13 42 11.4x03 12.8+0.4
rs1801133  T/T 9 0.15+0.07 0.60+0.25 9 104+09 11.8+1.0
XRCCI1 C/C 84 0.21+0.03 0.82+0.07 87 11.10x£0.23 12.41+£0.28
C590T C/T 11 0.25+0.09 0.62+0.11 11 10.51x0.79 11.38+0.88
rs1799782  T/T 1 0.00 0.68 1 7.80 9.00
XRCCI1 G/G 44 0.23+0.04 0.88+0.12 45 11.53+0.31 13.02+0.41
G1996A G/A 44 0.20+0.04 0.72+0.06 46 10.64+0.34 11.73+0.38
rs 25487 A/A 8 0.14+0.04 0.75+0.17 8 10.07+0.56 11.05+0.71
XPD T/T 35 0.14+0.03 0.72+0.08 38 10.99+0.33 12.29+0.38
T2251G T/IG 44 0.23+0.04 0.79+0.11 44 11.04x0.34 12.28+0.44
rs13181 G/G 17 0.29+0.07 0.96+0.13 17 10.92+0.61 12.17+0.73
XPD G/G 37 0.15+0.03 0.86+0.13 39 11.02+0.35 12.35+0.46
G862A G/A 43 0.22+0.04 0.72+0.07 44 11.04x0.33 12.27+0.38
rs1799793  A/A 16  0.31+0.07 0.85+0.11 16 10.86x0.62 12.02+0.70
ERCCI G/G 77 0.23+0.03 0.83+0.07 80 11.12+0.25 12.39+0.31
G262T G/T 17 0.14+0.03 0.67+0.10 17 10.50%0.53 11.67+0.60
rs2298881 T/T 2 0.20+0.20 0.54+0.06 2 10.50+1.30 12.10+£1.30
ERCCI T/T 46 0.22+0.04 0.85+0.10 48 10.74+0.35 12.05+0.44
T354C T/C 30 0.20+0.04 0.79+0.10 31 11.60%0.29 12.80+0.38
rs11615 C/C 20 0.20+0.05 0.67+0.09 20 10.70x0.51 11.94+0.59
APEX1 T/T 35 0.24+0.05 0.77+0.06 35 10.90%0.40 12.09+0.45
T444G T/G 38 0.17+0.03 0.72+0.08 41 11.07x0.30 12.33+0.34
rs1130409 G/G 23 0.23+0.05 0.94+0.20 23 11.03%0.53 12.42+0.73
RAD23B Cc/C 75 0.20+0.03 0.82+0.07 78 11.09+0.25 12.40+0.30
C746 T C/T 21 0.23+0.05 0.69+0.11 21 10.68+0.50 11.76+£0.59
rs1805329
0GGl C/C 63 0.19+£0.03 0.77+0.09 65 10.75+0.25 12.03+0.33
C977G C/G 27 0.24+0.05 0.81+0.08 28 11.16x0.48 12.33+0.53
rs1052133  G/G 6 0.23+0.10 0.95+0.12 6 13.01+0.58 14.43+0.74
ATM G/G 49 0.22+0.04 0.78+0.05 51 11.00+0.31 12.11+0.34
G5557A G/A 46 0.20+0.04 0.79+0.11 47 11.02+0.33 12.43+0.43
rs1801516  A/A 1 0.10 1.60 1 1040 1.80
Tp53 G/G 57 0.21+0.04 0.85+0.09 59 11.17+0.29 12.55+0.35
G215C G/C 33 0.22+0.04 0.73+0.07 34 10.66+0.38 11.75+£0.45
rs1042522 C/C 6 0.15+0.07 0.64+0.17 6 11.25+£0.97 12.29+1.19

The cases of significant genotype differences are distinguished
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The statistical analysis was carried out by the standard methods with a WinSTAT
2003.1 package integrated into Excel. All assessments of the group frequencies of
aberrations were obtained as a result of the averaging of the individual frequencies
for persons with the specific genotype. The corresponding errors reflected the
intragroup variability of the frequencies of aberrations. For intergroup comparison,
a nonparametric Mann—Whitney test was used.

17.3 Results

The frequencies of spontaneous and y-induced chromosome aberrations for the
carriers of different genotypes are given in Table 17.1. The distributions of allele
frequencies for all loci studied were conform to the Hardy—Weinberg equilibrium
and did not differ from the data for the groups of the residents of the Central region
of Russia examined previously.

17.3.1 Association Studies of Spontaneous
Chromosome Aberrations

Genotype by GSTM1 locus had the most significant effect on the frequency of
spontaneous chromosome aberrations. The frequencies of aberrations of the chro-
mosome type for “positive” (I/*) and “zero” (D/D) genotype had very different
distributions (Fig. 17.1c). In particular, in 57% persons, which are homozygote by
GSTM1 deletion, the cells with the aberrations of chromosome type were not
found. For “positive” genotypes I/*, the corresponding index was equal to 27%
(OR=3.1; p=0.0095 by the precise Fischer criterion). However, the differences
between the average frequencies of the aberrations of chromosome type proved to
be at the limit of significance: 0.0020+0.0005 for homozygotes D/D against
0.0027 £0.0003 for I/* (p=0.049 by the Mann — Whitney test).

An essentially reduced frequency of spontaneous aberrations of the chromo-
some type was observed in donors, which are double homozygotes by the dele-
tions of GSTM1-GSTT1 loci (11 persons). In this group, only three donors showed
one aberration and eight donors had no aberrations of the chromosome type. In
double homozygotes by deletions, the differences in the average values comprise
0.0006 +0.0003 against 0.0027 £ 0.0003 for the rest of genotypes (p=0.018 by the
Mann — Whitney test).

The additive trend to an elevated frequency of aberrations of the chromosome type
was observed in the carriers of minor alleles of gene XPD (excision repair of
nucleotides — NER) in sites that were in linkage disequilibrium T2251G (Lys751Gln)
and G862A (Asp312Asn). In this connection the regression analysis of the depen-
dence of the frequency of chromosome aberrations on the total number of copies of
minor allele variants XPD*2251 G and XPD*862A was performed. Figure 17.2 shows
the results of this analysis: the correlation coefficient for 96 observations r=0.228 at
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Fig. 17.1 Distributions of frequencies of spontaneous and y-induced aberrations of the chromo-
some type for all sampling (a, b) and for different genotypes by loci GSTM1 (¢, d) and CYP1A1
T606G (e, f). In histograms (a, ¢, e), the extreme left group is composed uniquely of donors, in
which spontaneous aberrations of the chromosome type were not found

p=0.025. For group 4 (both sites are homozygote by minor alleles), the frequency of
induced chromosome aberrations is significantly higher compared to group 0 (both
sites are homozygote by major alleles): 0.0031+0.0017 against 0.0014+0.0003 at
p=0.026 by the Mann— Whitney Test. The combinations with both major and minor
homozygotes (i.e., 2251 G/G-862 G/G or 2251 T/T-862A/A) were not found that
results from a strong linkage disequilibrium of sites (D’ =0.772; p=2-10716).

Thus, the regression analysis allowed one to reveal the significant additive effects
of minor alleles in two sites of XPD gene as to the frequency of spontaneous aberra-
tions of the chromosome type, with the maximum effect being achieved in the carriers
of double minor homozygotes. The residual loci showed no significant associations
with the frequency of chromosome aberrations at the given level of sampling.
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Fig. 17.2 Frequency of spontaneous chromosome aberrations as a function of the total number of
minor alleles in sites T2251G and G862A of gene XPD. The average aberrations frequencies
(£SE) for the carriers of 0, 1, 2, 3, and 4 minor alleles are given. Class 4, for example, is composed
of double homozygotes by minor alleles

17.3.2 Association Studies of Induced Chromosome
Aberrations

The frequency of aberrations induced by y-irradiation dose of 1 Gy in vitro was
independent of genotype by GSTM locus (Fig. 17.1d), but proved to be reduced for
homozygotes G/G by a minor allele of gene CYPIAI T606G: 0.094 +0.006 against
0.112+0.005 for the carriers of a major allele T (p=0.004 by the Mann—Whitney
test). The differences in the distributions of the frequencies of chromosome aberra-
tions for these two genotypes are impressive (Fig. 17.1f). For the frequencies of
spontaneous chromosome aberrations, the analogous tendency proved to be insig-
nificant (Fig. 17.1e).

The significantly elevated level of induced aberrations of the chromosome type
was revealed for homozygotes T/T by major allele of locus CAT T21A: 0.115+0.004
against 0.106+0.003 for the carriers of a minor allele A (p=0.0269 by the
Mann — Whitney test).

The increase in the frequency of induced aberrations of the chromosome type was
associated with major variants of two sites of excision repair gene of bases (BER)
XRCCI: G1996A (Arg399GIn) and C580T (Argl94Trp). In spite of the strong
linkage disequilibrium (D’=0.998; p=0.006), the statistically significant results
were obtained for site G1996A only. In this case a major variant of site XRCCI1*G1996
was associated with the elevated frequencies of chromosome aberrations: 0.115+0.003
against 0.106+0.003 for the carriers of minor allele XRCCI1*1996A (p=0.007). The
analogous results were obtained for all types of aberrations: 0.0130+0.004 against
0.116x0.003 (p=0.006). For other site of the same gene C580T (Argl194Trp), the
effects were of the same type, but the differences were not significant.
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Fig. 17.3 Frequency of induced chromosome aberrations as a function of the total number of
minor alleles in sites G1996A and C580T of gene XRCC1. The average aberrations frequencies
(£SE) for the carriers of 0, 1, and 2 minor alleles are given. No carriers of 3 and 4 minor alleles
were found

Taking into account the obvious additivity of the observed effects, the regression
analysis of the dependence of the aberration frequency on the total number of copies
of minor allele variants in sites G1996A and C580T was carried out (Fig. 17.2). The
regression line is characteristic of correlation coefficient r=0.303 at p=0.002. The
extreme groups (Fig. 17.3) differ significantly by the frequencies of induced aberra-
tions of the chromosome type: 0.117+0.003 against 0.095+0.005 (p=0.0008).

Locus OGGI (BER) in site C977G (Ser326Cys) showed the association of a
specific aberrations (dicentrics and centric rings): 0.074+0.005 for minor allele with
increasing frequency of induced aberrations. The frequency of aberrations of the
chromosome type for homozygotes by minor allele OGGI*977 G comprised
0.130£0.006 against 0.109+0.002 for the carriers of a major allele in homo- or
heterozygote state (p=0.011). For all aberrations, the corresponding differences were
equal to 0.144+0.007 against 0.121+0.003 (p=0.024). Most significant differences
were observed for radiation-homozygotes by minor allele OGGI*977 G against
0.058+0.001 for the rest of genotypes (p=0.009 by the Mann—Whitney test). For the
frequencies of spontaneous aberrations, the analogous tendencies were not significant.

17.4 Discussion

By now 24 polymorphic sites functionally associated with the chromosome damage
are used in our study of radiosensitivity. The found effects are listed schematically
in Table 17.2.

While on the subject of general tendencies, the following observations should be
noted.
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Table 17.2 Associations of allele variants of polymorphic genes with the frequency
of aberrations of the chromosome type in blood lymphocytes by the results of this
work and previous publications

Spontaneous chromosome y- induced chromosome type

Locus type aberrations aberrations (1 Gy in vitro)
XRCCI - G/G?t
G1996A G/*

1s 25487

XRCCI - Cr*
C580T (p=0.002)
1s1799782

XPD

T2251G *IGt

rs13181

XPD /A1 _

G862A (p=0.025)

1s1799793

0GGl1 - G/G?t
C977G (p=0.011)
rs1052133

CYPIAI - G/G|
T606G (p=0.005)
1s2606345

GSTM1 171 -

Ins-Del (p=0.044)

CAT - T/T1
T21A (p=0.017)
157943316

The upward arrow indicates an elevated level of aberrations for the carriers of the specific
genotype. The braces indicate the combined action of allele related to different sites

1. The association of the DNA polymorphism with the frequencies of cytogenetic
damages is manifested to the greatest extent for aberrations of the chromosome
type. In this case the significant associations of chromatide aberrations with the
genetic polymorphism can be absent.

2. The frequencies of induced in vitro and spontaneous chromosome aberrations
are associated with different groups of polymorphic genes.

3. The relative differences in the average levels of aberrations for the carriers of
different genotypes are rather small: 10-20% for fy-induced aberrations
(»=0.002+0.01) and 30-50% for spontaneous aberrations of the chromosome
type (p=0.02+0.04). The shifts and changes in the type of distributions of the
aberrations frequency are seen to a much greater extent as the different geno-
types are compared (Fig. 17.1).
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Fig. 17.4 Meta-analysis of the data of 14 works (22 samplings) on the relationship of cytogenetic
disorders in the carriers of different genotypes by gene GSTM1. The average values (+SE) of the
ratio of FR of cytogenetic effects for genotype I/* to the analogous value for D/D are given. The
point size is proportional to the sampling volume

4. The differences between genotypes are often manifested while considering the
combined effects of several sites in linkage disequilibrium related to the same
gene, for example, as correlations of the aberrations number with the total num-
ber of minor alleles in these sites.
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5. The elevated level of spontaneous chromosome aberrations is associated with the
presence of minor allele variants (XPD, GSTM ). In this case the elevated radio-
sensitivity under irradiation in vitro is often associated with the presence of more
common (major) allele variants (XRCC1, CAT, CYPIAI). OGGI, site C977G
(Ser326Cys) was the unique gene, which showed the association of a minor
rather than a major allele with the increasing frequency of induced aberrations.

6. Many polymorphic sites, for which an essential association with the radiosensitivity
was suggested, did not show significant tendencies in the association with the
frequency of aberrations (for example, APEX, ATM, RAD23B, ERCCI, Tp53).

In conclusion, the results of meta-analysis of the dependence of chromosome
aberrations on genotype by locus GSTM 1 will be presented. The repeated attempts
to find the association between the radiosensitivity and DNA polymorphism are
related to this xenobiotics detoxication gene. It was suggested that the homozygotes
by deletion (D/D —“zero” genotypes) are more radiosensitive than the carriers of a
functional allele (I/* —“positive” genotypes). However, even in the first works on
this subject [6, 9], the contradictory results were obtained.

For meta-analysis, the results of 11 studies of the control and/or exposed popula-
tions as well as the data of three works on the irradiation in vitro were chosen.
Figure 17.4 shows the forest plot for the frequency ratio (FR=p /p,), where p, and p,
are the frequencies of cytogenetic disorders (aberrations of chromosomes or micronu-
clei) in carriers of “positive” and “zero” genotypes, respectively. The above data dem-
onstrate no significant heterogeneity. The proportion of variation attributable to the
heterogeneity (Higgins—Thompson %): ’=10.6% (95%CI=0.0+45.1%). According
to the fixed-effect model the average value FR (+SE) by overall data is equal to
1.03£0.02 (95%CI=0.98 +1.07). Thus, by overall data, significant differences of the
average FR from unity are not observed (two-taled p=0.11 for Z test).
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Chapter 18

Radioecology of the Future: The Problem
of Final Geological Disposal

of Radioactive Wastes

Arrigo A. Cigna

Abstract The ethical principle according which the concept of “sustainable
development” implies “satisfying the needs of the present, without compromising
the ability of future generations to meet their own needs” is considered to be and
absolute principle. Nevertheless also absolute principles have a their own range of
application. Outside such a range they may lead to unwanted situations. With
reference to radioactive wastes they should be managed in a way that secures an
acceptable level of protection for human health and the environment, and affords
to future generations at least the level of safety, which is acceptable today, But by
referring to the rate of evolution of the human society with an extremely great
increase in the last centuries, it is not possible to consider the far future genera-
tions as equivalent to the current one. In particular, the trend of evolution of the
human society forecasts a strong acceleration never observed till now. Consequently
the habits of the far future generations will be totally different from the today.
Therefore also the criteria to be adopted for the safe containment of a geological
repository must be take into account this fact. In fact it must be stressed that an
excessive degree of protection implies, very often, only a waste of resources without
any advantage and implying an absolute negative balance.
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18.1 Introduction

The problem of the radioactive wastes is generally considered as probably the most
relevant one for the development of nuclear energy. Frequently there is confusion
between the perception of public and the achievements of science and technology.
The result of such confusion is the statement that problem of the radioactive wastes
has not yet found a solution.

Another source of confusion is the inclusion in the big basket of the radioactive
wastes any kind of them without any difference among them: low, medium and high
levels, alpha emitters and long living radionuclides.

For the purpose of this paper the High-Level Wastes (HLW) generated by the
reprocessing of spent fuel from nuclear power reactors to recover uranium and
plutonium, and the Alpha-Bearing Wastes (ABW) that are contaminated with long
lived, alpha emitting nuclides are considered. Spent fuel that is not reprocessed is
also considered a High-Level waste [11].

Such High-Level and Long-Lived wastes could be disposed of in mined deep
underground repositories, while the medium and low level wastes do not require
such a long and stringent isolation. But sometimes, under the pressure of the public
opinion, which is frightened qualitatively by radioactivity without any consider-
ation for the quantities involved, the authorities concerned with the problem of the
radioactive wastes choose to avoid any distinction and any type of radioactive waste
is disposed of in the same repository. Other radioactive wastes are normally kept in
surface deposits and do not imply relevant problems.

It is never stressed enough that the problem of radioactive wastes is purely political
because the solutions from a scientifical and technological point of view have already
been found.

18.2 Ethical and Environmental Considerations

The timescales over which the intrinsic toxicity of long-lived radioactive wastes can
extend go well beyond the life spans of current or forthcoming generations, for
many thousands of years into the future. Therefore, for fairness and equity consid-
erations, the current generations are responsible for the risks and burdens to future
generations [11].

Such an ethical principle has been illustrated by the World Commission on
Environment and Development using the concept of “sustainable development” put
forward by the so called “Bruntland Commission” [43] and defined as: “satisfying
the needs of the present, without compromising the ability of future generations to
meet their own needs”.

This principle was taken into account as the basis for assessing the acceptability
of strategies for the long-term management of radioactive wastes [38]. The practical
implementation of this principle, when applied to very long time intervals, implies a
number of factors and requires a special attention. The Radioactive Waste Management
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Committee of the OECD Nuclear Energy Agency reported that in the management
of wastes having a long term potential for harm, interest focuses on two classes of
ethical concern.

The first is the achievement of “intergenerational equity” to minimize the
resource and risk burdens passed to future generations by the current generations
which produce the wastes. The second concern is the achievement of “intragenera-
tional equity” and in particular an ethical approach to the handling, within current
generations, of questions of resource allocation and of public involvement in the
decision-making process [38].

While the latter class does not rise particular objections provided the public
involvement is assured within the frame of persons with at least a minimum of com-
petence on the matter, the former must be based not only on a theoretical principle
but also the effect of the evolution of the human society must be taken into account,
as it will be discussed later with more details.

18.3 Systematic Comparison of Emplacement Options

After an interim storage to obtain the elimination of the short-lived fission products,
the radioactive wastes have to be disposed of in a suitable repository, which can be
placed in different environments. According the long-term isolation strategy, the
high-level wastes can be emplaced in deep geological formations; three land-based
options can be considered: clay, hard rock and salt. In the past, as a possible alterna-
tive to land disposal, the sub-seabed emplacement was considered. But in 1972 the
contracting parties of the London Convention decided the total ban of immersion of
radioactive wastes into the sea, and the sub-seabed alternative was abandoned. The
same parties voted a total ban on the disposal at sea of radioactive wastes and other
radioactive matter in November 1993 [39].

18.3.1 The Pagis Project

In 1982, within the European Community, it was started a project for Performance
Assessment of Geological Isolation Systems (PAGIS). This exercise was conceived
as an intermediate step between the generic site independent safety assessment and
those made in view of the licensing of particular disposal sites. A large body of
scientists in EC countries have worked together for 6 years producing both the data
and the methods required for the analysis. In particular sensitivity analysis of model
parameters has shown the areas where additional research will be more effective for
decreasing the uncertainty. In this chapter the results and conclusions obtained by
PAGIS are reported [8].

The reference waste arising refer to the high level waste from Light Water
Reactors spent fuel reprocessed by the Purex process, vitrified as borosilicate glass
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and contained in stainless steel canisters; in PAGIS Project the interim storage
before disposal was assumed to be from 30 to 100 years. For continental repositories,
the reference designs are based essentially on the shaft-gallery-borehole concept.
For the sub-seabed option, the information has been obtained from the Seabed
Working Group of OECD-NEA [34]; the free fall penetrator is the reference
emplacement technique, the drilled hole being the variant.

The multibarrier concept for describing the pathway to man of the radionuclides
has been adopted. For each option, “normal evolution scenarios” representing the
gradual changes, which may be expected on the basis of the geological trends and the
information available on the repository effects, were firstly considered. Then, “altered
evolution scenarios”, representing perturbation by events largely of probabilistic
nature, which can modify the parameters determining the normal evolution, or
generate new evolution scenarios, were also taken into account.

18.3.1.1 Clay Formations

The low permeability of clay results in negligible pore water movements and its
high retention capacity for many radionuclides further reduces radionuclide
migration. In the PAGIS study, the Mol site has been chosen as reference site
where a sub-horizontal Boom clay formation 110 m thick is covered by at least
160 m sediments.

In a normal evolution scenario the majority of the radioisotopes, which would
be released from the waste packages, do not travel beyond a few metres from the
repository and disappear through decay. Only a few long-lived nuclides poorly
absorbed in the clay matrix are able to induce a contaminated plume in the aquifer
in at least half a million years before any significant radioactivity would be noticed
at the surface.

Altered evolution scenarios have been analyzed. A fault crossing the repository
would not change the situation found for the normal evolution scenario because
only a very limited portion of the repository would be affected. If heavy climatic
changes would occur, the radionuclides dilution would be reduced by a factor of
four compared with that computed for the normal evolution.

As a conclusion, a clay formation can ensure long-term protection for a high-level
waste repository, provided that the clay layer has a sufficient thickness and care is
taken in characterising the overlying aquifers.

18.3.1.2 Granite Formations

The very low permeability of granite, if not exceedingly fractured, and the large
and stable formations commonly found, allows a very slow groundwater move-
ment with long pathways to the biosphere. Auriat, in France, was the reference
site for PAGIS since it has been the subject of geological and hydrogeological
investigations.
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No appreciable exposure is expected before 250,000 years for a normal evolution
scenario. The case of a human intrusion was considered as an altered evolution
scenario. By assuming that a cavity would be excavated in the vicinity of the reposi-
tory, the underground water system would be perturbed and workers and surface
dwellers exposed. The probability of such an event is expected to be low and the
consequences of an intrusion at 100,000 years would result in an exposure of
the same order of magnitude of that due to miners by the natural background from
the rock itself. Vertical faults would also have negligible effects unless connected by
horizontal pathways through the repository.

Uncertainties are relatively large as compared with the other continental options
but the high-level waste would be adequately confined in granite if an appropriate
repository design is made and good rock properties in a thickness of 10 m are
available.

18.3.1.3 Salt Formations

The almost complete absence of water in the salt formation and the capacity of rock
salt to quickly fill any open cavity prevent radionuclides migration. The reference
site for PAGIS was the salt dome at Gorleben in Germany where a large amount of
information has been collected.

Under normal evolution scenario, no contamination can attain the biosphere
unless dissolution of the salt dome itself would allow the aquifers to reach the repos-
itory level. It was assumed a dissolution rate of 0.033 mm/a and therefore the time
span involved in the release would be of the order of million of years.

An altered evolution scenario involving brine intrusion via an anhydrite vein
which may intersect the access shaft would not result in radionuclides release unless
the presence of an undetected brine pocket near to a corner borehole is postulated
together with an early intrusion time within 200 years after the closure of the reposi-
tory. Also under all these very pessimistic assumptions, the release would occur
20,000 years after disposal, and the exposure of local people would be similar to
that occurring in the normal evolution scenario. These results show that the long-
term protection can be ensured by rock salt, since extreme situations are needed in
order to allow the radioactivity to reach the biosphere.

18.3.1.4 Sub-seabed

In the seabed there are very thick sedimentary layers with long-term stability where
radioactive waste, conditioned in suitable containers, could be emplaced. Two alter-
native methods were considered: the freefall penetrators containing the canisters of
vitrified waste or their emplacement in boreholes drilled in the lithified sediment
below the unconsolidated one; the reference area was the Great Meteor East on the
Madeira Abyssal Plain in NE Atlantic.
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The normal evolution scenario has been defined as the slow degradation of the
waste packages, diffusion of radionuclides through the sediments, dispersion in
the ocean and exposure pathway to man mainly via marine foodstuff. The maxi-
mum exposure would occur 100,000 years after disposal with values less than one
millionth lower than the natural background.

Altered evolution scenarios covering a range of natural events, human actions
and accidents including damaged penetrators on the seafloor have been considered.
In the worst case the maximum exposure would always be one thousandth lower
than the natural background.

Therefore the post emplacements doses and risks from the disposal of high level
waste in the sub-seabed are negligible. As it was reported above, this solution was
abandoned after the decision of the London Convention.

It must be emphasised that the option of the sea dumping of both large and
heavy blocks of concrete and iron pipes (which in principle could be contaminated
essentially by °Co by neutron activation) would have been the cheaper solution
with a negligible detriment of the marine environment.

18.3.2 The Radiological Effects of Radioactive Wastes

The International Nuclear Fuel Cycle Evaluation (INFCE) was organized at a con-
ference held in Washington, DC, on 19-21 October 1977. The participants defined
a programme based upon the principles that nuclear energy for peaceful purposes
should be made widely available to meet the world’s energy requirements, the
danger of proliferation of nuclear weapons should be minimized without jeopar-
dizing the development of nuclear energy and the specific need and conditions in
developing countries.

Since then on, INFCE was supported by IAEA and a series of meetings took
place from 1978 to 1980. Environmental, health and safety issues were addressed
by the INFCE Working Groups within their terms of reference, to determine
whether specific fuel cycle activities could be carried out in conformity with
accepted standards and study of these problems showed that these standards could
be respected [16].

The radiological effects have been extensively examined by INFCE with refer-
ence to the different fuel cycles taken into account [17] and by PAGIS Project with
reference to different disposal options [8].

In addition, it must be stressed that the assessment presented by INFCE are not
site-specific and they are attempts to obtain representative values of the collective
dose commitments resulting from disposal of radioactive wastes for comparison
between different fuel cycle alternatives. On the other hand the PAGIS Project
aimed to obtain data from reference sites, which are, therefore, site-specific.
Therefore any comparison between these two sets of data must take into account
their intrinsic differences.
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The calculations to evaluate the radiological impact have been made by INFCE on
the basis of ICRP Publication 26 [18]. It was not deemed necessary to update the
results for the purpose of this work by taking into account the changes (e.g., in the
weighting factors) introduced by ICRP in its more recent publications. The collective
dose commitment from different sources and fuel cycle are now reported.

18.3.2.1 Mill Tailings

The radiological contribution of thorium mill tailings can be neglected in comparison
to that of uranium mill tailings [3]. Therefore only the latter will be taken into account.
In addition to the assumptions listed before in the descriptions of the different nuclear
fuel cycles, calculations were carried out assuming that the tailings are covered with
2 m of soil and that the population distribution around mills is of 3 person/km? at
short distances (less than 80 km) and 25 person/km? at greater distance [42].

In the present assessment it is also assumed that the mean residence time of *Ra
and ?°Th in mill tailings is 1,000 years, these elements being gradually removed
from the tailings area to circulating waters.

18.3.2.2 Geological Repositories

The behaviour of the radionuclides in the wastes depends on the characteristics of the
containers [3]. Notwithstanding that, in principle, the life of such containers could be
much longer and for the purpose of the collective dose assessment it is assumed that
the mean life of containers is over 1,000 years. At the same time it is assumed a leach
rate of about 4+ 10~ of the borosilicate glass. Therefore the complete dissolution of
the glass would take over 3 10* years. The conservative estimate of the delay before
release would be, then, in the range 10*~10° years. Successively the radionuclides
would start their pathway according to the characteristics of the repository.

In the previous chapters fours options have been described (clay; granite, salt and
sub-seabed). As no realistic values of the delay provided by geological isolation for
each waste radionuclide are available, the assessment presented by INFCE cannot be
carried out by using sophisticated compartment analysis of the time functions of the
resulting contamination of the biosphere. This type of analysis is more applicable to
site-specific assessments.

Therefore, the collective dose commitment has been roughly estimated to range
between two extreme values, corresponding to the entry into circulating waters of an
undisturbed mixture of waste radionuclides of an age taken to be equal, respectively,
either to the shortest or to the longest delay found for the nuclides of the mixture.

Taking into account the engineered isolation factors and the time of water migra-
tion, it was assumed that 10° years is representative of the delay without sorption of
radionuclides and a delay of the order of 10° years was taken to represent the case
where sorption is the main retardation factor.
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An assessment carried out for INFCE by a geosphere model [6] for an hypothetical
repository in a reference salt formation involving a geological event as a release
assumption, found estimated arrival times for fission products and actinides ranging
from 6.7+10° to 8.1+107 years. Such values agree acceptably well with the order of
magnitude of 106 years reported before.

It is interesting to compare the assumptions made by INFCE for the delay of
the release of radionuclides with the evaluation found by PAGIS for the reference
sites and reported in a previous chapter: once again the agreement is quite accept-
able. This means that the results obtained by INFCE are still valid after 10 years
and a large amount of rather detailed studies have not modified the main INFCE
conclusions.

18.3.2.3 Assessment of Dose Commitments from Waste
Repositories: INFCE

For the assessment of the dose commitments from waste repositories, the transport
of the long-lived radionuclides by groundwater was considered to be the normal
mechanism by which they return to the biosphere notwithstanding that disposal
repositories are located in formations with a very scarce amount of migrating
groundwater [3].

It was found that the drinking water and fish consumption pathways give the
most important contribute to the dose to man. Also irrigation of crops, when
practiced, can contribute significantly while other fresh water pathways are in
general negligible for the collective dose.

The ocean contribution may result either from the fresh waters flowing into the
sea or when the exposure pathway starts directly from the sea as, e.g., in the case
of the sub-seabed disposal. Several pathways are considered in the assessment of
the human exposure from radionuclides dispersed into the marine environment:
fish and seafood consumption and sediment resuspension inhalation. It was found
that external exposure to sediments in general contributes negligibly to the collective
dose commitment compared to the other pathways.

When unconventional pathways are considered, because they may be added in the
future, also desalted water contribution appears to be negligible because desalination
processes will separate most radionuclides from the water with varying decontami-
nation factors, probably in the order of 100. On the contrary small zooplankton might
have conceptually a significant contribution to the collective dose commitment, as
the concentration factors for many radionuclides in plankton are substantially higher
than in fish.

18.3.2.4 Collective Dose Commitments

In Table 18.1 a summary of collective dose commitments (maneSv) from waste
arisings of reference fuel cycles per GW_¢a is reported.
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Table 18.2 Summary of the incomplete (500 years) collective dose commitments (man * Sv) from
waste arisings of reference fuel cycles per GW_ +a [3]

LWR FBR HWR HTR

Once U-Pu U-Pu Once U-Pu U-Th U-Th

through cycle cycle through cycle cycle cycle
From: 3.7 0.2 0.4 11 0.1 1.2 0.6
To: 7.9 0.8 1.3 16 0.9 5.7 3.5

As it was stated in advance, the estimation of the collective dose commitment
has been carried out by integration to infinity. This procedure implies knowledge
of the future, which is totally unrealistic because the evolution of the human
society is continuously accelerated and therefore it is absolutely impossible to
argue what will be the size, the habits and the needs of human kind in, e.g., 10°
or 10° years.

Therefore, when the exposures are delivered over very long time after the practice
has ceased, the estimation of the incomplete collective dose commitments, i.e. the
collective dose commitments integrated over only a few hundred years, provide a
useful tool for the evaluation of impact which can be expected in the near future. In
Table 18.2 are reported the ranges of the incomplete collective dose commitment
(maneSv) from waste arisings of reference fuel cycles per GW_*a integrated over
500 years.

18.3.2.5 Individual Doses

The doses to the most exposed individual could obviously be higher than the popula-
tion average doses. The actual values would be site-specific and it is not possible to
have a generic estimate. Within the INFCE programme two assessments were carried
out to evaluate at least the order of magnitude for somewhat idealized sites.

The first one refers to a repository in a salt formation at 250 m below the surface
located in a large sedimentary basin. The release assumption involves a geological
event creating a fracture, which results in brine flowing through the repository. The
maximum annual effective dose equivalent ranges between the lowest 21077 Sv/a
for fuel cycle strategy “Light Water Reactor, U-Pu with reprocessing” and 3¢ 107 Sv/a
for fuel cycle strategy “Light Water Reactor, once through”. The time of occurrence
of all doses is of the order of 10° years [3, 6].

In another study, the individual doses from a repository in granite were assessed
for possible sites in Sweden. The release was postulated to occur by groundwater
flow and different pathways were considered including also ingestion, inhalation
and external irradiation. The maximum value was estimated to be of the order of
10~* Sv/a after periods exceeding 10° years [23].

It can be assumed, therefore, that the maximum doses to the critical group in the
vicinity of repositories will be very low and occur in a very far distant future, well
beyond the time interval, which can be reasonably taken into account.
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18.3.2.6 Assessment of Dose Commitments from Waste
Repositories: PAGIS

The models adopted by PAGIS are more sophisticated than those utilized by INFCE
because in the decade elapsed between the two projects the knowledge of the behav-
iour of radionuclides in the global environment largely increased [8].

The concept of near-field and far-field compartments was adopted. The former
extends to the limit where the host rock is unaffected by the disposal techniques or
alterated by the presence of waste; beyond this, there is the far-field region which
include the remaining host rock and the surrounding geosphere.

Two sets of models were used in general. The first set represents at the best the
current knowledge of the various physical-chemical phenomena involved in the
release and migration of radionuclides. Such models are used for deterministic evalu-
ations of doses. But, when repeated calculations are needed in order to statistically
simulate the behaviour of the repository, another set of models, more appropriate for
a stochastic approach, was elaborated. Multidimensional geosphere models have
mostly been used in the deterministic calculations, while simplified 1-D models have
been employed for the stochastic evaluations. A crucial work of calibration linked
the two sets of models to ensure an agreement between them. An advantage of using
such advanced models was the possibility to evaluate, in addition to doses, also
the local sensitivity (response of the dose rate to perturbations of single parameters)
and to carry out the uncertainty (distribution of dose-time functions) and the global
sensitivity analysis.

All relevant pathways from the underground aquifers to man were considered.
Since there are no justifiable procedures to forecast human habits and diets in the long
term, the biosphere parameters were assumed to be constant with time, neglecting
spatial variability as well. The “hypothetical critical group” was characterized by very
high food consumption rates that are unlikely to be reached in future generations’ diet.
As it was anticipated in a previous chapter, both a normal evolution dose rate and
altered evolutions dose rates were evaluated.

18.3.2.7 Collective Dose Commitments

The collective dose commitment was calculated only for the case of the sub-seabed
reference repository of the Great Meteor East area in the Madeira Abyssal Plain
(Atlantic Ocean). It was found to be 1.2¢10* man Sv, most of which being delivered
by 109 years, with the collective dose rate reaching a peak at 10° years [28].

18.3.2.8 Individual Doses

These values are available for each repository and some results are summarized in
Table 18.3.
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It must be emphasized the great detail achieved in the case of the sub-seabed
repository in comparison with the other options. This fact is due mainly to two rea-
sons. Firstly, on account of the models which have been developed for the marine
environment in the framework of CRESP [29, 30, 32, 33, 35, 36, 39]. In addition, a
relevant research on ocean-floor burial of high-level waste have been carried out
since 1977 in the framework of the Seabed Working Group established under the
Radioactive Waste Management Committee of the OECD Nuclear Energy Agency.

The work of the Seabed Working Group provided scientific and technical infor-
mation to assess the safety and engineering feasibility of seabed disposal. The
results were published in a series of eight volumes [7, 12, 14, 24, 25, 34, 40, 41].
They are consistent with those obtained within the PAGIS framework.

18.4 Environmental and Ethical Aspects

The basic principles of radiation protection underwent a certain evolution to take
into account all the possible implications, which became evident with time. In par-
ticular, when radioactive wastes containing long-lived radionuclides are involved,
there is the problem of far future detriments. It is evident that such detriments could
be treated differently from the present ones. This would imply the assumption of a
weighting factor with respect to the present or the immediately foreseeable future.

Because of social time preferences less weight could be assigned to far future detri-
ments. But, for ethical considerations, the opposite assumption could be made because
people who neither have an advantage from the practice would incur such far future
detriments nor had any influence on the decision leading to their exposure [19, 31].

Calculations of doses resulting several thousands of years from now are based on
current living habits and any estimate of far future living conditions would be largely
speculative. Therefore these calculations are an illustration of what the doses would
be if the release occurred today, rather than as a prediction of the actual dose to
some human living in the far future [38].

In ICRP Publication 60 [20] it is reported that when the current practices give
rise to doses, that will be received in the future (and sometimes in the far future),
these future doses should be taken into account in the protection of both populations
and individuals, although not necessarily on the same basis as is used for current
doses. Also the probability of incurring such future exposures is important, in addi-
tion to the magnitude of the exposures.

On the practical side, there are difficulties in predicting future conditions, whether
demographic, biological, physical or other aspects, with sufficient confidence to
make useful estimates of long term radiation impacts [19]. Another aspect of the
problem of exposures in the far future is related to the evaluation of collective doses
over long timescales of 10*~10° years. This aspect has been studied by Barraclough
et al. [4] and their conclusion was that in decision-making, less significance should
be attached to collective dose estimates relating to periods beyond 500 years into the
future than those relating to shorter time periods.
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If the extrapolation of the present society is taken into account, also a time interval
of 500 years is probably too long. The habits and the problems of mankind 500 years
ago, i.e. at the time of the discovery of the New World, were rather different from
today and any extrapolation from that time into our present time would have resulted
in a substantially wrong description of the present situation. Since the evolution of
the society is faster now than in the past, another unpredictable factor adds its contri-
bution in the general uncertainty.

When much longer time intervals are involved, any extrapolation becomes totally
unreliable. In fact, if one of our ancestors (e.g. a Neanderthal man) had forecasted
the needs of our society based on his available knowledge, he would have identified
the flint as the limiting factor for society’s development and the degree of civilisa-
tion attainable [10]. Of course the results of such an analysis would have been com-
pletely wrong, notwithstanding a set of correct starting data, because other factors
have substantially changed the situation in the meantime.

There is no reason to consider ourselves in a better position to assume that ionizing
radiations will be a threat for populations in the far-future: for example cancer will
probably not be so important in the future as it is today [9, 22, 27]. A comparison with
the past, as given in Fig. 18.1, clarifies the concept of the impossibility to obtain
reliable forecast over very long periods.

The scenarios and the models adopted by the different projects lead to dose
assessments, which are rather low. Nevertheless it must be emphasized that there
is a good chance that such assessments are wrong because they are too much con-
servative, i.e. pessimistic. In fact there are some examples resulting from special
geological conditions, which give results more optimistic.

The Oklo phenomenon has been studied extensively [5, 13, 15] and the natural
reactor zones contain essentially all of the radioactive material present at the end of
the reaction period. Isotopic analysis of the uranium grains in a microscopic scale
showed that fission products and **Pu had remained immobile until they became
harmless by radioactive decay.

Another case is given by the ore deposit of Koongara at Alligator Rivers
(Australia) where the radionuclides in the superficial layer subject to the leaching
by the meteoric water moved downstream some ten of meters in millions of years
but they did not move at all in the deeper protected layers [37].

Also an open pit uranium mine at Pocos de Caldas, Minas Gerais, Brazil, was
extensively studied with similar results. Therefore, when the natural analogues are
taken as a kind of validation of the models [2], it should be concluded that the evalu-
ations obtained by such models are to be considered as a pessimistic upper level of
what can be really expected.

18.5 The International Recommendations

The recommended limit of the effective dose for the public is presently estab-
lished in 1 mSv in a year (the average over 5 years must not exceed 1 mSv per
year) [20]. This dose limit applies to the sum of the relevant doses from external
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Fig. 18.1 A comparison between the geological repository life and the geological time scale
(From [1], modified)

exposure during 1 year and the 50-year committed dose from that year’s intake
of radionuclides. When both individual and collective exposures are small and
not in excess of the dose limits, it is adequate to use the product of the expected
dose and its probability of occurrence as if this were a dose that was certain to
occur [20].

To avoid that limited resources are wasted on trivial problems at the cost of
neglecting major problems it is necessary have exemption rules. An annual proba-
bility of death of the order of 10~ per year is largely accepted, because it is not taken
into account by individuals in their decision as to actions that could influence their
risks. This level of risk corresponds to an annual dose of the order of 10~° Sv. In
order to ensure that the total annual dose to a single individual will not exceed this
value, it is almost certain that this result is achieved if the annual individual dose
exemption criterion is reduced by a factor of ten [19].
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Therefore, most regulatory systems include provisions for granting exemptions:
the grounds for exemptions are that the source gives rise to small individual doses
(of the order of 107° Sv per year) and regulatory provisions will produce little or no
improvement in dose reduction since the protection is optimised. If the collective
dose is small (of the order of 1 man Sv per year) protection is often assumed to be
optimised [21].

18.6 Conclusion

The ethical principle adopted can be summarized as follows: wastes should be
managed in a way that secures an acceptable level of protection for human health
and the environment, and affords to future generations at least the level of safety
which is acceptable today, but there seems to be no ethical basis for discounting
future health and environmental damage risks [38]. This strategy should aim at
bequeathing a passively safe situation, which places no reliance on active institu-
tional controls [11].

As reported above, such assumptions do not take into account anything else than
the characteristics of the present environment and are designated to assure a strict
compliance with the requirements of the present society.

Now let’s move back into the past in a prehistoric time, e.g. 10,000 years ago, and
imagine a meeting at the Grotta Romanelli, a well known prehistoric cave in South
Italy where a Mesolithic culture developed. At that time, the world population was
about ten million people and the “Gotha” of the Romanellian culture had their G1 to
discuss the problem of mankind evolution.

A number of person inhabited caves or rock shelters and, if the number of
individuals increased too much (let’s say to six billions...) there would have been
a shortage of caves suitable for living in. But the solution of rock shelters sug-
gested a good way out, i.e. by building artificial equivalents to rock shelters as
huts or pile-dwellings according the local environmental characteristics.

But another important issue, concerning technology, had to be considered. By
taking into account the trend of the number of individuals, which was assured to have
a steady increase, the participants to their G1, who were extremely careful about the
life style of the future generations, focused on the identification of the limiting factor
after a very long time interval. On the basis of their living habits the answer was
easily obtained. At that time they were already compelled to look for flint even in
distant locations, therefore if the mankind evolution would have resulted in a very
large number of individuals, as for instance the six billions quoted above, the avail-
ability of flint-stones was unanimously identified as the limiting factor: after, for
example. 10,000 years, would there have been enough flint-stones for the needs of
everyone? Certainly not, at least on the basis of their knowledge and experience.

Now, contrary to the wise, but wrong, forecast of our ancestors, flint-stones can-
not be considered a limiting factor for us, because life style and habits evolved in a
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way totally different from the view of our ancestors. This fact confirms that an
extrapolation into an age far removed from our own leads to completely wrong
conclusions.

The evolution of mankind in the past 10,000 years was absolutely not uniform.
In a mathematical slang the second derivative of the evolution is positive, i.e. its
speed increases with time. Life habits changed very slowly from Mesolithic to
Neolithic. Later on, in historical time, the life styles of every day during the Egyptian,
the Greek, the Roman, the Middle Age cultures kept rather similar.

But after the industrial revolution the changes were every day more important, up to
the present time when we perceive a great change within a single generation. In fact,
most of the world’s industrial production has taken place in the last few centuries.

Many problems facing the present society are already totally different from those
of few tens years ago. Therefore the life habits of human kind evolve presently
faster and faster and in a rather close future they may become quite different from
the previous ones. Already beyond 100 years from now it is very hard to foresee the
development of ecology, medicine, technology, economy and social structure.

Therefore, it is absolutely not justified to choose a management of radioactive
wastes based only on radioactive decay without any consideration for the biosphere
and living habits of the humans that are expected to change drastically in less than
a few hundred years.

Someone could object that the biological characteristics of human individuals
with respect to radiation could (or would) be the same of today, but as pneumonia is
no longer a mortal illness as it was only some tens of years ago, it is unlikely that
cancer will keep the same degree of gravity of today after some hundreds of years.

The uncertainties associated with assessment results increase with time and at
present it is not possible to make any reliable forecast of the life style of far future
generations. Nevertheless, it is possible to identify two likely main trends: a con-
tinuation of the fast evolution observed in the last centuries or a disruption of this
mechanism followed by a return to rather primitive conditions.

In the first case, it is obvious to imagine that mankind should have such a com-
petence and technological capacity to face any possible contact with the radioactive
waste both as a consequence of an intrusion and a release for a natural event.

In the second case, with a mankind decayed to habits and life style similar to
those of prehistoric times (it could be defined a “post historical” mankind) the
chance of an intrusion would not exist for lack of a suitable technology while the
risk from a release due to a natural event would be unimportant on account of the
small probability to have a population in the area interested by the release. But, what
is much more relevant, the danger of this event would be negligible in comparison
to the dangers in the environment inhabited by our poor descendants.

The validity of the ethical principle of offering to society a satisfactory level of
safety for both current and future generations is not questioned but it must be empha-
sized that the same current needs cannot be considered valid for any future genera-
tion. Previously it was pointed out the large difference between the Romanellian
population and the present generation, which would have obviously implied at pres-
ent an absurd statement, about the limiting factor for future development.



216 A.A. Cigna

Since the speed of the evolution of human kind is every day faster, the ethical
principle reported above must be applied by taking into account the potential
evolving requirements of the future generations which will be affected by the
decision of the current generation. A servile application of the principle by attrib-
uting the same current requirements to far away future generations would imply
unjustified burdens, which would be, not only useless to the future generations but
could also result in a waste of resources.

If these considerations are taken into account, the ethical principle reported
above implies an important change of some current positions. In particular 95% of
the potential energy is still contained in the used fuel after the first cycle. Therefore,
since uranium is a limited resource (even if more abundant than oil), the recycle of
used fuel should be adopted to achieve a better efficiency. The advantage would be
double because, by so doing, a very long-lived radioisotope (T, ,=24,000 years for
2%Pu) would be no longer discarded as a waste but used in the new fuel. At the same
time this radionuclide, relevant from the point of view of proliferation, would be no
longer present among the waste.

The criterion of having a number of safe requirements implemented for 10,000
or 100,000 years after disposal as currently assumed by some regulatory authori-
ties, is absolutely not justified since in such a long time interval the human society
(if still existing!) is expected to be totally different from the present generation.

Therefore the safe requirements to be applied to a geological repository should
be assured for a much more limited time interval, e.g. a few generations. Even by
adding a coefficient of safety to take care of unforeseen events, a safe containment
for few centuries would assure to the future generations the same treatment accepted
for the present one. Obviously such time lengths belong to the human scale and not
to the geological one, and the burden charged to the current generation is, therefore,
perfectly acceptable.

In addition it must be emphasised that the problem of the radioactive waste
disposal is purely political since the technological solutions now available comply
perfectly with the radiation protection requirements and the ethical principles.

The point of view described here can be adequately summarized by a passage of an
Italian writer Giuseppe Tomasi di Lampedusa in his book “The leopard” (Chap. 18.1):
“For us a palliative promising to last for one hundred years is equivalent to eternity.
We may even be worried about our sons, perhaps about our grandchildren; but beyond
those we may hope to caress with there hands, we ha no obligation to fulfil”.
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Chapter 19

Reproductive Effects from Chronic,
Multigenerational, Low Dose Rate
Exposures to Radiation

Thomas G. Hinton, Daniel Coughlin, Yi Yi, Travis Glenn,
and John Zimbrick

Abstract Relatively few experiments have been conducted on the effects to
organisms following long-term exposures to low levels of radiation. Even fewer
studies have examined the effects of radiological exposures to multiple genera-
tions of organisms. Speculations that damage will accumulate and be greater with
each passing generation are plausible. Alternative, opposing views that adaptive
response and repair mechanisms will counter the effects, such that damage does
not increase with each generation, are equally plausible. Few data exist to support
one hypothesis over the other, particularly for chronic, low-level exposures to
vertebrate organisms. Our research explored exposures of low-dose irradiation to
multiple generations of a model vertebrate organism, Japanese medaka (Oryzias
latipes), one of the most widely used fish in comparative mutagenesis and carcino-
genesis studies. A unique outdoor irradiation facility allowed us to examine effects
to five generations of medaka that were continuously irradiated to different dose
rates. The dose rates bracketed the IAEA guideline for acceptable chronic exposures
to aquatic wildlife (10 mGy day™"), and thus were a test to see if the guidelines
were applicable for multigenerational exposures. The effects on reproductive
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endpoints that might influence population dynamics were examined. Our intention
was to test the hypothesis that multigenerational exposures to low dose rate irradia-
tion are no more damaging, as measured by reproductive characteristics that could
potentially impact a population, than damage incurred from exposure to a single
generation. The data suggest that total accumulated dose may be more meaningful
than dose rate when trying to predict effects to populations of chronically exposed
organisms. Such knowledge is needed because chronic exposure to low levels of
radiation is a more likely scenario for nuclear workers, and to wildlife exposed to
routine releases from nuclear facilities.

Keywords Medaka * Radioecology * Dose-effect relationship * Chronic exposure
* Low dose-rate « Reproduction

19.1 Introduction

Exposure regimes influence the biological effects caused from ionizing radiation.
A dose received over a few seconds will have a different biological effect compared
to the same dose received over an organism’s life time. Current knowledge of how
responses vary from different radiological exposure regimes is inadequate to allow
confident predictions about the effects that might result from low-level, chronic
exposures. Most effects data have been derived from acute, high dose rate experi-
ments. Relatively few experiments have been conducted on the effects to vertebrates
following long-term exposures to low levels of radiation. Even fewer studies have
examined the effects of radiological exposures to multiple generations of organ-
isms. Speculations that damage will accumulate and be greater with each passing
generation are plausible. Alternative, opposing views that adaptive responses, repair
and compensating mechanisms will counter the effects, such that damage does not
increase with each generation, are equally plausible. Few data sets exist to support
one hypothesis over the other, particularly for chronic, low level exposures to verte-
brate organisms. Such knowledge is needed because chronic exposure to low levels
of radiation is a more likely scenario for nuclear workers, and to wildlife exposed to
routine releases from nuclear facilities. Regulation of the latter is becoming a neces-
sity with recent changes in regulations [4] and as international committees place an
emphasis on developing protection criteria specific to non-human biota [9].

Our research explored multigenerational exposures of low dose rate irradiation
to a model vertebrate organism. A unique outdoor irradiation facility allowed us to
examine effects to five generations of vertebrate animals that were continuous irra-
diated to different dose rates. The dose rates bracketed the IAEA guideline for
acceptable chronic exposures to aquatic wildlife, and thus were a test to see if the
guidelines were applicable for multigenerational exposures. The effects on repro-
ductive endpoints that might influence population dynamics were examined. Our
intention was to test the hypothesis that multigenerational exposures to low dose
rate irradiation are no more damaging, as measured by reproductive characteristics
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that could potentially impact a population, than damage incurred from exposure to
a single generation. Additionally, the vertebrate model that we chose, Japanese
medaka (Oryzias latipes), are one of the most widely used fish in comparative muta-
genesis and carcinogenesis studies. Shimada and Shima [17] showed that the muta-
tional response of the medaka male germ cell was close to that of the mouse, and
therefore medaka are a viable non-mammalian model system for risk assessments
from environmental mutagens.

19.2 Methods

19.2.1 Low Dose Rate Irradiation Facility (LoDIF)

LoDIF is an outdoor, gamma-irradiation array consisting of 40 fiberglass, open-air
tanks designed to house aquatic organisms such that all stages of their life cycle
(from eggs to breeding adults) can be continuously irradiated [6]. This aspect of the
LoDIF, as well as the ability to replicate the experimental design and irradiate large
numbers of organisms, makes it a unique facility. Each tank, or mesocosm, is para-
bolic in shape, 2.4 m in diameter and holds approximately 965 L of water with a
maximum depth of 41 cm (Fig. 19.1). The mesocosms are of a flow-through design
and receive water from a nearby lake at rates that were adjusted to about 1 L min™".

Fig. 19.1 Photo of a single mesocosm, showing the dimensions of the tank and a '¥'Cs irradiator
with collimated shielding positioned above it. The LoDIF has 40 such mesocosms installed over a
0.4 ha area. A single container is shown directly underneath the irradiator. Such containers house
10-20 fish. Several containers can be placed in a circle around the central beam of the irradiator
such that each is exposed to the same dose rate. Precise geometry measurements and mapping of
the irradiation field with TLDs allowed accurate estimates of the dose received by the fish
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Fig. 19.2 Photo of a portion of the LoDIF facility, showing a pad with five mesocosms, three of
which have sealed Cs-137 sources above them (cylinders mounted on frames that cross the meso-
cosm). Eight replicate pads exist within the LoDIF, resulting in 40 mesocosms

The mesocosms allow manipulative experiments to be conducted on whole
organisms in conditions more natural than laboratory settings, similar to what has
been successfully used in ecology and population biology [13, 19]. Mesocosms
allow the researcher to apply specific treatments in a more controlled environment
than large-scale field tests. The LoDIF facility is arranged into eight 6.5x10.5 m
blocks, with each block containing five mesocosms, suitable for randomized block
experimental designs (Fig. 19.2).

Irradiation treatments can be applied via specially designed irradiators mounted
on steel frames and placed over three of the five individual mesocosms within each
of the eight blocks (Fig. 19.2). The two unirradiated mesocosms within each block
were intended to serve as controls. (The controls tanks received a dose rate of
0.1 mGy day™! due to scatter of radiation from the nearby irradiated mesocosms;
discussed below). Each irradiator contains a 0.74, 7.4 or 74.0 MBq sealed “'Cs
source within a lead container, collimated to deliver an exposure to animals residing
in the tank below. The 7.4 MBq source strength and associated geometry was
designed to deliver a mean dose rate of approximately 10 mGy day~!. The other two
source strengths give mean dose rates that are factors of 10 less than, and greater than
10 mGy day~'. Thus, the facility was designed specifically to determine if popula-
tions of aquatic organisms are truly protected by what is currently thought to be
appropriate dose rates by the International Atomic Energy Agency (10 mGy day™).

Our experiments used a fish species as a vertebrate model. All life stages of the
fish, from egg to reproductive adult, were continuously irradiated within the LoDIF
under controlled conditions. Living conditions within the LoDIF were favorable for
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the species to grow and reproduce. Fish were maintained in mixed gender groups of
~20 individuals per container (x 8 blocks ~160 adult fish per treatment), and placed
within the gamma field to obtain specific dose rates.

19.2.2 Model Organism and Life Cycle Exposures

We selected a species of small fish, the Japanese medaka (Oryzias latipes), as our
model vertebrate organism. The genetics, developmental biology, embryology, and
specific developmental stages of medaka have been extensively characterized [23].
Medaka is the leading fish species used to identify and predict human health effects
following toxicant exposure. Medaka are recognized as important comparative animal
models for addressing questions related to a variety of processes and diseases,
including cancer, DNA repair, mutations, infectious diseases, aging, developmental
biology, endocrine disruption, and genetics. The use of medaka in biomedical and
environmental research, especially as a carcinogenesis model related to identifying and
predicting human health effects from toxicant exposure, has received considerable
attention [16, 20, 21].

The species has numerous advantages for experimental laboratory and field studies
including: small size (about 2.5 cm in length); a short maturation time of 8—10 weeks;
and a prolific capacity to reproduce (6-30 eggs day™). The life history characteristics
of medaka are such that several generations of fish can be exposed within a relatively
short time period. We used a Kyoto-Cab Medaka wild-type strain, courtesy of Hiroshi
Mitani (Tokyo University), with a low background of embryonic abnormalities [5].

Female medaka spawn daily and retain their egg clutch externally on their abdo-
men for several hours. Males fertilize the eggs externally while the clutch adheres to
the female. Fertilization occurs at dawn. To obtain the embryos, clusters of eggs were
removed from females that were chronically exposed to the various dose rate treat-
ments within the LoDIF. The eggs were immediately brought into the laboratory
for cleaning and evaluation. Egg clutches were gently rubbed to remove attached
chorion filaments and to isolate individual eggs. Eggs were examined under a
stereoscopic microscope to determine if fertilized. The number of viable eggs, and
number of dead eggs per gravid female were recorded. Cleaned, viable eggs were
placed in petri dishes with 1 ppm methylene blue water, returned to the LoDIF within
hours after the formation of the clutch, and exposed to the same irradiation dose rate
treatment as the parents (Fig. 19.3). The health status of eggs was monitored daily
until hatching. Newly hatched fry remained in the LoDIF, also under the same
radiation treatment as their parents. Hatching success per radiation treatment was
recorded. Fry were contained in small buckets with fine screen mesh to allow in- and
out-flow of water (Fig. 19.4). Subadults were moved to larger buckets. Densities
of fish were kept similar among the irradiation treatments to normalize potential
confounding variables of crowding, food resources, lighting, competition, etc. Subadults
matured, reached breeding conditions, and were monitored accordingly, while con-
tinuously being irradiated.
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Fig. 19.3 Special containers housed fish eggs and were exposed under known geometries with doses
measured by TLDs. The photo depicts one of several egg exposure arrangements that were tested

Fig. 19.4 Several medaka fish are observable within a hatchling container used for irradiating
small fry. The grey circle at the top of the inner bucket is a screened port for water to flow. Similar,
rectangular ports are seen as dark patches on the right and left of the larger container. The circular
object at the bottom of the inner container is a water temperature recording device
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The process described above was repeated such that five generations of medaka
were exposed to the radiation treatments; from eggs through breeding adults. Several
containers of fish were placed within each mesocosm, each under a known and spe-
cific exposure geometry in which the dose rate was known from measured TLD
readings. The numbers of fish within each treatment were sufficiently large that
cohorts of fish could be removed for specialized analyses, while leaving sufficient
stock for producing the next generation of fish. Samples of fish were routinely
removed for genetic and molecular analyses (results to be reported elsewhere). The
irradiators were shut down for a cumulative time of about 2 days per month for
maintenance or special care of the fish. Feeding was done remotely and did not
require turning off irradiators.

19.3 Experimental Design

These experiments started with the introduction of the founding generation, as
subadult medaka, into the LoDIF on 17 February 2006. These fish were termed GO;
subsequent generations were designated as G1 through G5. Fish were continuously
exposed to four dose rate treatments (0.1; 2.4; 21; and 221 mGy/day). Treatments
were replicated 8 times within the eight pads (Fig. 19.2), and ~20 fish of mixed
gender were housed within each holding container (Fig. 19.1) for each replicate.
Thus a total of ~640 fish were used for the GO group (160 fish per dose rate
treatment, with 8 blocks of 20 fish each, x4 treatments). GO fish were exposed for
94 days at which time their eggs were collected and the G1 generation exposure
began. The experiment was completed on 17 September 2008, with the collection of
G5 eggs from the fifth generation of chronically exposed adults (G4).

19.3.1 Dosimetry

Thermoluminescent dosimeters (TLDs) were placed within the exposure field to
obtain mean dose rate estimates. The precision with which dose rates can be estimated
within the facility reduces the uncertainties often associated with dose—response rela-
tionships. Dose rates varied according to the life history stage in which the fish were
exposed (egg, fry, adult) due to the type of enclosures required to house the fish and
their geometries relative to the '*’Cs sources.

The total dose received by each generation of fish was dependent on the dose rate
of the treatment and the length of exposure period. The latter varied, particularly for
fish that over-wintered within the LoDIF. Their exposure period was longer. Over-
wintering was necessary to maintain the fish lines for the following spring. Natural
temperature and light conditions were not conducive for the medaka to breed in the
winter, thus we were required to wait until spring for the next generation of fish to
be produced. The accumulated doses for each generation [G(n)] at the time eggs
were collected for start of the next generation [G(n+ 1)] are given in Table 19.1.
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19.3.2 Reproductive Endpoints

Reproduction is regarded by the IAEA to be a more sensitive endpoint than mortal-
ity following exposure to radiation [8]. Changes in reproductive output are also
thought to impact populations of biota. With the exception of endangered species,
or humans, populations are the level of biological organization managed for health
from contaminant exposures. Thus, we chose to examine several reproductive-
related endpoints in the medaka exposed to chronic irradiation within the LoDIF.

A suite of data was collected in the LoDIF facility at the time eggs were harvested
for propagation of the next generation. Procedures for processing the eggs were
described under Sect. 19.2.2. Data collected included: (1) number of gravid females;
(2) total number of eggs produced; (3) total number of live eggs produced; (4) total
number of eggs that hatched; and (5) total number of hatchlings that survived for
15 days. Each of these reproductive parameters is related to the successful recruit-
ment of young into the next generation of animals. The sensitivity of each parameter
varies in response to contaminants and other stressors. Compensating mechanisms
and adaptation can result in non-linear responses, and in what may seem like oppos-
ing responses to stress. A good example is the work of Blaylock [3], where fish
exposed to radiation suffered a reduction in the number of fertile eggs; but an increase
in the number of eggs produced, such that the net effect in total fertile eggs produced
did not differ from controls. Ultimately, it is the integration of all these reproductive
parameters that determines the size of the next population cohort.

Thus, herein, we elected to combine the above parameters into an Index of
Reproductive Success (IRS), by multiplying the number of eggs produced per
female, times the percent fertility of the eggs, times the percent of fertile eggs that
were still alive as fry 15-days post hatching. 15 days is a critical threshold for
medaka. Fry that survey that period have a reasonable probability of reaching
adulthood. We used the following parameter to compare treatments and to test our
hypothesis:

IRS = Eggs x Fertility x Survival

Where: IRS =Index of Reproductive Success; Eggs=mean # of eggs per female;
Fertility=mean percent fertility; and Survival=mean percent survival of fry
(15 days post-hatching). Uncertainties, expressed as standard deviations (Stdv),
were propagated as:

2 e\ . 2
Stdv IRS = Stdv Eggs N Stdv Fertility N Stdv Survival < mean IRS
Eggs Fertility Survival
Effects to reproductive success, as measured by the reproductive index described
above, were compared among the various LoDIF dose rate treatments (Table 19.1);
and also compared among the various generations of exposed fish.
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19.4 Results and Discussion

After 94 days of exposure to the various dose rate treatments, the reproductive abili-
ties of the founding GO fish were examined. The mean numbers of eggs produced
were not affected by the irradiation treatments. However, significant reductions
occurred in the number of live eggs and in the number of hatchlings produced from
fish exposed to the highest dose rate. These reductions were so strong that we were
unable to populate the high dose rate group for an additional generation. Their mean
Index of Reproductive Success was only 0.05+0.1. Thus, the remaining multigen-
erational experiment within the LoDIF involved fish from the three lower dose rate
treatments (0.1; 2.4 and 21 mGy day™).

19.4.1 Low Dose-Rate Field Data

Figure 19.5 shows the mean IRS for five generations of fish continuously exposed
to three dose rate treatments within the LoDIF. No differences appear to exist in
IRS among the three dose rate treatments for generations GO, G1 or G3. A reduced
IRS appears to have occurred at the highest dose rate of 21 mGy/day for genera-
tions G2 and G4.

The overall exposure times in days are also shown for each generation in
Fig. 19.5. Generations GO, G1 and G3 were exposed for similar lengths of times
(~90-100 days); whereas G2 and G4 were exposed considerable longer
(G2=254 days and G4=371 days). The latter two are the generations in which the
IRS decreased for the fish exposed to the highest dose rates. The longer exposure
periods resulted in fish in G2 and G4 acquiring greater total doses (Table 19.1 pres-
ents total dose per generation). The fact that the 21 mGy day~! treatment appears to
have been impacted during the generation (G2) were total doses were twice as great;
“recovered” the following generation (G3) when total doses were halved; and then
suffered damage again in G4 when total dose were three time greater suggests that
reproductive effects, as measured by the IRS, are likely driven by total dose, and
less by a multigenerational mechanism or dose rate.

Note that even at the lowest dose rate of 0.1 mGy day™' there is considerable
differences in IRS between generations (Fig. 19.6). Differences in temperatures,
food resources, and seasons are factors known to influence egg production [10].
Such factors definitely occurred within the outdoor conditions of the LoDIF, and
contributed, to some unknown extent, in fish from the same dose rate treatments
having differences in IRS from one generation to the next.

The lowest dose rate of 0.1 mGy day~' occurred in the “controls” due to scatter
radiation from the nearby irradiated mesocosms. 0.1 mGy day~! is two orders of
magnitude lower than the IAEA guideline considered to be safe for populations of
aquatic organisms. It is also less than the 0.2 mGy day~! benchmark value proposed
as protective of the environment, based on species sensitivity distributions [1]. If we
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Fig. 19.5 LoDIF field data. Five generations of medaka, continuously exposed to three dose rate
treatments. Data show an Index of reproductive success (IRS) for each generation. The exposure
days for each generation are also shown
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Fig. 19.6 LoDIF field data. Index of reproductive success for five generations of medaka exposed
to three dose rate treatments

consider the 0.1 mGy day™! to represent control conditions, then the data can be
normalized to the same IRS across generations for the 0.1 mGy day™' treatments,
and we can thus attempt to remove the variation caused from temperature, light
regimes, and food resources. The direction and amount of normalization required
for each generation within the 0.1 mGy day~' treatment was then applied to the other
two dose rate treatments, resulting in the normalized data graphed in Fig. 19.7.
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Fig. 19.7 LoDIF field data normalized to remove seasonal outdoor temperature, lighting and food
resource variation. All data were normalized such that the IRS for the lowest dose rate treatment
for each generation were equal. The normalized mean IRS value for G4 at 21 mGy d' was
0.0£8.1

Analysis of the normalized data suggests that the IRS was only reduced in the
21 mGy day™! treatments, and then only for G2 and G4 populations (the two genera-
tions with the longest exposure times and thus the highest total accumulated doses).
Thus normalization supports the theory that the reproductive effects observed in the
IRS are more likely due to the accumulation of a total dose, rather than due to the
confounding factors of dose rate and multigenerational phenomena. Actually, it is
more likely that dose, dose-rate and generation are interacting in complicated, non-
linear ways. More advanced statistical procedures are currently being used on this
data set to see if their respective contributions can be better illuminated.

If total accumulated dose turns out to be the dominant factor contributing to a
decrease in the IRS endpoint, then a dose response curve can be drawn from the
entire normalized data set (Fig. 19.8). The curve, on log-linear axes, suggests that
a threshold dose of approximately 3 Gy is needed before a significant reduction in
the IRS occurs. At the IAEA suggested dose rate guidance of 10 mGy day™', a
total accumulated dose of 3 Gy could be obtained in 300 days. This period of time
is easily achievable within the 2-5 year life time typical of medaka living out-
doors [15].

Overall, these data represent a valuable contribution to the science of radiation-
effects studies. They suggest that total accumulated dose may be more meaningful
than dose rate when trying to predict effects to populations of chronically exposed
organisms. The data are rare in that few other studies have examined multiple genera-
tions of a vertebrate animal under different chronic dose rate treatments (Table 19.2).
The data from several other LoDIF experiments (including some acute exposures to
medaka at the same doses) are being analyzed. We are actively conducting more
rigorous statistical analyses of the data presented herein.
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Fig. 19.8 Dose response curve for the normalized LoDIF data when all treatments and genera-
tions are combined

Table 19.2 Other reproductive effects documented in fish following chronic exposures to
radiation

Fish species mGy/day Reproductive effects Reference

Gambusia affinis 4 Increased frequency of dead [3]
embryos, offset by larger
brood sizes

Rutilus rutilus >5 Reduced fecundity [11]
Hypophthalmichthys 10 6% sterility when living in [2]; as cited by [14]
molitrix Chernobyl cooling reservoir
Tilapia mossambica 30-40 Total sterility from chronic [18]; as cited by [14]
%Sr exposure
Poecilia reticulata 40 57% decrease in fecundity, [22]
chronically exposed
Oryzias latipes 65 Sterility and unfertilized [7]
eggs increased
Ameca splendens 185 Complete sterility when exposed — [12]

for 190 days (~35 Gy)
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Chapter 20

Aquatic Biota within the Chernobyl
Accident Exclusion Zone: Consequences
of the Long-Term Radiation Exposure

Dmitri Gudkov, Elena Dzyubenko, Natalia Shevtsova, Natalia Pomortseva,
Sergey Kireev, and Alexander Nazarov

Abstract The effects of chronic radiation exposure on aquatic biota within the
Chernobyl accident exclusion zone during 1998-2009 were studied. The absorbed
dose rate for hydrobionts registered in range from 1.3 mGy/year to 3.4 Gy/year.
The heightened chromosomal aberration rate in the embryo tissue of snails (up to
27%) and in the root meristems of higher aquatic plants (up to 18%) was deter-
mined. In hemolymph of snails from contaminated lakes the quantity of death
cells averages 36—44%; the part of phagocytic cells averages 41-45%, as well as
decrease of the young amoebocytes quantity to 10-20%. In peripheral blood of
fish the high rate of abnormal red cells (up to 29%o) as different type of invagina-
tions, ramifications, micronuclei etc. was marked. The high level of parasitic fungi
and gall-producing arthropods of the common reed in the most contaminated
lakes within the exclusion zone was registered. Above mentioned phenomenon
may testify upon the decreasing of the parasitical stability of plant under impact
of long-term radiation exposure.
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20.1 Introduction

In spite of 25 years, past after the Chernobyl NPP accident in 1986, self-purification
of closed water bodies in the Chernobyl exclusion zone, defined as a roughly circular
area of 30-km radius around the destroyed unit, is extremely slow process. Therefore,
ecosystems of the majority of lakes, dead channels and crawls possess high level of
radionuclide contamination of all the components.

The basic problems of radiation safety of the Chernobyl exclusion zone concern
radionuclide wash-off with surface drainage water to river network, their export
outside the exclusion zone and affection of the water quality in the Dnieper River.
Undoubtedly one of the most important and still insufficient studied problems of
aquatic ecosystems within the exclusion zone is research of chronic impact of ionizing
radiation on non-human biota.

Thus the investigation of biological effects of long-term exposure on hydrobionts,
inhabiting the radioactive contaminated water bodies, has a theoretical and applied
importance for ecological hazard understanding, associated with changing of
environmental radioactivity state due to human activity.

Our main tasks were: (1) dose rate estimation due to external and internal
sources of irradiation for different groups and species of hydrobionts; (2) evaluation
of cytogenetical, hematological and parasitological effects dynamics due to
long-term radioactive impact on hydrobionts in conditions of water bodies within
the Chernobyl exclusion zone.

20.2 Materials and Methods

Our researches were carried out during 1998-2009. The water bodies of research
were the flood plain reservoirs of the Pripyat River: Azbuchin Lake, Yanovsky
Crawl, Dalekoye-1 Lake, Glubokoye Lake as well as Uzh River and Pripyat River
within the Chernobyl accident exclusion zone. The results of the cytogenetical and
haematological analyses compared to the data received for hydrobionts from the
control lakes, located in the neighbourhood of the Kiev City: Vyrlitsa, Opechen’,
Pidbirna, Goloseevo as well as Kiev Storage Reservoir.

External gamma irradiation dose rate was measured by DKSO01 dosimeter and by
Na-I field radiometer SRP-68-03. The estimation of the internal dose rate was car-
ried with use of dose conversion coefficients [6]. The '*’Cs content was measured by
y-spectrometry complex: PGT IGC-25 detector (France), “Nokia LP 4900 B analyser
(“Nokia”, Finland), low-volt feeding source — crate NIM BIN, amplifier NU-8210
(“Elektronicus Merokeszulekek Gyara”, Hungary) and 100 mm thickness leaden
protection. The *Sr content was measured on low-background NRR-610 B-radiometer
(“Tesla”, Czech). Minimal detectable activity was 0.04 Bq under 1,000 s sample
exposition. 2!Pu and *****°Pu content in electrolytic samples was determined by
a-spectrometric tract by NUC-8192 impulse analyser (“Elektronicus Merokeszulekek
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Gyara”, Hungary). The *'Am content was measured by x-ray-spectrometric line
including x-ray detector EG&G Ortec LOAX-51370/20 CFG-SU-GMX (“EG&G
Ortec”, USA) and analyser “Nokia LP 4900 B”. The results were measured in Bg/
kg at natural humidity and the mistake of estimated radionuclide concentration fell
within 15-20%.

The chromosomal aberration rate was measured in embryo cells of gastropod
pond snails (Lymnaea stagnalis) by the standard anaphase method [10] and in the
apical root meristems of the four species of higher aquatic plants: common reed
(Phragmites australis), arrowhead (Sagittaria sagittifolia), flowering rush (Butomus
umbellatus), fresh-water soldier (Stratiotes aloides), narrow-leaved cat’s-tail (Typha
angustifolia), broad-leaved cat’s-tail (Typha latifolia), branched bur-reed (Sparganium
erectum), rush flower (Butomus umbellatus) and manna (Glyceria maxima) by the
modified method [12]. Haematological studies were carried out in mantle liquid of
gastropod snails (Lymnaea stagnalis) by the analysis of dead cells, young amoebo-
cytes and phagocytic cells quantity [2, 9]. The rate of abnormal red cells as different
type of invaginations, ramifications, micronuclei, amitosis etc. was analysed in blood
of pike (Esox lucius), perch (Perca fluviatilis), roach (Rutilus rutilus), redeye
(Scardinius erythropthalmus) and crucian carp (Carassius carassius) from the most
contaminated lakes of the exclusion zone.

20.3 Results and Discussion

20.3.1 Chromosomal Aberration Rates

The freshwater snails have great importance for the processes of radionuclide
biogenic migration in aquatic ecosystems. Due to ability to accumulate practically
all of radionuclides which registries in water these invertebrates can be considered
on the one hand as bio-indicators of radioactive contamination of aquatic ecosys-
tems and from another hand - as organisms which can take active part in the pro-
cesses of radionuclide redistribution in hydrobiocenosa. In this part of studies was
evaluated the cytogenetical effects level in embryo tissue of gastropod snail as
chromosomal aberration rate, considering it as reaction of snails on radiotoxico-
logical condition of environment.

The absorbed dose rate for snails from lakes within the Chernobyl exclusion zone
was registered in the range from 0.8 to 3.4 Gy year'. The highest rate was found in
snails from lakes Dalekoye-1 and Glubokoye located within the dammed territory on
the left-bank flood lands of the Pripyat River, the lowest - from the Pripyat River and
Uzh River. Molluscs from the control lakes were characterised by absorbed dose rate
about 0.3 mGy year'. The rate of chromosomal aberration was found in snails from
lakes Dalekoye-1 and Glubokoye — 21-22%. In the embryo tissue of snails from
Yanovsky Crawl the chromosomal aberration rate was about 18% and in Azbuchin
Lake — about 23%. About 3.3% of aberrant cells were registered in snail’s embryo



236 D. Gudkov et al.

@ 1998
1999
2000
B 2001
2002
@ 2003
2004
02005
@ 2006
22007
m 2008

Chromosome aberration rate, %

Spontaneous level

T Y R e e e ]
—

.
NIRRT
. 23

Dalekoye-1
Lake
Glubokoye
Lake
Uzh River
Goloseevo
Lake

Q
X
©
-
©
12}
=
s
>

Pripyat River

Q
X
]
|
£
<
3]
=]
a
N
<

Yanovsky Crawl
Opechen' Lake |

Water bodies

Fig. 20.1 Chromosomal aberration rate in pond snail’s embryos in water bodies within the
Chernobyl exclusion zone and control lakes within the Kiev City area

from the Pripyat River and in snails of Uzh River the aberration rate was about
2.3%. The rate of chromosomal aberration for snails from the control lakes was
about 1.1-2.0% (Fig. 20.1).

During 1998-2008 a tendency to decrease of chromosomal aberration level in
molluscs from all lakes of the exclusion zone was registered. The probabilistic
prediction of the chromosomal aberration rate for gastropod snails in lakes of the
Chernobyl exclusion zone have shown that spontaneous mutagenesis level (2.0—
2.5%) [13] can be reach in Azbuchin Lake and Yanovsky Crawl in 2020s—2030s
and in Dalekoye-1 Lake and Glubokoye Lake — in 2060s—2070s.

The studies of the different species of plants within the exclusion zone have
revealed a numerous morphological anomalies as repeated organs, gigantism or
dwarf, underdevelopment or sterility of reproductive organs, excessive branching,
growth inhibition of the secondary points of growth etc. All of this variety of plant
anomalies of development is testify that the vegetation within the exclusion zone
has undergone to strong damage of the genotype, which consequence is the long
genetic instability and thus increased variability of many species. The spontaneous
rate of aberrant cells for higher aquatic plants from the control lakes does not
increase 2.0-2.5%. We found 7.5% aberrant cells in common reed of Yanovsky
Crawl. The highest rate of chromosomal aberration was registered in plants from
Azbuchin, Glubokoye and Dalekoye-1 lakes - 9.0%, 10.8% and 17.8% respectively.
In comparison, the data received for the common reed from Goloseevo Lake amount



20 Agquatic Biota within the Chernobyl Exclusion Zone 237

Table 20.1 Average rate of aberrant cells in root meristem of higher aquatic plants of water bodies
within the Chernobyl exclusion zone and Kiev Storage Reservoir in 2008

Quantity of Rate of

Quantity of analyzed ana-,  aberrant

Water body Species analyzed roots telophases cells, %
Glubokoye Lake Stratiotes aloides 8 1,098 11.8+1.4
Sagittaria sagittifolia 15 2,684 11.8+1.1
Phragmites australis 26 8,048 7.6+x0.6
Glyceria maxima 7 897 7.6+1.6
Sparganium erectum 6 1,244 75+1.2
Typha angustifolia 9 1,026 6.0x+1.1
Dalekoye Lake Sparganium erectum 11 1,654 7.1+14
Glyceria maxima 11 1,209 7.0+1.0
Butomus umbellatus 10 1,288 6.5+0.9
Phragmites australis 30 9,260 5.7+0.6
Typha angustifolia 8 1,152 5.2+0.9
Azbuchin Lake Stratiotes aloides 9 1,065 10.3x1.6
Glyceria maxima 10 2,218 6.1+0.9
Butomus umbellatus 11 1,128 59+04
Phragmites australis 29 7,620 5.7+0.6
Typha angustifolia 12 1,522 4.4+0.7
Yanovsky Crawl Stratiotes aloides 6 698 6.7+0.9
Sagittaria sagittifolia 14 1,365 6.1+0.6
Glyceria maxima 9 976 5.2+0.2
Phragmites australis 24 8,080 4.0+0.3
Butomus umbellatus 11 954 3204
Typha angustifolia 6 868 3.6£0.9
Krasnensky Dead Glyceria maxima 5 1,452 6.1+1.5
Channel Phragmites australis 9 2,644 4.2+0.5
Typha latifolia 8 964 42+1.0
Kiev Storage Glyceria maxima 10 2,384 2.1£0.6
Reservoir (vig Phragmites australis 10 2,314 1.6+0.1
Strakholesye) Typha angustifolia 9 1,008 1.6x£1.0

to 1.0%. The rate of chromosomal aberration in the common reed from closed water
bodies within the left-banked flood plain of the Pripyat River was in 5-8 times higher
than spontaneous mutagenesis level.

During 2008 a sufficiently comprehensive cytogenetical data concerning rate of
aberrant cells in root meristems of six species of higher aquatic plans from different
water bodies within the exclusion zone, as well as from the part of Kiev Storage
reservoir (near vlg Strakholesye) adjacent to the exclusion zone as a control
(Table 20.1).

The positive correlation between absorbed dose and rate of aberrant cells of api-
cal root meristems of the common reed and embryos of the gastropod pond snail
was found. According to our data this dependence more corresponds to a power-
mode function (Fig. 20.2).
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Fig. 20.2 The dependence of chromosomal aberration rate from absorbed dose rate in cells of the
common reed (a) and embryos of the gastopod pond snails (b) from water bodies within the
Chernobyl exclusion zone

20.3.2 Haemotological Effects

Hematopoietic and immune system of animals are the most sensitive ones to the
impact of ionizing radiation. Molluscs is one of the first group of animal that have
got cell immunity during the evolution. The protective function has the cells of
mantle liquid (hemolymph), which peculiar to high proliferation, heterogeneity and
sensitivity to radiation impact. The most functional and active elements of hemo-
lymph of the snails are the granular amoebocytes, which have morphological and
quantitative reaction on the physiological changes of organism. The decrease of
adsorbed dose rate coses the decrease of young amoebocytes quantity in hemoliph.
The decrease of total agranulocyte quantity in cell population occurs due to decrease
of amoebocytes quantity and due to increase of granulocyte quantity, which involves
in phagocytic reaction.

In hemolymph of snails from Dalekoye-1 Lake, Azbuchin Lake and Glubokoye
Lake the quantity of dead cells averages 36.2%, 39.2% and 43.8% respectively, the
part of phagocytic cells averages 44.3%, 41.2% and 45.0%, as well as decrease of the
young amoebocytes quantity to 13.2%, 20.1% and 9.5% respectively (Fig. 20.3).

The insignificant quantity of abnormal cells and micronuclei has been observed
here as well. In conditionally “clean” water bodies the part of dead cells averages from
2.2% to 5.3% and the quantity of phagocytic was at level 3.0-4.2%. The quantity of
young amoebocytes has increased here to 79.7-89.6%.

Fishes is object of special interest at the study of chronic radiation impact on
aquatic species as occupying in aquatic ecosystems top trophic levels and character-
ized by comparative high radio-sensitivity. However, radiobiological researches of
fishes in the reservoirs of the Chernobyl exclusion zone were limited mainly by the
analysis of morphometric indexes, including fluctuating asymmetry of pair organs,
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and also estimation of the state of the reproductive system of representatives of
ichthyofauna mainly in the Chernobyl NPP cooling pond. Unfortunately, hematopoi-
etic and immune system remained out of attention of researchers both for fishes of
the Chernobyl NPP cooling pond and other reservoirs of the exclusion zone, char-
acterized by the extremely low rates of natural purification and by increased chronic
radiation dose rates on hydrobionts.

The comparative leukogram of peripheral blood analysis of fishes from the lakes
of the Chernobyl exclusion zone shows the presence of increased part of lympho-
cytes, presence of pseudobasophiles and foamy cells, as well as low maintenance of
mature neutrophils, due to young granulocytes (mainly myelocytes and promyelo-
cytes), that can testify to probable adaptation of white blood to the long-term radia-
tion exposure in low doses. Correlation of red blood cells to leucocytes and
thrombocytes of fishes from the exclusion zone is higher, than in the control Kiev
Storage Reservoir.

Drawing attention the high rate of red cells aberrations and abnormalities in
peripheral blood of fishes from the lakes within the exclusion zone, where dose rate
on the fish organisms due to incorporated radionuclides on three orders higher in
comparison with background water bodies — 20 and 0.01 uGy h™! respectively. It
can testify to certain mutagenous of environment and possible display of radiation-
induced genetic instability of fishes in the conditions of chronic radiation impact.
Micronuclei and double-nucleus red cells in the blood of control fishes of the Kiev
Storage Reservoir are not discovered. Making a point of the amount of red cells with



240 D. Gudkov et al.

351
%O
30 +
25 +
20 +
15<k 5 7
10 + /
7
5<k
04 05
0 (7777777 | 777774 N , ‘ , ,
N ks = o
S S oo o g ﬁ
=& ‘“.5: [=3ral > O -
o s L Q= 2o g P
T d 56 E o< S < k- £
6 £ R ) 20 25 @ S
O c > 00 = o =) 2 =]
= Qor = S C 0] c <
© X o+ © N
< &) g <

Fig. 20.4 Part of red cell abnormalities in peripheral blood of fishes from the Chernobyl exclu-
sion zone

atypical shape of nucleus as different type of invaginations, ramifications etc. as
well as cells without nucleus in the blood of fishes from the lakes of the exclusion
zone - from 10 to 60 times exceeding a similar index for fishes from the control
reservoir and reference (Fig. 20.4).

The atypical shape of red cell nucleus in blood of healthy fishes, from data of row
of authors, meets with the frequency 0.4%o. The increase of frequency of red cells
with the deformed nucleus (invagination of nuclear envelope) is estimated by differ-
ent authors as degenerative changes of red cells, arising up as a result of negative
action of environmental factors on the organism of fishes [7, 8].

The analysis of the conducted researches allows to assume that the qualitative
indexes of red cells of peripheral blood of fishes are more sensible to chronic radiation
influence in comparison with the elements of white blood and can be used for con-
ducting of the haematological monitoring of radioactive contaminated water bodies.

20.3.3 Arthropod-Borne and Parasitical Fungi Diseases

In reservoirs with the increased level of radioactive contamination (lakes of the
dammed territory of the left-bank flood plain of the Pripyat River) the high level of
the common reed damage by gall-producing arthropods, in particular by mites
Steneotarsonemus phragmitidis since 2000 is observed. This phenomenon for the
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first time was registered at the territory of Ukraine within the Chernobyl exclusion
zone [4]. We suppose the scales and speed of distribution of this phenomenon in
reservoirs of the exclusion zone deserve the special attention. As the common reed
is almost cosmopolitan it is quite logical to predict wide moving of mites in other
reservoirs, which the Polesye region (woodlands) is so rich. Thus if in 2000 and
2001 the damaged individual registered only in one of seven reservoirs of sampling
in the exclusion zone — Dalekoye-1 Lake, during 2002-2009 the damaged individu-
als of the common reed began to meet in all other researched water objects. At that
if in some reservoirs we fond a single affected individuals only, in Yanovsky Crawl
and Azbuchin Lake the described phenomenon quickly has received distribution
and in 2005 the share of damaged plants was accordingly 74% and 32%.

The highest percent of affected plants observed in Dalekoye-1 Lake (practically
100%), located on the dammed territory of Krasnensky flood-lands. This territory is
characterized by the maximal density of radioactive contamination in the exclusion
zone. The specific activity of radionuclides in the reed’s tissue (at natural humidity)
during the researched period reached to 10,000 Bg/kg for '*’Cs and 2,000 Bq/kg for
%Sr [5]. At that the absorbed dose, caused by external gamma-radiation and radio-
nuclides incorporated in meristem tissue of plants, was reached more than 4.0 Gy/
year during last 10—15 years after Chernobyl accident. As have shown cytogenetical
studies the rate of chromosomal aberration in cells of meristem tissue of the com-
mon reed in Dalekoye-1 Lake reaches to 18% and is maximal among the investi-
gated reservoirs of the exclusion zone [11]. The damage events of common reed by
larvae of gall fly of family Chloropidae, genus Lipara has been registered as well.

The influence of parasitic fungi Claviceps purpurea (ergot) lesions on the seed
production of the common reed was determined. The positive correlation between
registered abnormalities and parasitic fungi lesions of the common reed with levels
of radiation exposure on plants, sampled from lakes within the Chernobyl exclu-
sion zone was registered. Registered high level of parasitic fungi lesions ratio for
the common reed plants sampled from the lakes of the left-bank dammed flood-
plain of the Pripyat River, which are the most radioactive contaminated water bod-
ies of the exclusion zone. Such significant damage of the common reed’s panicles
by the parasitical fungi in lakes of the Krasnensky flood land was observed on the
background of the most low parameters of seed production in water bodies of the
exclusion zone.

The increase of the parasitic fungi lesions ratio simultaneous the enhancement of
absorbed dose rate of ionizing radiation, which may conclude of chronic low-dose
radiation influence upon the populations of the common reed within the Chernobyl
exclusion zone, was determined. At that the Pearson correlation coefficient for the
parasitic fungi lesions ratio and absorbed dose rate of ionizing radiation was 0.913
and error coefficient was 0.030.

Relation of potential seed production and effective seed output is one of the sig-
nificant parameter characterizing rate of reproductive performance suppression of
plant. Thus for the cultural cereal explorers observed complete or partial sterility [3]
but for the common reed we found that panicle sterility ratio does not exceed 72%.
In normal case 1 panicle produces about 5,000 viable seeds [1] but in our case even



242 D. Gudkov et al.

potential seed production was much lesser. Above mentioned phenomenons may
testify upon the decreasing of the parasitical stability of the common reed under
impact of long-term irradiation.

20.4 Conclusion

Different radiation effects of ionizing radiation on hydrobionts within the Chernobyl
exclusion zone have been registered in post-accident period. Some of these effects
appear shortly, while an increasing importance is expected by the remote consequences -
genetic damages induced by a long-term irradiation. These remote consequences are a
long-drawn realization of changes in molecules of heredity, where the initial molecular
damages have a latent period without any display and can be transferred through the
many generations of cells to be a reason of genome instability in future.

The absorbed dose rate for hydrobionts of litoral of the researched water bodies
within the Chernobyl exclusion zone during 1998-2009 was registered in a range
1.3 mGy year™! to 3.4 Gy year'. The highest levels were registered in lakes of the
dammed territory of the left-bank floodplain of the Pripyat River - Glubokoye Lake
and Dalekoye-1 Lake, the lowest one - for running water objects. The ratio of doses,
caused by an external and internal irradiation of hydrobionts in different reservoirs,
essentially varies and depends on the contents of gamma-emitting radionuclides in
bottom sediments of littoral zone and soils of shoreline. At their high level of radio-
nuclide contamination up to 95% of radiation dose can form due to external sources
and only 5% due to radionuclides, incorporated in the tissues. The rate of external
dose on hydrobionts of the same water body can change in range of three exponents
and depend from radioactive contamination level of ecological niche. At present
time the main dose-formed radionuclide in the majority water bodies within the
exclusion zone is *°Sr, which part of total internal radiation dose amount 90-95%.

The long-term impact of low dose irradiation in aquatic ecosystems, especially
in lakes within the inner (10-km) Chernobyl exclusion zone exhibits in increased
level of chromosomal aberrations and, connected with it, in reproductive death of
cells. Cytogenetical research of hydrobionts in the exclusion zone testify to a high
level of chromosomal aberration in embryo tissues of gastropod snails and in root
meristems of higher aquatic plants in the most contaminated lakes. High chromo-
somal aberration rate in tissue of hydrobionts from the closed water bodies of the
exclusion zone repeatedly exceeds a spontaneous mutagenesis level for aquatic
biota and can be display of radiation-induced genetic instability.

Haematological research of hydrobionts in the exclusion zone shows essential
changes of hemolymph structure of molluscs and high amount of red cells with atyp-
ical shape of nucleus as different type of invaginations, ramifications etc. as well as
cells without nucleus in the blood of fishes from the water bodies with high levels of
radioactive contamination that allows to assume that the qualitative indexes of red
cells of peripheral blood of fishes are more sensible to chronic radiation influence in
comparison with the elements of white blood.
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For the common reed in lakes of the inner exclusion zone, the high level of
affection by parasitic fungi Claviceps purpurea and by gall-producing arthropods,
in particular by mites Steneotarsonemus phragmitidis (sometimes up to 100% of a
vegetative population of lake), was discovered. During 2002-2009 affection by
mites quickly propagated in other closed reservoirs of the exclusion zone, essen-
tially reducing rates of growth, seed efficiency and bioweight of plants. Now there
are no bases finally to approve, that the damage of a reed causes by the impact of
ionizing radiation, however we are anxious about the fact, that this mite species for
the first time is registered in Ukraine within the Chernobyl exclusion zone, in the
territory which is the most contaminated by radionuclides. In this connection it is
supposed, that one of the possible reasons of a total plants disease can be a loss of
them a parasitical stability in conditions of chronic radiation influence.
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Chapter 21
Endless Pursuit of DNA Double-Strand
Break Ends

Michael A. Resnick

Abstract In the pursuit of radiation-induced cellular damage that manifests in cell
killing and genome instability, but is reversible by the phenomenon of liquid hold-
ing, DNA double-strand breaks (DSBs) have been shown to be the major culprit. It
is now widely accepted that DSBs provide both beneficial and deleterious effects
and that elaborate systems were evolved to address their detection, processing and
repair. Understanding the mechanisms of DSB induction, processing and eventual
biological consequences as well as just the detection of DSBs remain a challenge —
especially for randomly induced breaks. Given the large number of extensive
reviews available and the limited space here, I have chosen to focus on summarizing
recent novel findings from our group using the budding yeast Saccharomyces cere-
visiae that are relevant to many molecular and genetic aspects of DSB repair and
impact on genome stability. Included are the systems we have developed that address
(1) induction of random primary and secondary DSBs; (2) processing of DSB ends;
(3) genetic control of DSB induction and repair; (4) genome instabilities associated
with DSBs including rearrangements and hypermutability associated with resected
ends; and (5) physical factors that determine the transition from DSB to chromo-
some break or recombination. Using a circular chromosome, we find that resection
of random, dirty-end DSBs induced by ionizing radiation or derived from MMS
single-strand damage is rapid and is primarily due to the MRX complex. Interestingly,
the transition from DSB to chromosome break at a unique DSB in yeast is largely
prevented by the nuclease function of exonuclease 1 as determined from separation
of fluorescent markers that flank a DSB. Based on a tetraploid gene-dosage model,
the role of the chromosome structural complex cohesin is not only to enhance DSB
repair between sister chromatids, but it also directs recombinational repair events to

M.A. Resnick (b))

Chromosome Stability Group (CSG), Laboratory of Molecular Genetics,
National Institute of Environmental Health Sciences, NIH, Box 12233,
Research Triangle Park, NC 27709, USA

e-mail: resnick @niehs.nih.gov

C.E. Mothersill et al. (eds.), Radiobiology and Environmental Security, 245
NATO Science for Peace and Security Series C: Environmental Security,
DOI 10.1007/978-94-007-1939-2_21, © Springer Science+Business Media B.V. 2012



246 M.A. Resnick

sisters thereby preventing loss of heterozygosity. Notably, DSBs greatly sensitizes
cells to localized mutability as well as gross rearrangements. Overall, these findings
demonstrate the genomic vulnerability to DSBs and the genetic investment in their
orderly processing.

Keywords DNA repair * Double-strand breaks ¢ Resection * MRX ¢ RAD52
e Mutations * Genome stability * Ionizing radiation * UV ¢ Chromosome breaks
e Tetraploidy * Recombination

21.1 Overview

All organisms possess intricate networks for genome duplication and maintenance
that assure stability in the face of internal and external environmental stresses or
during normal growth and development. The stability is provided through gene
expression networks and protein interactions that assure coordination of normal
replicative processes and responses to potential genome threats. In addition, all
organisms are capable of detecting double-strand breaks (DSBs) and correcting
them in an efficient and timely manner. In fact, several years prior to the molecular
characterization of DSBs, repair and genetic controls it was clear that yeast cells had
a tremendous potential to withstand ionizing radiation insults either through liquid
holding [7] or change in cell cycle [2].

It is important to have a full understanding of how DSBs and other types of
lesions arise and contribute to genome instability. While there is an upside to DSBs
including antibody diversity and chromosome segregation in meiosis, the downside
is that DSBs can lead to a variety of genome destabilizing events including incorrect
restitution of broken molecules, chromosome breaks, mutation, growth inhibition,
disease and death. In the multistep process leading from normal to cancer cells,
human chromosomal DNA frequently exhibits genetic instability resulting in
mutations, rearrangements and/or aneuploidy. Chromosome breakage, which might
arise from a DSB, has been hypothesized to be an initiating event in many of these
processes. DSBs at various stages of the cells cycle checked and can generate
checkpoint responses. Abrogation of checkpoint functions, for example loss of
p53 in human cells, may contribute to genetic instability and eventual neoplastic
progression.

Three pathways of DSB repair have been characterized in yeast and human cells:
recombination, single-strand annealing and end-joining. Efficient repair of DSBs in
yeast generally involves RAD52-dependent recombination provided that there is
homologous or related (diverged) DNA available. This repair mechanism was origi-
nally proposed to require a resected, invasive 3> DNA end supplied by the DSB and
a homologous chromosome or sister chromatid as template [14]. Several features of
this model have proven correct, as for the case of synthesis dependent, single strand
annealing, as well as resection after radiation-induced DSBs as described below.
(For a discussion of models and implications see [5].) While it was envisioned as
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Fig. 21.1 Sources of double strand breaks (DSBs)

being largely error free, subsequent experiments have clearly demonstrated that the
repair may be at-risk for errors. Deletions and rearrangements can also occur from
the misrepair of DSBs. For example, deletions can occur between homologous,
directly repeated sequences flanking a DSB via single-strand annealing in the pres-
ence or absence of RAD52. Misrepair of DSBs can also result from illegitimate
recombination between related DNA sequences thereby reshaping the genome (as
described below). Another pathway involving direct nonhomologous end-joining
(NHEJ) was described first in mammalian systems and subsequently characterized
in yeast. This DSB repair pathway is mediated by the yeast homologues of human
Ku70 and Ku80.

The choices in DSB repair pathways may depend on the nature and number of
breaks as we have shown for the case blunt-end [8] vs staggered-end DSBs [20]
produced by endonucleases, opportunities for homologous interactions and chro-
mosome organization. Figure 21.1 describes many of the sources of DSBs either as
primary events, secondary during processing of lesions, or even during replication
resulting from collapsed forks. Our Chromosome Stability Group has developed
multi-pronged approaches to understanding the appearance of a variety of DSBs
created by different agents and situations, including replication and ARMs (at-risk
motifs) associated DSBs [4, 6, 9] along with mechanisms of repair and genomic
changes resulting from DSBs in budding yeast. There are several reviews over the
past few years that address many of the issues related to DSB induction, repair and
consequences. In light of this, I have chosen to briefly review our recent approaches
with the budding yeast Saccharomyces cerevisiae which have led to novel systems
and findings that address many molecular and genetic aspects of DSB repair and
impact on genome stability. [This summary is based on a recent unpublished report
to the Scientific Board of NIEHS that also addresses studies on the human p53
damage response network [12].]
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21.2 Radiation-Induced Random DSBs and Subsequent
Molecular Events

Highlights

* Repair of randomly induced, dirty-end breaks is highly efficient in G2 cells

e Development of a robust system for detecting resection and recombinants using
circular chromosomes

e Resection at y—induced DSB ends is rapid and predominantly controlled by
RADS50 (MRX)

Armed with new tools, many of which we developed, we revisited our early
studies that provided the first evidence for DSB repair via recombination [14, 15]
with a view towards understanding chromosomal variation in repair and the
genomic consequences of random DSBs induced by ionizing radiation (IR) and
other agents. Radiation, which is commonly used in cancer therapy, has proven a
model agent for instantaneous induction of random DSBs (unlike in vivo enzy-
matic induction of DSBs). For most chemical and IR inducers of DSBs, there is the
issue of repair at “dirty” ends and the formidable challenge of studying molecular
events associated with random DSBS.

The 16 chromosomes of haploid yeast are between ~200 and 3,000 kb. Since the
individual chromosomes can be displayed with neutral pulse-field gel electrophoresis
(PFGE), we have chosen to address repair in individual chromosomes (i.e., detected
as complete chromosome restitution) and genetic controls. DSB induction by IR and
subsequent repair has been extensively examined in haploid and diploid, logarithmi-
cally growing cells arrested in G2, since they have the highest potential for recombi-
national repair (either sister chromatids or homologous chromosomes; also discussed
below in terms of the role for cohesin). A unique addition to defining events at random
DSBs is our use of circular chromosomes (Fig. 21.2). A single DSB leads to a unique,
unit-size linear molecule detectable by PFGE unlike the circular chromosomes that
remains in the starting well. This innovation has provided accurate measurements of
DSBs as well as closely-spaced single-strand breaks (SSBs) [11] and the opportunity
to study resection.

We established that there are 0.07 DSBs/mb-krad [19]. Repair can be detected at
about 30-60 min after IR, with about half the DSBs repaired in 1 h at a dose inducing
~140 DSB in the haploid G2 genome. The time scale for complete restitution to
full-size chromosomes is related to size, consistent with a time-dependent component
in the random repair of DSBs. Thus, the smallest chromosomes are repaired the fastest,
which may indicate differences in ability of radiation to induce chromosome changes.
The ribosomal DNA region located on Chr XII contains nearly 200 large rDNA repeats
is subject to different repair rules for IR induced DSBs than the rest of the genome,
consistent with spontaneous alterations in rDNA. We investigated further the roles
of RAD52, RAD51 and both RAD50 and MRE11 (MRX) in repair and restitution.

We wanted to address events shortly after IR, a task that we anticipated would
be particularly difficult given that DSBs are random. Surprisingly, the circular
chromosomes that received a single break (i.e., a unique linear band in PFGE)
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Fig. 21.2 Single DSBs in circular chromosomes lead to linear molecules which exhibit
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developed a unique property—slower mobility — within minutes after irradiation as
diagrammed in Fig. 21.2. We established that the slower mobility, referred to as
PFGE-shift, was due to single strand tails generated by resection.

This has provided a novel, robust assay and led to the first direct measurement of
resection at random breaks, opening opportunities to address the efficiency, conse-
quences and genetics of resection [19]. Within 10 min after IR of WT cells arrested
at G2/M, there is a near synchronous PFGE-shift of the linearized circular molecules,
corresponding to resection of a few hundred bases. Resection continues so that by the
time of significant repair of DSBs at 1 h there is about ~1-2 kb resection per DSB
end. The PFGE-shift is comparable in WT and recombination-defective rad52 and
rad51 strains. However, in rad50 and mrel ] null mutants the initiation and genera-
tion of resected ends at radiation-induced DSB ends is greatly reduced. Thus, the
Rad50/Mrel1/Xrs2 complex is responsible for rapid processing of most damaged
ends into substrates that subsequently undergo recombinational repair. Among the
few molecules exhibiting shift in the rad50 mutant, the residual resection is consis-
tent with resection at only one of the DSB ends (also recent unpublished results).

In addition to these findings, we were able to directly assess sister chromatid
recombination associated with the DSBs. Within 1 h after irradiation, double-length
linear molecules are detected in the WT and rad50, but not rad52, strains providing
the first real time description of recombination induced by random DSBs. These
recombinants were largely resection and RAD50 independent and provide a unique
opportunity to address DSB-induced recombination.
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21.3 DSB-Associated Genome Instability: Radiation-Induced
Random DSBs and Genome Plasticity

Highlights

* Randomly induced DSBs frequently generate chromosome aberrations
e [R-induced aberrations are primarily associated with breakpoints in repeat (Ty)
sequences

Investigations into chromosomal changes in unselected survivors (20-40%
survival) revealed remarkably high levels of chromosome alterations even though
repair is expected to be maximal in 2n—4 C cells [1]. Because we employ diploid
cells and the only requirement is survival, our approach enables us to address a
broad range of changes. Studies from other labs of spontaneous and damage-induced
chromosome changes have generally used haploid cells in which there is selection
for changes in small regions and where many chromosome aberrations are lethal.

Nearly half the radiation survivors had at least one apparent chromosomal change
based on karyotypic analysis with pulse-field gels. This led us to investigate chro-
mosomal changes by Comparative Genome Hybridization (CGH) microarray anal-
ysis through a collaborative effort with Tom Petes at Duke. We found that duplication
or deletions were common (~100 among 37 colonies). Surprisingly, the incidence
of chromosome aberrations was not related to chromosome size and, therefore,
frequency of DSBs. Nearly 90% of the breakpoints occurred in the vicinity of
multiply repeated (although diverged) sequences, with some repeats being much
hotter than others and subsequent sequencing demonstrated that the breakpoints
occurred within the repeats. Thus, while repair between sister chromatids is highly
efficient, repeat regions—particularly TY elements — in the genome can compete in
the repair process.

Based on the appearance of tripartite events and our measured frequency of
DSBs, we concluded that the two ends of a radiation-induced DSB in a repeat
sequence can independently interact with other repeats in the genome. This has
obvious implications for damage in the human genome. Thus, randomly-induced
DSBs can have profound genomic effects and lead to nonrandom genomic changes
opening the diploid genome to dramatic changes.

21.4 DSB Associated Genome Instability: DSBs, ssDNA
and Localized Hypermutability

Highlights

* Single-strand DNA formed at DSBs and uncapped telomeres is at risk for hyper-
mutation and multiple mutations
» Strong potentiation of weak mutagens in single strand DNA
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A common mechanism of repair of DNA lesions involves excision and
resynthesis utilizing the intact template strand. This implies that damaged single-
strand DNA (ssDNA) might be at high risk for loss or genome instability. Based
on the systems we had developed to study DSB repair by oligonucleotides [16,
17] including RNA-containing oligonucleotides [18], we were uniquely poised
to address the vulnerability of ssDNA to spontaneous and damage-induced
changes including mutagenesis. Unlike the lesions induced in dsDNA, most
lesions in ssDNA are not repairable. In these studies which were initiated and
developed by Dmitry Gordenin [see his report in this volume], we found that
multiple lesions caused by ultraviolet light-C (UV) and MMS can be tolerated in
ssDNA and that they lead to extremely high frequencies of single and multiple
mutations.

Using our uniquely designed yeast systems [21], up to 20 kb of persistent
ssDNA can be generated at the ends of a chromosomal DSB or at uncapped
telomeres in cdcl3-1 temperature-sensitive mutants. Cells are then exposed to a
DNA damaging agent. The mutagenic consequences of the lesions in the ssDNA
can be assessed with mutation reporters that are included in the regions that
experienced ssDNA.

Since nearly all the UV-induced mutations correlated with pyrimidines in the
nonresected strand [21] and the majority of MMS-induced mutations could be
related to damaged cytosines in the nonresected strand which provided a unique
mutation signature [22], ssDNA was concluded to be highly vulnerable to mutagen-
esis. Consistent with this finding, there was a striking multiplicity of strand-biased
mutations, with up to 6 mutations separated by hundreds of nucleotides after a non-
lethal dose of damage. These results established that long stretches of transient
ssDNA can be restored to the dSDNA state even when they contain multiple lesions.
The ssDNA was greater than 1,000-fold more mutable than the dsDNA in the rest
of the genome. The high levels of induced, as well as spontaneous, mutagenesis were
largely attributable to bypass by the DNA polymerase zeta (controlled by REV3
as well as REV]I).

These findings are contrary to commonly held views of mutation independence
across the genome. They reveal novel mechanisms of mutation and biological
consequences. Environmental toxicants and drugs that can lead to and/or generate
lesions in single strand DNA are of special health concern since single-strand
regions in the genome may be highly prone to mutation and subsequent disease.
This is particularly relevant since transient stretches of ssSDNA are formed during
5’-end-resection of DSBs, as discussed above, as well as during DNA replication.
Abnormalities in DNA metabolism, such as replication fork uncoupling, delay in
recombination repair of a DSB or in telomere recapping after replication could be
sources of long ssDNA stretches (thousands of bases). Our findings establish long
ssDNA as extremely risky to genome stability as well as a potential source of
adaptive evolution and cancer [see report by Gordenin in this volume] without
severe mutation load in the rest of the double-strand genome, where repair of lesions
is efficient.



252 M.A. Resnick

21.5 Base Damage-Associated DSBs and Implications for SSB
Repair

Highlights

e System developed to monitor induction and repair of DSBs caused by DNA base
damage

e Chromosomal DSBs can result from interrupted or misrouted base-excision
repair

 Coordinated polymerase 8 and Rad27/Fen prevent transition of closely-opposed
lesions to DSBs

Endogenous metabolism or environmental factors such as oxidizing and alkylating
agents produce a wide variety of lesions in cellular DNA. The genomes of mam-
malian cells experience from 10,000 to 200,000 modifications per day. Most lesions
are repaired by a network of proteins that are part of an elaborate, multi-step base exci-
sion repair (BER) system that generate single-strand break (SSB) intermediates.
Importantly, defects in BER can lead to malignancies and are associated with age-
associated disease, including neurodegeneration. While BER enzymes have been
characterized biochemically, BER functions within cells are much less understood, in
part because replication bypass and DSB repair can impact resistance to base damage.
To investigate in vivo BER, we examined repair of methyl methanesulfonate
(MMS) induced DNA damage in haploid G1 cells in the absence of replication bypass
and recombinational DSB repair [11].

Following methylation of DNA bases, abasic sites (AP sites) are generated by
glycosylases. The AP sites are heat-labile and give rise to SSBs during sample
preparation for PFGE at a high temperature (55°C) while few SSBs are formed at
lower temperatures (30°C). If closely spaced on a chromosome, SSBs will result in
a secondary chromosomal DSB that is detectable by PFGE. Assuming that pairs of
single strand lesions separated by less than 10 nt are detectable as DSBs, the number
of secondary DSBs appearing after MMS treatment corresponded to 2,000-10,000
base lesions per haploid genome. These DSB studies were facilitated by our
approach of simultaneous probing of a circular and a linear chromosome using a
common sequence; the system can detect 2-40 DSBs per yeast genome. (Note that
in this system DSB measurements are independent of the amount of DNA entering
the gel.)

The heat-labile sites associated with DSBs were efficiently repaired after
incubating G1 stationary cells for 24 h in buffer. Because the cells were also
haploid, the repair could not occur through recombination. Consistent with a
proposed role for BER in repair of heat-labile sites, the repair required the glyco-
sylase MAG1. Simultaneous deletion of AP-endonuclease genes APN/ and APN2
led to a large number of DSBs even for samples processed at 30°C, indicating that
heat-labile sites can be converted into SSBs within the cell by other BER enzymes
(possibly Ntg1 or Ntg2 lyases) and are not efficiently repaired thereafter. Consistent
with this, DSBs formed in apnl apn2-deletion strains were not repaired and even
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increased in number during post-treatment incubation in buffer. These DSBs were
suppressed by a magl deletion suggesting the DSBs resulted from downstream
processing of AP-sites in vivo. Thus our approach provided direct physical evidence
that Apnl and Apn2 not only repair cellular base damage but also prevent break
accumulation that can result from AP sites being channeled into other BER
pathway(s).

Our findings provide the first direct evidence that interrupted or misrouted
base-excision repair of clustered lesions can lead to the in vivo accumulation of
chromosomal DSBs. In subsequent experiments [11], we described a pathway for
the prevention of DSBs from clustered lesions through the coordinated repair of
closely-opposed lesions. Using single and multiple mutants that impede interac-
tion of DNA polymerase & and 5’-flap endonuclease Rad27/Fenl with the PCNA
sliding clamp, we found that lack of coordination between these components during
long-patch base excision repair of alkylation damage can result in the generation
of many DSBs within nondividing haploid cells. This contrasts with efficient
repair of nonclustered MMS-induced lesions, as measured by quantitative PCR
and S1 nuclease cleavage of SSB sites.

We conclude that closely-opposed single-strand lesions are a unique threat to the
genome and that repair of closely-opposed strand damage requires greater spatial
and temporal coordination between the participating proteins than widely-spaced
damage in order to prevent generation of DSBs. In our recent unpublished studies
(Ma et al. in preparation) we have gone on to describe how MMS can lead to DSBs
in apnl apn2 cells and that the DSBs are subject to resection and recombinational
repair, similar to findings with radiation-induced DSBs.

21.6 Chromosome Structure and DSBs: Single Molecule
Analysis of DSB to Chromosome Aberration Transitions

Highlights

e Chromosomal continuity is not disrupted by a DSB
e The transition of nearly all DSBs to a chromosome break is controlled by MRX &
EXO1

Since DSBs are powerful sources of chromosome instability and rearrangements,
we set out to understand the relationship between a DSB and a cytologically detect-
able chromosome break (CRB) and what factors might influence the transition from
DSB to CRB. In collaboration with Kerry Bloom (University of North Carolina,
Chapel Hill) we developed a yeast-based system that provides for chromosome anal-
ysis in real time following the induction of a single DSB by an inducible I-Scel
endonuclease [10]. The system (Fig. 21.3) utilizes the fluorescent labeled proteins
tetR-CFP and LacIl-GFP marking each side of a DSB and Spc29-RFP fusion to iden-
tify the spindle poles. The tetR-CFP and LacI-GFP proteins bind multiple repeats of
their operator target sequences ~5 kb from the DSB site. This arrangement enabled
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Fig. 21.3 System to detect transition of DSB to chromosome break

us to investigate the development of a CRB following DNA breakage and the relation
to spindle pole separation and sister chromatid separation in wild type and various
end-joining or end-processing RMX mutants.

Previously, we showed that nearly all wild type cells were arrested at the G2/M
phase in response to an unrepaired DSB signaling event [10]. The centromere-con-
taining and acentric broken DNA fragments remained in close proximity, which led
us to conclude that a break in DNA does not develop into a CRB. (Similar results
were reported using an identical flourescent markers nearly 50 kp from an induced
DSB.) This physical association may be important in DSB repair. We went on to
identify some factors that help prevent a DSB to CRB transition. There is a require-
ment for the complex, since 10-20% of chromosomes exhibited a CRB when any of
these genes were mutated. However, it is not the end-joining or end-processing
MRX function that prevents chromosome breakage. Instead, it is the tethering fea-
ture of the complex through the Rad50 component. We proposed that this function,
in addition to repair, is likely to play an important role in preventing chromosome
instability. These studies were recently extended to other mutants. Remarkably,
deletion of the exonuclease 1 (EXO1I) gene increases the frequency of cells with a
CRB to ~40% [13]. Importantly, in the exol rad50 double mutant nearly all DSBs
transition to CRBs. Since the exol nuclease function specifically affects the DSB to
CRB transition, the findings have led us to conclude that some aspect of resection
plays a major role in preventing a DSB to CRB transition.
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21.7 Chromosome Structure and DSBs: Limiting Cohesin
Leads to Genome Instability

Highlights

e Development of genetic system to identify limiting components controlling
genome stability

e Cohesin is limiting for DSB repair.

* Cohesin defines the sister chromatid as a donor for DSB repair, preventing
recombination between homologous chromosomes and loss of heterozygosity
(LOH)

The repair of DSBs via homologous recombination (HR) is an evolutionarily
conserved process that is relatively error free. While HR may have a deleterious
effect on genome stability through nonallelic recombination or LOH, these risks
might be reduced by restricting HR to sister chromatids. Although the sister chro-
matin cohesion complex (cohesin) facilitates DSB repair between chromatids, its
role in HR and repair when homologous chromosomes are present has not been
addressed. We examined the consequences of changes in cohesin level on HR and
DSB repair as well as the role that cohesin might play in directing events between
sister chromatids vs homologous chromosomes [3]. Using tetraploid yeast, gene
dosage could be varied four-fold for the essential sister chromatid cohesin sub-unit
MCD] as well as other key players in HR. Survival and global DSB repair are com-
promised in MCD1 simplex (single-copy) strains that are y-irradiated at G2/M when
sister chromatids are present. Importantly, y-induced HR between homologous
chromosomes was actually increased ~10 times over that in WT strains (4 copies),
while there was no difference in spontaneous HR rates. The survival and HR fre-
quency were comparable to WT tetraploid yeast irradiated in G1, when only homol-
ogous chromosomes are present. The results for UV and IR were similar although
to a lesser extent for the DNA replication inhibitor hydroxyurea. This system has
provided the first direct evidence that the cohesion complex is both limiting in DSB
repair and that it has a dual role in HR, namely, promotion of recombinational repair
between sister chromatids and suppression of recombination between homologues
(Fig. 21.4). The suppression would prevent loss of heterozygosity (LOH) through
recombination and segregation of sister chromatids.

Thus, reduction in cohesin may have important consequences to genome change
and evolution. Cells with moderately reduced cohesin levels (MCD1 simplex) have a
reasonable fitness but exhibit increases in DNA damage-induced recombination
between homologous chromosomes, even when survival is high. The promiscuous
recombination which can cause elevation in LOH may also lead to more nonallelic
recombination, reshaping the genome through structural variations [3]. While the
present results indicate a general role of cohesin in control of HR, our approach can
provide useful insights into genome dynamics as well as genetic processes associated
with tetraploidy and consequences of cell-to-cell variation in limiting proteins. In
addition, the experimental design can be used to search for subtle changes in factors
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Fig. 21.4 Cohesin
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that are limiting for genome stability, especially when combined with modest (i.e.,
high survival) levels of genotoxic environmental stress. Our system utilizes normal,
wild type proteins and native gene expression regulation, eliminating the uncer-
tainty associated with mutations and controlled gene expression.

21.8 Summary

Overall, our approaches have established the efficiency of repair of random DSBs in
yeast and the genomic vulnerability associate with these breaks. Based on results
with a unique cut site, broken DNA ends are held in close contact which could
facilitate recombinational repair. In addition the physical interaction between sister
chromatids appears to enhance opportunities for repair. Importantly, the ends have
a strong potential for genome instability either by interacting with homologous
chromosomes and/or sequences across the genome or through resection of ends,
making them highly vulnerable to mutagenesis. These approaches have helped
elucidate a portion of the considerable genetic investment that all cells have in the
detection and orderly processing of DSBs.
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Chapter 22

Facultativeness Principle and Generalized
Approach to the Genome and Hereditary
Variability

Michael Golubovsky

Abstract Facultativeness in the genome structure and function reflects the general
principle of the life organization and evolution: the unity of the whole and the free-
dom of the parts. The genome or cell hereditary system codes, maintains and trans-
fers the hereditary information in both structurally and dynamically. Generalized
genome concept presents a genome as an ensemble of both obligate and facultative
elements. Template processes (Replication, Transcription and Translation) and
Basic genetic processes (Repair, Recombination and Segregation) are capable of
functional facultativeness and dynamic (epigenetic) alterations. It is reasonable to
discriminate between three kinds of heritable changes — mutations, variations and
epigenetic alterations. Structural genome facultativeness is expressed as a subdivi-
sion of cell DNA and RNA elements on two subsystems: Obligate genetic elements
(OGE) and Facultative genetic elements (FGE). FGE include various kinds of
repeated sequences, mobile elements, amplicons, inserted viral and foreign DNA,
B-chromosomes, plasmids and cytobionts. The number and intracell topography of
FGE varies from cell to cell, in different tissues and individuals. Changes in struc-
ture or order of OGE are mostly correspond to classical mutations. For diverse
changes in number or cell/tissue topography of FGE (as it is well known for mobile
elements) the term variations seems appropriate. Mutations and variations signifi-
cantly differ on the character and mode of their occurrence. Variations may occur
simultaneously in many cells/individuals and are induced by non-mutagenic factors.
Spontaneous hereditary changes in nature usually occur in the system
ENVIRONMENT - FGE — OGE via two-step mechanism. FGE are the first to react
to both internal and external environmental challenges. Then their activation induces
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gene/chromosomal mutations. Both variations and epigenetic alterations (epimutations)
may have non-mendelian features, occur simultaneously in many individuals,
sometimes reminding phenomenon of inheritance of acquired characteristics.

Keywords Genome ¢ Facultative elements ¢ Mutation ¢ Variation * Epigene
* Heritable changes

22.1 Introduction

The genome, which in the broad sense is the cell’s hereditary system, codes, stores
and transfers information both structural and dynamic ways. Thus we need discrimi-
nate between different forms of structural heritable changes of genome and dynamic
ones (or epigenetic). Amusing absence of the strict correlation of DNA content in the
haploid nuclear DNA content with taxonomic status of species and 2—10 fold differ-
ences in genome size in closely related species was called in 1970s the “C-value
paradox” [13, 21]. It appears that in most eukaryotes protein-coding sequences con-
stitute only small part of nuclear DNA. For example, in humans they occupy less
than 5% of the haploid nuclear DNA. Other parts comprise regulatory DNA regions
(about 15% of genomic DNA) and diverse kinds of repeated sequences including
mobile elements [16]. The recent study of 270 human individuals from four popula-
tions in Europe, Africa and Asia revealed a total of 1,447 copy number variable
regions covering 360 megabase or about 12% of the genome. These variable regions
contained 100 genes, functional elements, segmental duplications and repeats [25].

To describe such unusual eukaryote genome organization and its variability we
suggest to discriminate between two genome subsystems: OGE or Obligate Genetic
Elements (genes and their families) and FGE or Facultative Genetic Elements. FGE
are predominant fraction in the genome content of most eukaryotes. FGE include
various kinds of repeats, mobile elements, amplicons, viral and foreign DNA,
B-chromosomes, plasmids an nuclear/cytoplasmic cytobionts. The number and
intracell topography of FGE varies from cell to cell, in different tissues and indi-
viduals. Mutations in their classical Morgan’s sense (point and chromosomal) are
mainly changes in the OFG subsystem. Various changes in the number or cell topog-
raphy of facultative elements were coined as variations [9, 11, 12].

Mutations and variations tremendously differ in the rate of their occurrence, level
of genotype/environmental dependence, stability and pattern of genome topogra-
phy. FGE are the first to react to genetic background or environmental challenges.
They constitute an operational genome memory. Activation of OFG leads directly
or undirectly to both gene mutations and chromosome rearrangements. The process
of occurrence of heritable changes in nature has two-step pattern being mainly
mediated by mobile elements and other members of FGE. Recurrent global and
local bursts of definite mutations in wild Drosophila populations observed during
long-term observations [1] appeared to be result of activation and insertion of
diverse mobile elements [7, 10]. In the case of P-M hybrid dysgenesis in Drosophila
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multibreak rearrangements occur mostly in the sites of insertions of P-mobile
elements [22, 3]. Similarly, in the species D. virilis, that normally has very
stable karyotype, activation and amplification of Penelope mobile element in the
situation of hybrid dysgenesis is accompanied by multisite rearrangements.
Important that about 50% of them discriminate various species of this Drosophila
subgenera [6]. Such facts indicate on involvement of mobile elements in the spe-
ciation process.

Subdivsion of the hereditary system on Obligate and Facultative subsystems
reflects the universal principle in organization and evolution of life organisms: the
unity of the whole and the freedom of the parts. Or similarity in design but differ-
ences in details. FFG elements may be mobile regulators of gene expression in
many chromosomal sites. Thus chromosome/cell topography of FGE may prede-
termine the direction of genomic evolutionary changes. In this paper we discuss
how diverse interactions in the OFG and FGE subsystems lead to non-canonical
(non-mendelian) heritable changes.

Facultativeness characterizes also the function of two triades of genetic processes
universal for all living organisms. (1) Template processes —Replication, Transcription
and Translation and (2) Basic genetic processes — Recombination, Repair and
Segregation. These two triades determine coding, maintenance and transfer of
genetic information during individual development and during inter-generation
transmission.

Dynamic aspects of coding, storage and transfer of genetic information are called
epigenetic. The spectrum of epigenetic changes is wide: from the transformation of
serotypes in paramecium to chromosomal and gene imprinting. The terminology in
this field is not yet stabilized. We argue a heuristic value of an epigene concept
developed both in theoretical ad experimental aspects [29].

22.2 Facultativeness of Structure and Function of the Genome

22.2.1 Genome and Cell Information System

The term “genome” was coined by cytologist Winkler in 1920 to designate the
haploid set of chromosome for a species. The term was used for an analysis of
allopolyploid species or for such mutations as an amplification in chromosome
numbers. Then its meaning has widened to include the entire hereditary constitution
of the cell: both structural and dynamic modes of coding, storage and transfer of
species-specific hereditary information.

Necessity of including in the genome concept of stochastic dynamics comes from
the discovery of regulatory genes and specific chromosome sequences (like enhanc-
ers) that control the level and stability. The genome contains not only blueprints, but
a coordinate program of protein synthesis and cell function. The holistic aspects of
species-specific hereditary systems might be viewed metaphorically as the structural
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design of a temple that cannot understood by studying separate breaks — genes — at a
fixed point in time. The discoverer of the operon the principles of gene regulation
entitled their classical paper as “Teleonomic mechanisms in cellular metabolism,
growth and differentiation” [23]. To preserve intracellular homeostasis and the
adaptive response of he genome to environmental challenges, they emphasized
the biological purposefulness or teleonomy of cell’s regulatory systems. Recent
molecular discoveries of signal transduction pathways and chromosome organization
has shifted focus from genes as units of inheritance and function to the genome as a
complex dynamic system.

The cell’s ability to analyze external and internal conditions (and to control
growth, movement and differentiation) can be compared to an information comput-
ing network and check-points. By means of signal transduction pathways a cell
receives external signals and transmits, amplifies and directs them internally. The 17
discovered pathways are highly conserved in nematodes, flies and vertebrates [24].

Each pathways includes signal accepting receptor, membrane or cytosolic pro-
teins including kinases and phosphatases to convey the signal and key transcription
factors capable of switching its state, activating or suppressing transcription of defi-
nite genes.

DNA repair systems remove damages. Multiple proofreading mechanisms
recognize and remove errors that occur during DNA replication or due to muta-
gens. Repair systems allow cells not be passive victims of random physical and
chemical forces. They control the level of mutability by modulating repair system
activity [5].

Mobile genetic elements found now in all eukaryotic genomes, can move from
one chromosomal position to another and induce chromosome rearrangements
(review: Kazazian [18]). ME contain genetic punctuation signs (promoters, enhanc-
ers, stop signals of transcription etc.) that regulate expression of genes and promote
an appearance of new constructs. The term “Natural Genetic Engineering” coined
by Shapiro [26, 27] emphasizes that biotechnology uses the same enzymes (nucle-
ases, ligases, reverse transcriptases and polymerases) that living cells use to reshuf-
fle the genome and its function. Though ME are repetitive and dispersed on different
chromosomes, they can be activated simultaneously by cell signal (e.g., HSP90, the
genetic “capacitor”) resulting in outbreaks of non-random genetic variability.

22.2.2 Genome Structure: Obligate and Facultative Elements

The eukaryotic genome can be naturally subdivided on two subsystems: Obligate
and Faculative genetic elements. FGE include the hierarchy of intra and extra
chromosomal elements in nucleus and cytoplasm. Nuclear FGE comprise a
highly repeated and nucleated DNA sequences, pseudogenes and retrotrans-
cripts, transposons, amplicons and even an additional or B-chromosome. In
cytoplasm FGE include plasmids, amplified rod and circular segments, and
endosymbionts (Fig. 22.1).
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Fig. 22.1 Obligate an Facultative elements of the genome and two types of hereditary changes:
mutations and variations. Arrow indicates of the link, while their width corresponds to the intensity
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OGE and FGE exhibit different patterns of heritable changes. Mutations in their
classical sense are changes in structure, position and number of genes. These events
are connected with OGE. Diverse changes with FGE are titled as variations. Let’
see human genome [16]. Coding sequences comprise less than 5% of all DNA;
15-20% is connected with gene/chromosome activity regulations. FGE occupy
about 50% of the genome and include highly repetitive sequences, duplication of
chromosome segments and distinct ME of four types: three kinds of retroelements
(LINE, SINE and Alu) and one class of transposons. Segmental duplications of
1-200 kb blocks are a remarkable feature of the human genome and comprise about
3,3% of all DNA. Other repetitive elements are simple sequence repeats (SSRs) : a
short repeat units or microsatellite (1-11 b.p) and longer SSR as minisatellites
(14-500 b.p). SSR comprising ~3% of the genome are important in human genetic
studies because they show a higher degree of length polymorphism in populations
and promote to molecular localization. The genome includes also several families
of human endogenous retroviruses dispersed on chromosomes [18]. The LINE-1
retrotransposon, L1, has in the human genome 3,000-5,000 full length copies and
500,000 truncated copies, ~15-17% of the genome. About million copies of Alu
retrotransposons comprise 10-12% of the genome. One of every 100-200 human
births has a de novo Alu insertion. A similar rate is found for L1. More 30
L1-mediated insertion mutations leading to diseases were observed (hemophilia
A and B, thalassemia, DMD).

Changes in number and chromosome topography of intra-cell population of FGE
are drastically different from gene mutations. Jacob and Wollman [17] were the first
who studied similar hereditary changes in the system phage-bacteria and called
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them as variations. It became clear now that variations in eukaryotes are frequent
phenomena and embrace diverse changes in an intra-cell populations of diverse
FGE. Typical example is the phenomenon of hybrid dysgenesis established in
Drosophila. In F1 hybrid from crosses of paternal P-stock containing active
P-transposons with females of M-stocks devoid of P-active copies of cytoplasmic
repressor mass P-transpositions occur in the germ line accompanied by multiple
insertion mutations and rearrangements. Their incidence in F1 progeny of dysgenic
crosses may reach about 10%.

Chromosomal breaks in the cases of P-M hybrid dysgenesis are ordered and site
specific: they occur near P-site localization. Multisite inversions occur in dysgenic
hybrids as often as single ones [2, 22]. Activation of diverse of ME in nature result
in mutation burst of definite genes in distant natural populations [10].

Variations or hereditary changes in the FGE subsystem may be induced by non-
mutagenic environmental factors such as interline crosses, food/temperature
fluctuations.

There is a two-step mechanism of spontaneous mutation process in nature
(Fig. 22.1). First, an activation of mobile elements (significant part of FGE) in a
reply on diverse environment challenges. Second, insertional mutations and chro-
mosome rearrangements.

Typical example of variation are changes in the ratio of OGE and FGE. These
changes accompany phenomenon of amplification of definite chromosomal seg-
ments during development or an adaptation of somatic cells to drugs that block cell
division.

Amplified segments or amplicons might be as tandem duplications or be trans-
formed into plasmids or even mini-chromosomes capable to autonomous replica-
tion in cytoplasm. Both the number and topography of amplicons varies over cell
lines. Amplification of chromosomal segments containing myc oncogene occurs in
25% human neuroblastomas. The exact number of amplified segments cannot be
determined even in daughter cloned cells [19].

22.2.3 Template and Basic Genetic Processes and Facultativeness

An occurrence and fixation of new hereditary information are realized via two tria-
des of genetic events acting both in prokaryotes and eukaryotes: template and basic
genetic processes. Template processes include Replication, Transcription and
Translation. Basic genetic processes include Recombination, Repair and
Segregation [9]. To be hereditary, all DNA changes need go through template and
basic genetic processes. Among the 4,228 genes of bacteria E.coli the number of
genes involved in these processes are following. Replication, recombination and
DNA repair — 115 (2.7%). Transcription, synthesis and modification of RNA — 55
(1,3%). Translation and post-translation protein modification — 182 (4,2%).
Ribosomal r-RNA synthesis- 21 and tRNA — 86 genes [4].
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There are a lot of examples of facultativeness in function of template and
basic genetic processes. First, facultative hyper=replication or under-replication
of chromosome segments enriched by DNA repeats (heterochromatin areas).
Amplification is another example of facultative local DNA hyper-replication dur-
ing development or environmental challenges.

Near 60% of genes in humans are capable to alternative transcription and alterna-
tive splicing, depending on specific tissue or cell/tissue physiology. This ability is
based on existence of two or more promoters and exon/intron structure of eukary-
otic genes. Thus, in humans due to an alternative gene splicing there are average of
2,6 transcripts per gene.

Facultative translation is well established in yeast. Thus, in the presence of pro-
tein Sup35 which control a subunit of the translation termination complex and
exhibit prion traits, ribosomes begin to read through stop codons an appreciable
fraction in time. This releases a hidden genetic variation and creates a variety of new
phenotypes especially in the stress conditions [30].

DNA repair is the main guardian of diverse errors and damages of DNA structure.

In addition to normal mechanisms of the repair process there are facultative
ones: photoreactivation, excision and postreplicative repair. Facultative recombi-
nation includes such its variants as site-specific recombination and replicative
transposition of LTR-containing mobile elements. Segregation process as the nec-
essary final of both mitotic and meiotic divisions might be also facultative as in the
case of some genetic factors like Segregation Distortion or some chromosomal
rearrangements [20].

22.3 Dynamic Inheritance and the Logic of an Epigene

Dynamic aspects of coding, storage and transfer of genetic formation are called as
an epigenetic. The spectrum of epigenetic inheritance is wide: from the transforma-
tion of serotypes in the paramecium to gene and chromosome imprinting. The term
“epigenotype” was introduced in 1960s. Holliday [14, 15] first used the term
“epimutation” and indicated on variations in DNA methylation profile as the main
its source in diverse organisms.

Since the middle of 1970s the concept of an epigene as a unit of epigenetic
inheritance is developing. This fruitful idea was experimentally validated by arti-
ficial epigene synthesis [28, 29]. The epigene is an auto-regulatory hereditary unit,
a genetic system with cyclic links or feedback, having two or more functional states
and capable of maintain each other over cell generations. A one—component
epigene is shown on Fig. 22.2. Feedback might be positive as in the system bacteria-
phage with autoregulatory c/ gene function. The state of ¢/ gene determines the
option between lambda phage lysogenic or lythic regimes. Similarly, transposons
P in Drosophila and Ac and Spm in corn are organized as epigenes with positive
auto-regulation.
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Fig. 22.2 A scheme of an epigene. Epigenes constitute autoregulatory feed back links via DNA
binding proteins. The figure shows the positive auto-regulation at the transcription level. A' and A°
designate active and non-active states of the epigene. Crosses may result in epimutation in the
progeny of F1 epiheterozygotes

Figure 22.2 shows possibility of stochastic switching (trans-activation) from
inactive to an active epigene state in cell epiheterozygotes. Such switching represent
an epimutation with non-mendelian inheritance.

Noteworthy, if we have five independent epigens in the genome, the cell may
have 64 potential variants of phenotype without any structural changes in DNA
sequences.

22.4 Conclusion

The presented generalized approach to the genome organization and function posits
a division of the genome on two subsystems OGE and FGE and assumes at least
three types of heritable changes: mutations, variations and epigenetic alterations.
Heritable changes of diverse facultative genome elements or variations occur simul-
taneously in many individuals. They might be site specific and are induced by vari-
ous weak non-mutagenic environmental factors as temperature, interpopulation
crosses or nutritional shifts (“genotrophs” in plants). The same is right for an epige-
netic alterations.
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Activation of mobile elements in nature results in mutation bursts: insertion —

connected gene mutations and rearrangements. Insertion mutations in Drosophila
embraces about 70% of spontaneous visible mutations. Facultativeness principle
and generalized approach to the genome organization and function have an important
implications. We indicate only on necessity a three-generation approach in demog-
raphy and epidemiology [11, 12].
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Chapter 23
Recent Inserts of Transposable Elements Affect
Structure and Functions of Human Genome

Anton Buzdin, Maria Suntsova, Olga Bantysh, Elena Aleksandrova,
Anastasia Zabolotneva, Elena Gogvadze, and Nurshat Gaifullin

Abstract Transposable elements (TEs) are selfish fragments of DNA able to
reproduce themselves into the host genomes. TEs typically occupy ~40-50% of the
mammalian genomes. In our studies, we focus on evolutionary recent TE inserts
that appeared in the DNA of human ancestor lineage after divergence with the chim-
panzee ancestry, i.e. less than ~6 million years ago. These human specific elements
(hsTEs) represent only a minor fraction of the whole TE cargo of the human genome.
hsTEs are represented by the four families called HERV-K(HML-2), L1, Alu and
SVA. The number of human specific copies for HERV-K(HML-2), L1, Alu and
SVA families is approx. 150, 1,200, 5,500 and 860 copies per genome, respectively.
Taken together, hsTEs shape ~6.4 megabases of human DNA, which is about 6-times
lower than what is occupied by the human specific simple nucleotide polymor-
phisms, and 23-times smaller than the overall length of human specific deletions
and duplications. However, although modest in terms of genomic proportion, hsTEs
should be regarded as the perspective candidates for being molecular genetic agents
of human speciation. Unlike most of random mutations and duplications, each novel
insert of hsTE has provided to the recipient genomic locus a set of functional
transcriptional factor binding sites positively selected during the TE evolution. For
example, clusters of novel inserts of Alu elements may serve as CpG islets, SVA
elements provide functional splice sites and polyadenylation signals, whereas L1
and HERV-K(HML-2) elements donate enhancers, promoters, splice sites and poly-
adenylation signals. Significant proportion of the human-specific genomic deletions,
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duplications and translocations has been also generated due to ectopic recombinations
between the different individual TE inserts. Among the other, we report for the first
time a detailed functional characteristics of the HERV-K(HML-2) hsTEs done at the
genome-wide level. We have identified 65 active in vivo human specific promoters
contributed by these elements. We also identified three cases of the hsTE-mediated
human specific transcriptional regulation of functional protein-coding genes taking
part in brain development during embryogenesis. We found ~180 human specific
polyadenylation signals transferred by the SVA elements into the introns of known
functional genes. Scaling of these data to the total number of the hsTEs predicts that
hundreds of human genes are regulated by these elements. Finally, we discovered
the first exclusively human specific TE family, represented by ~80 members formed
by a combination of a part of a CpG islet of human gene MAST2 ansd of the
3'-terminal part of an SVA retrotransposon. According to our estimates, this family,
termed CpG-SVA, was far more active than the ancestral SVA family. Our data
indicate that MAST?2 regulatory sequence was recruited during the evolution to pro-
vide effective CpG-SVA transcription in human testicular germ-line cells.

Keywords Human evolution ¢ Genetic instability ® Transposable elements e Human
specific promoters * Antisense transcripts ® Regulation of gene expression * Brain
development ¢ Hybrid family of retrotransposons

23.1 Introduction

23.1.1 Recent Evolution of the Human Genome

23.1.1.1 Major Genetic Differences Between Humans and Chimpanzees

Understanding of the genetic basis that accounts for the obvious differences in
phenotypes of humans and their closest relatives, chimpanzees, is one of the most
interesting tasks of modern life sciences. This task is also challenging, mostly due
to strikingly high similarities in their genome structure and organization [25, 26,
106, 117]. Indeed, an average divergence between human and chimpanzee DNAs
is about 1.24% [36], being as low as only 0.5% in protein coding regions [54].
Human and chimpanzee ancestor lineages diverged relatively recently in evolution,
approximately 6 million years ago [57]. At present, we still don’t know exactly
what genetic traits make us humans, but a number of functionally important differ-
ences between human and great ape genomes have been identified. In general, they
can be classified into the four major groups:

1. diverse chromosomal organization, including deletions, inversions, duplications
and translocations

2. variations in copy number, genomic localization and functional status among the
pre-existing common sequences
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3. differences in protein coding regions
4. lineage-specific genomic insertions of transposable elements (TEs).

23.1.1.2 Non-TE Differences

Millions of mutated loci, mostly single nucleotide polymorphisms (SNPs), are
known to be polymorphic in humans. However, they should not be considered here
due to the lack of a functional role in human speciation for these sequences, which
are presented only in a fraction of human population. Human and chimpanzee
genomes, both approximately 3-10° base pairs in size, share ~98.8% sequence iden-
tity [36], thus making identification of functional human-specific sequences finding
the needle in a haystack. Theoretically, recent success in human and chimpanzee
DNA sequencing projects [25, 116] has provided an instrument for the direct
comparison of genomes with the subsequent association of genomic changes with
interspecies differences at the level of protein expression. However, in practice the
chimpanzee genome draft, currently available in public databases, is not sufficiently
accurate for such a comprehensive study [20], although many successful large-scale
bioinformatical screenings have been performed [56, 81, 110, 111]. A plenty of
lineage-specific substitutions, deletions, insertions, duplications, expressed pseudo-
genes, anonymous RNAs, transposable elements have been identified nowadays,
but the omnibus study still remains to be done.

Cytogenetic differences. The comparison of human and African great ape karyo-
types using fluorescent in situ hybridization has revealed the most important lin-
eage-specific distinction, which is the fusion in human lineage of two ancestral
chromosomes (human chromosome 2), corresponding to chimpanzee chromosomes
12 and 13 [141]. Other major points are numerous changes in centromeric and telo-
meric regions [62, 97, 102, 114] and lineage-specific rearrangements and amplifica-
tions of several gene families in non-recombining parts of Y chromosome [47].
Apart from translocations, insertions and deletions have together given rise to at
least 150 Mb of genomic DNA sequence that is either present or absent in humans
as compared to chimpanzees, according to the recent estimation by Kehrer-Sawatzki
and Cooper [72]. Interestingly, mostly chromosome ends were the “hot spots” of
recent genome evolution [68].

Emerging or inactivation of functional genes. Few functional genes are known to
distinguish human and ape DNA. First of all, this is the functional deletion of an
exon within the protein coding sequence of human gene CMP for syalic acid
hydroxylase. Mutation caused by the human specific insertion of an Alu retroele-
ment into 92 bp-long CMP exon, disrupted normal open reading frame for this
enzyme and resulted in the lack of N-glycolyl neuraminic acid (NeuSGc) on a sur-
face of human cell membranes [22, 65]. Neu5Gc, thus, is replaced in humans by its
precursor, N-acetyl neuraminic acid (NeuSAc). This absence of Neu5Gec is the
major biochemical distinction between human and chimpanzee, which, theoreti-
cally, may influence intercellular interactions and embryo development. Some
other ancestor genes, mostly encoding olfactory receptors [45], have been lost or
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pseudogenised in the human lineage due to premature stop codon accumulations
[56, 134]. On the contrary, transcribed human specific sequence termed clorf37-
dup gene, encoding for short transmembrane protein of unknown function, is selec-
tively expressed in several human tissues including brain [140]. Also, a number of
new copies of genes involved in immune response such as leukocyte receptors or
antigens, have been acquired, lost or mutated during the recent human lineage evo-
lution [43]. Finally, Pollard et al. [110] recently reported a novel human specific
gene HARIF for a putative regulatory RNA that is expressed specifically in the
developing human neocortex from 7 to 19 gestational weeks, a crucial period for
cortical neuron specification and migration.

Gene duplications. Gene duplications may influence cell physiology by providing
additional copies of transcribed genes, thus escaping the original qualitative control
of gene expression. For example, 7-11 copies of the olfactory receptor gene OR-A
reside in human DNA, whereas the chimpanzee genome posesses only one copy of
that gene. Different human copies are transcribed with different specificities,
depending on their new genomic context [78, 127]. Similarly, eight genes for kera-
tinocyte growth factor KGF were mapped in human DNA, in contrast to only five
copies in the chimpanzee [143].

Lineage specific nucleotide substitutions. Millions of human specific single nucle-
otide substitutions, short deletions, duplications or microsatellite amplifications
have been documented to the date [72, 117]. Many of them have been mapped in the
regulatory genomic regions or in protein coding sequences. For example, chimpan-
zee dopamin receptor gene D4 has 12 bp long deletion, as compared with its human
ortholog [86]. However, the biological significance of these numerous changes
accounting for a total of ~36 megabases in our DNA (mostly single nucleotide sub-
stitutions) is still unclear.

Differences in gene expression. Identifying differentially transcribed sequences may
be a better solution for the direct finding of functional genes that might be involved
in human speciation [37, 40]. For example, Nadezhdin et al. managed to identify
differential transcription of a gene for transthyretin, the carrier of thyroid hormones,
in the cerebella of humans and chimpanzees [101]. However, one has to compare
samples from the same sex/physiological state groups of tissue donors. Due to an
extremely limited number of the available chimpanzee tissue specimens, no reliable
comparizon has been made so far, and the observed interspecies differences in gene
expression remain frequently less in amplitude than the intraspecies ones [37].

23.1.1.3 Insertions of Transposable Elements

TEs are DNA fragments, capable of self-reproducing and changing their location
into the host genome, i.e. to transpose. These selfish repetitive elements proliferate
either directly via their DNA copies (DNA transposons), or through RNA interme-
diates (retroelements) utilizing the mechanism termed ‘reverse transcription’ and
the RNA-dependant DNA polymerase enzyme, called reverse transcriptase (RT).
The newly formed DNA copy of the element then integrates into the genome, using
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a combination of host and self-encoded proteins, depending on the TE origin [11].
Retroelements, which constitute >42% of human DNA, are the only class of TEs,
able to transpose in mammals [10, 124]. Four retroelement families (L1, Alu,
SVA and HERV-K(HML-2)) were transpositionally active after the divergence of
human and chimpanzee ancestries, thus forming relatively modest fraction of human-
specific inserts (~7,800 copies [98], compared to a total of ~3 millions of human
retroelements [77, 132]).

Together, human specific retroelements constitute approximately 6.4 megabases
of the human DNA (Fig. 23.1), which is sixfold lower than that formed by short
nucleotide substitutions, and 23-fold lower than human specific deletions/duplica-
tions. However, such a modest proportion is somewhat compensated by the active
role of functional Genome Reshapers that is being played by human retrotransposons
[10, 31, 123, 124, 136]. TEs are known to be recombination hot spots (e.g., human
specific Alu-Alu recombinations resulted in deletion of at least 400 kb of human
DNA [120]). It is known that retroelements can modify the activity of pre-existing
human genes [9, 10, 31, 131]. At least one third of all human specific retroelements
has been mapped within or close to genes [98]. Therefore, REs may well be one of
the causative agents responsible for the phenotypic differences between Homo sapi-
ens and its closest relatives, Pan paniscus and Pan troglodytes chimpanzees. These
differences can be envisioned to arise not from the appearance of any new and/or
disappearance of old genes but due to variations in the regulation of some genes
common for the related species.

The first group, (~1,200 human specific members), is the L1 family of authono-
mous retrotransposons. The full-length primate L1s are about 6 kb long elements
encoding two open reading frames, for RT/integrase and RNA binding protein.
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However, L1 inserts are mostly 5'-truncated deficient copies originated, most
probably, due to abortive reverse transcription [5]. The next two groups, Alu (~300
bp long) and SVA (~1.5 kb in size) retroposons, are non-authonomous TEs that
recruit “heterologous” RT of the L1 origin for their own proliferation [133]. These
two groups, presented in human DNA by ~5500 and ~860 lineage-specific copies,
respectively, lack any protein coding genes and can be regarded as the parasites of
L1 retrotranspositional machinery [10]. Finally, authonomous HERV-K (HML-2)
endogenous retroviruses are the most complex group of human TEs. They harbor
three typical retroviral functional genes and one additional gene encoding for a
small regulatory protein.

23.1.2 Transposable Elements as Genome Reshapers

Repetitive sequences occupy a huge fraction of essentially every eukaryotic genome.
Repetitive sequences cover more than 50% of mammalian genomic DNAs, whereas
gene exons and protein coding sequences occupy only ~3% and 1%, respectively.
Numerous genomic repeats include genes themselves. Those generally encode
“selfish” proteins necessary for the proliferation of TEs in the host genome. The
major part of evolutionary “older” TEs accumulated mutations over time and fails
to encode functional proteins. However, repeats have important functions also on
the RNA level [49]. Repetitive transcripts may serve as multifunctional RNAs by
participating in the antisense regulation of gene activity and by competing with the
host-encoded transcripts for cellular factors. Moreover, polymorphic intron-located
L1 and Alu elements have been shown recently to decrease transcription of the cor-
responding alleles when compared to the expression of retroelement-free alleles
[80, 128, 129]. In addition, genomic repeats include regulatory sequences like pro-
moters, enhancers, splice sites, polyadenylation signals and insulators, which
actively reshape cellular genome and transcriptome.

23.1.2.1 TEs as Transcriptional Promoters

Whole-genome analysis revealed that about 25% of all human promoters contain
REs in their sequence [130]. Moreover, 7-10% of experimentally characterized
transcription factor binding sites (TFBS) were shown to be derived from repetitive
sequences including simple sequence repeats and transposable elements [109].
TFBS that originated from repeats evolve more rapidly than non-repetitive TFBS
but still show signs of sequence conservation on functionally critical bases. Such
rapidly evolving TFBS are likely to direct species-specific regulation of gene expres-
sion, thus participating in evolutionary process (Fig. 23.2).

In the majority of examples reported to date, REs act as alternative promoters,
but may also represent the only known promoter for some human genes. For example,
L1 and Alu sequences act as the unique promoter for HYAL-4 gene, necessary for
hyaluronan catabolism [130]. The application of novel high-throughput techniques
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such as cap analysis of gene expression (CAGE) and paired-end ditag (PET)
sequencing recently revealed 51,197 endogenous retrovirus (ERV)-derived promoter
sequences. In 1,743 cases, ERVs were located in gene proximal or 5" untranslated
regions. 114 ERV-derived transcription start sites drive transcription of 97 human
genes, producing chimeric transcripts initiated within LTR and read-through into
known gene sequences [24].

23.1.2.2 TEs as Transcriptional Enhancers

There are many examples of TE enhancer activity in human tissues in vivo. For
example, the ERV9 LTR element upstream of the DNase I hypersensitive site 5 (HS5)
of the locus control region in the human p-globin cluster is responsible for control-
ling expression of this cluster in erythroid cells [87]. The enhancer of human apolip-
rotein A was shown to reside within LINE element [139]. Alu sequence is a part of
enhancer element located in the last intron of the human CDS8 alpha gene [58].

23.1.2.3 TEs as the Alternative Splice Sites

Apart from the modulation of transcription, TEs can also regulate splicing of pre-
mRNA. In a genome wide comparison of the genomes of human and mouse, a total
of 3,932,058 and 3,122,416 transposable elements have been identified in human and
mouse, respectively. Interestingly, 60% of transposons in human are located in
intronic sequences, whereas introns occupy only 24% of the genome [119]. All TE
families in human can “exonize”, i.e. be included in the exons of mature mRNA. TEs
that are shared between human and mouse exhibit the same percentage of exonization
in the two species, but the exonization level of a primate-specific retroelement Alu is
far greater than that of other human transposons. This results in a higher overall level
of transposon exonization in human than in mouse (1,824 exons compared with 506
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exons, respectively) [119]. Alus are the most abundant repetitive elements in the
human genome. The major burst of Alu retroposition took place 50—60 million years
ago and has since dropped to a frequency of one new retroposition for every 20-125
new births [3, 28]. Alus are presented by more than 1.1 million of copies [21], and
over 0.5 million of them reside in introns of human protein coding genes [84]. Almost
all Alu-derived exons are alternatively spliced. Alu-derived exons typically have
significantly weaker splicing signals compared to non-repetitive constitutively
spliced exons and other alternatively spliced exons. However, at least six Alu-
containing exons (in genes FAM55C, NLRP1,ZNF611,ADAL, RPP38 and RSPH10B)
are constitutively spliced in human tissues [85, 91, 122].

In some genes, Alu elements strikingly increased the average amount of sequence
divergence between human and chimpanzee up to more than 2% in the 3'-UTRs.
Moreover, 20 out of the 87 transcripts carrying Alu insert either in the 5'- or in the
3'-UTR contained more than 10% structural divergence in length. In particular, two-
thirds of this structural divergence was found in the 3'-UTRs, and variable transcrip-
tion start sites were conspicuous in the 5'-UTRs [118]. In both 5'- and 3’-UTR
sequences, presence of an Alu element may be important for post transcriptional regu-
lation of gene expression, for example by affecting protein translation, alternative
splicing and mRNA stability [60]. Alu exonization might have played a certain role in
human speciation. For example, there is a muscle-specific inclusion of an Alu-derived
exon in mRNA of gene SEPNI (gene implicated in a form of congenital muscular
dystrophy), which appeared due to a human-specific splicing change after the diver-
gence of humans and chimpanzees [83]. The second example is the above mentioned
functional deletion of an exon of human gene CMP for syalic acid hydroxylase.

Overall, the proportion of proteins with TE-encoded exons (approximately
0.1%), although probably underestimated, is much less than what the data at tran-
script level suggest (approximately 4%) [55].

23.1.2.4 TE:s as Providers of Polyadenylation Signals

mRNA polyadenylation is an essential step for the maturation of almost all eukaryotic
mRNAs, and is tightly coupled with termination of transcription in defining the 3'-end
of genes. A polyadenylation signal (AAUAAA) nearby the 3’ end of pre-mRNA is
required for poly(A) synthesis. The protein complex involved in the pre-mRNA poly-
adenylation is coupled with RNA polymerase II during the transcription of a gene, and
only RNA polymerase II — products are terminally polyadenylated with the remarkable
exception of two polyadenylated polymerase III — transcribed RNAs [7]. Autonomous
retrotransposons encode proteins and utilize functional poly(A) signals at the
3'-termini of their genes. Therefore, insertions of these elements in genes in the sense
orientation can influence the expression of neighboring genes by providing new
poly(A) signals. For example, 5" LTR of the retrovirus HERV-F may function as the
alternative polyadenylation site for gene ZNF195 [73]. Human genes HHLA2 and
HHLA3 utilize HERV-H LTRs as the major polyadenylation signals [89]. Recently it
was estimated that ~8% of all mammalian poly(A) sites are associated with TEs [82].
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In general, there is a clearly seen strong negative selective pressure on the
intron-located autonomous TE inserts oriented in the same transcriptional direction
as the enclosing gene [12, 29, 131, 137, 142]. Indeed, all protein-coding intronic
retroelements (including LINEs and LTR retrotransposons) oriented sense to gene
transcription are underrepresented in all investigated genomes compared to statisti-
cally expected ratio of sense/antisense inserts. In contrast, non-autonomous retro-
elements like Alu don’t employ polyadenylation of their transcripts and, thus, may
have only casual AAUAAA sequences. However, such poly(A) signals are very
weak and are highly affected by the surrounding sequence [113].

23.1.2.5 TEs as the Antisense Transcriptional Regulators

It has been demonstrated that TE inserts in gene introns are preferentially fixed in the
antisense orientation relatively to enclosing gene transcriptional direction [96, 131].
Therefore, promoters of the intronic TEs may drive transcription of the RNAs that
are complementary to gene introns and/or exons. Moreover, some retrotransposons
are also known to possess bidirectional promoter [27, 34, 35, 39, 63, 94], and even
downstream insertions of these elements relatively to genes may result in production
of the antisense RNAs. Recently applied CAGE technology identified 48,718 human
gene antisense transcriptional start sites within transposable elements [23].

One possible mechanism of the antisense regulation on the pre-mRNA level is
connected with the generation of alternatively spliced mRNAs. It has been shown
previously that antisense transcripts can inhibit splicing of pre-mRNA in vitro and
in vivo [44]. The possible mechanism involves pairing of antisense transcript and a
sense target RNA with the formation of double-stranded RNA that could induce
the spliceosome to skip the paired region, thus forming an alternatively spliced
transcript. This would result in the formation of non-functional RNAs containing
multiple premature transcription termination codons. Normally, such RNAs are
immediately degraded in the cytoplasm by nonsense-mediated decay machinery
[38]. Alternatively, antisense transcript basepairing to the target RNA can lead to
its rapid enzymatic degradation directly in the nucleus.

23.1.2.6 TEs as Recombination Agents

Recombination is a powerful factor of evolution that produces genetic variability
by using reshuffling of already existing blocks of biological information [90].
Because of their high copy number and sequence similarity, TEs are the ideal
substrates for illegitimate homologous recombination, also called ectopic recom-
bination. The chance that an ectopic recombination will occur depends on the
number of homologous sequences and on the length of the elements [6, 121].
Recombination causes genetic rearrangements that can be deleterious, advanta-
geous or null. Alu-derived ectopic recombination generated 492 human-specific
deletions, the distribution of which is biased towards gene-rich regions of the
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genome [120]. Finally, L1s were shown to join DNA breaks by inserting into the
genome through endonuclease-independent pathway, thus participating in DNA
double-strand breaks repair [100].

23.1.2.7 TE-Transduction of the Flanking Sequences

The ability to transduce 3'-flanking DNA to new genomic loci was firstly shown for
the L1 elements [53, 99, 108]. L1s have a rather weak polyadenylation signal; there-
fore, RNA polymerase sometimes gets through it and terminates an RNA synthesis
on any polyadenylation site located downstream. It was estimated that ~20% of all
L1 inserts contain transduced DNA at the 3’ends. The length of these sequences
varies from few bases to over 1 kb. Taken together, such transduced DNA makes up
~0.6-1% of the human genome. Therefore, L1-mediated transductions have the
potential to shuffle exons and regulatory sequences to new genomic sites.

Recently it was shown that SVA elements are also able to transduce downstream
sequence and it was estimated that about 10% of human SVA elements were involved
in DNA transduction events [107, 133]. Moreover, SVA-mediated transduction can
serve as a previously uncharacterized mechanism for gene duplication [138]. It the
latter case new sequences may appear either on the 5'- or on the 3’ terminus of an
SVA (5" and 3’ SVA transduction, respectively). 3" Transduction mechanism is simi-
lar to that proposed for L1 retrotransposon. The size of genomic sequence trans-
ferred in such a way may differ from several base pairs to over 1.500 bp. The most
striking example is the transduction of a whole gene AMAC (acyl-malonyl condens-
ing enzyme 1) in the great ape genomes [138]. Due to SVA 3’ transduction, human
genome has two additional copies of AMAC.

Another kind of transduction results in attaching of new sequences to the 5’ end
of an SVA. TE transcription initiation may proceed from any promoter located
upstream in the genomic sequence. In this case termination of transcription and
RNA processing usually occur using normal polyadenylation signal of a TE. This
results in a mature RNA having on its 5" end an additional copy of flanking genomic
sequence and a copy of RE at its 3" end. Subsequent reverse transcription and inte-
gration into the genome of a nascent cDNA result to a new RE genomic insert car-
rying 5' transduced part [8].

23.2 Results

23.2.1 Discovery of New Human TE Families

23.2.1.1 RNA Recombination-Derived TEs

A typical LINE element encodes two proteins: ORF1p that is a RNA binding pro-
tein which likely helps reverse transcription as a nucleic acid chaperone [93], and
ORF2p, the reverse transcriptase and the endonuclease [71]. Due to a ‘cis-preference’,
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the enzymatic machinery of a retrotransposition-competent LINE predominantly
transposes its own copies [135]. However, LINEs are also able to mediate the trans-
position of other sequences, mostly non autonomous elements termed SINEs, but
also cDNAs originating from different cellular RNAs, leading to the formation of
processed pseudogenes [32]. Recently, we have shown that LINEs are involved in
the formation of bi- and tripartite chimeric retrogenes during reverse transcription
in many genomes including human and fungi [13, 14, 16, 41, 50]. Bipartite chimeric
retrogenes with an unusual structure were identified in three mammalian and in one
fungal genomes (Fig. 23.3).

A total of 82, 116, 66 and 31 elements were found in human, mouse, rat and rice
blast fungus Magnaporthe grisea DNAs, respectively [13, 14, 41, 50]. These ele-
ments are composed of DNA copies from cellular transcripts either directly fused to
each other or more frequently fused to the 3' part of a LINE retrotransposon. The
various cellular transcripts found in these chimeras correspond to messenger RNAs,
ribosomal RNAs, small nuclear RNAs, and 7SL RNA.

The chimeras have the following common features: (1) 5’-parts are full-length
copies of cellular RNAs; (2) 3’-parts are 5'-truncated copies of the corresponding
RNAs (mostly LINEs); (3) sites of these truncations occur at random in the corre-
sponding RNA; (4) both parts are directly joined with the same transcriptional ori-
entation; (5) chimeras have a poly (A) tail at their 3’ end, and (6) chimeras are
flanked by short direct repeats.

The last structural feature demonstrate that these elements were transposed as
bipartite DNA copies. Indeed, mammalian chimeras carried at their 5" ends a T A,
hexanucleotide or its variants [13, 14, 50] that correspond to the T,A, genomic site
used by LINEs to initiate reverse transcription on oligo (A) motifs and separate
newly inserted DNA by short tandem repeats [67]. The simultaneous integration of
both parts of these chimeras was further supported by the data came from PCR-
based evolutionary insertion polymorphism assay [13, 14].

This suggests that these bipartite elements are generated by a specific active
mechanism. It frequently combines functional cellular transcripts that have nothing
in common with transposable elements [19]. Many of the chimeras can be considered
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as new genes, as they were shown to be transcribed, some of them in a tissue-specific
manner [14, 48, 50, 51]. Later on, in the mammalian and fungal genomes we found
also the tripartite chimeras of a similar structure [51]. We further proposed that
these chimeric retrogenes were generated through a mechanism involving RNA
recombination during the reverse transcription of cellular RNAs (Fig. 23.4). This
model includes a switch from the nascent cDNA serving as template for the reverse
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transcription of the 3’ part of the chimera to another RNA template corresponding
to the 5' part, followed by the chimera integration into the host genome [10].

Although RT main enzymatic activity is the continuous synthesis of the cDNA
on RNA template, RT is able to switch templates during reverse transcription. For
example, in retroviruses, RT jumps from one site of the RNA template to another
site, are necessary for the synthesis of LTRs. Moreover, as retroviral particles usually
contain two independent RNA molecules [126], the high template switch frequency
significantly increases the retroviral diversity through recombination between these
RNAs [69]. These recombination events most probably account for the mosaic
structure of most retroviruses [66, 125].

This model for the chimera formation was further supported by results obtained
with human L1 LINE element using an elegant experimental system of retrotrans-
position in vitro [46]. The authors managed to characterize 100 de novo retrotrans-
position events in HeLa cells. Importantly, one insert (1%) represented a newly
formed chimera similar to those we identified in human genome, consisting of a full
length U6 snRNA fused to a 5’ truncated L1. Similar results were obtained in vivo
with a transgenic mouse model for L1 retrotransposition by Babushok and coau-
thors that characterized 33 novel retrotransposition events. 13% of these events
likely result from template switching during reverse transcription [1]. Interestingly,
it has been recently postulated that RT template jumps from LINE RNA to host
genomic DNA might facilitate integration and, thus, could be normally required for
successful LINE retrotransposition [1, 4].

Besides generating chimeric retrogenes, template switching events during LINE
reverse transcription could give rise to chimeric SINE elements [104] and to mosaic
rodent L1 structures, likely resulting from RNA recombination between L1 tem-
plates [8, 61]. Evolution of certain LINE families might also involve RNA-RNA
recombination, resulting in the fusion of the 3’ part of a LINE to a new sequence at
their 5’ end, as suggested by the observation that the 5'-untranslated regions of
human, murine, rat and rabbit L1 families are not homologous to each other [42].
Interestingly, RT encoded by another member of LINE superfamily — R2 from
arthropods, was documented to jump from one template to another in vitro, with
R2-R2 chimeras being formed [4].

Furthermore, it is speculated that LTR-containing retrotransposons and SINEs
themselves represent chimeric elements [75, 76, 92, 105]. A phylogenetic analysis
of the ribonuclease H domain revealed that LTR-containing retroelements might
have been formed as a fusion between DNA transposon and non-LTR retrotranspo-
son [92]. tRNA-derived SINEs likely descended from retroviral strong-stop DNAs
[105]. They consist of two regions: a conservative, including a tRNA promoter and
a core domain, and a variable one similar to 3'-terminal sequence of different LINE
families. The core domain of tRNA-like SINEs has conservative regions similar to
fragments of lysine tRNA-primed retroviral LTRs. On the basis of these structural
peculiarities it was suggested that tRNA-derived SINEs emerged due to the integra-
tion of retroviral strong-stop DNA into the LINE 3’-terminal part. The RE formed
could be transcribed by RNA polymerase III and spread through the genome. Such
a mechanism of SINE formation could also explain how these elements can transpose
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in the genome. Namely, it seems very likely that they recruited the enzymatic
machinery from LINEs through a common “tail” sequence [105].

23.2.1.2 Human-Specific Hybrid Family CpG-SVA

Detailed structural analysis of the human specific SVA retrotransposons revealed 76
elements of an unusual structure. At the 5’ termini these elements carried copies of
the first exon of MAST?2 gene, whereas at the 3’ end — SVA retrotransposon sequences.
The border between exonic and SVA parts was located exactly between canonical
acceptor splice site AG from exonic part and non-canonical donor splice-site CC
from SVA-part (396 position in the SVA consensus sequence). Lengths of both parts
of chimeric elements significantly varied: from 35 to 383 bp for the 5'-terminal part
and from 662 to 4,255 bp for the 3’ terminal part. The border between the two parts
was constant in all the chimeras (Fig. 23.5). On the 3’ terminus, the chimeras har-
bored a poly (A) sequence of variable length. These bipartite elements were flanked
by 12-18 bp long direct repeats. In one case the length of direct repeats was unusu-
ally big (131 bp). Presence of the direct repeats surrounding chimeric inserts sug-
gest implication of L1 retrotranspositional machinery in their formation, whereas
poly (A) sequence indicates that retrotransposed RNA was transcribed by RNA
polymerase II. The identified family of chimeric REs was called “CpG-SVA”
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MAST2 ac GA GG GTAG AA TT TT /AG GT
exon 1
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Transcription,
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N

Fig. 23.6 Proposed mechanism of CpG-SVA family formation. (a) — schematic representation of
genomic locus comprising human gene MAST2. Dotted arrow designates transcriptional direction,
exons and splice sites are shown. (b) — Insert of an SVA retrotransposon in the sense orientation
has changed gene exon-intronic structure and gave rise to aberrantly spliced mRNA polyadeny-
lated at SVA sequence. Copy of this mRNA has inserted into a new locus of human genome and
gave rise to CpG-SVA family that continued proliferation in human DNA. However, the ancestral
allele of MAST?2 gene comprising SVA insert was lost due to the negative selection

Direct repeat

because its 5’ terminal part complementary to the first exon of MAST2 gene included
a CpG island sequence. CpG-SVA elements were found only in human genomic
DNA, whereas separately both SVA retrotransposons and MAST2 exon sequence
exist in the genomes of all great apes. Therefore, CpG-SVA may be regarded as a
new human specific family of retrotransposons [2].

Two other papers describing the same family of hybrid retrotransposons
(CpG-SVA) have been simultaneously published, where this family was termed
either “MAST2-SVA” [59] or “SVA-F1” [30].

Basing on the structural features of the identified CpG-SVA family members, we
purposed a mechanism for their formation (Fig. 23.6). At the first stage, SVA ret-
rotransposon most probably has inserted into the first intron of MAST2 gene in the
sense orientation. After that there was formed an aberrant RNA driven by MAST2
promoter and terminally processed using SVA polyadenylation signal. This RNA
was further spliced which resulted in a fusion of the first exon of MAST2 with a
3'-terminal fragment of an SVA (starting from 393 nucleotide of the SVA consensus
sequence). This spliced chimeric RNA was then reverse transcribed by the L1 ret-
rotranspositional machinery followed by integration of a nascent cDNA into the
genome. This resulted to emerging of the master copy of CpG-SVA inserted into
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human DNA and flanked by direct repeats. The newly Inserted CpG-SVA element
appeared to be transcriptionally active, possible due to the enclosed CpG-islet, and
gave rise to a new family of REs.

This hypothesis is supported by the observation that there is the canonical MAST?2
gene acceptor splice site AG of on the border between the MAST2- and SVA-derived
fragments. The putative donor splice site CC within an SVA is not canonical, what
may be explained by the peculiarities of MAST2 exon-intronic structure where non-
canonical splice sites form the majority (Fig. 23.6).

Interestingly, at present there is no fixed SVA insert into MAST2 gene intron in
the human genome. Apparently, an ancestral allele containing the above SVA ele-
ment in gene intron was eliminated by the negative selection as it could not provide
functional MAST2 mRNA formation because of the aberrant splicing of transcripts
and/or preliminary polyadenilation on the SVA sequence.

We have found among the CpG-SVA elements several cases of 5" and 3’ trans-
duction of unrelated genomic DNA, proven by the mapping of the enclosing direct
repeats. As in the classical 3' transduction mechanism, it is likely that the down-
stream genomic fragments were captured due to “getting through” of SVA polyade-
nilation signals by the RNA polymerase I complex with the subsequent termination
on any downstream sequence. In case of 5" CpG-SVA transduction, there was apparently
transcription of CpG-SVA elements initiated from upstream genomic promoters.
Overall, we identified 18 and 11 cases of the 5’ and 3" CpG-SVA transductions,
respectively. The size of transferred genomic sequence differed from 8 to 854 bp for
5'- and from 141 to 734 bp for 3’ transduction events. Remarkably, four CpG-SVA
elements contained both 5’ and 3’ transduced sequences. These four elements were
highly identical and consisted of 364 bp long MAST2 exon and 2,143-3,361 bp long
SVA sequences. SVA length variations were caused by the Instability its internal
satellite repeat modules. The double transducer CpG-SVAs were flanked by Alu
sequence (member of evolutionally ancient AluSc family) at the 5'-termini and by
the 400 bp long sequence including evolutionally ancient AluSp element at the 3’
ends. These structure similarities evidence common ancestry of these four elements
from a single progenitor CpG-SVA element.

Once the exonic parts of the chimeras varied in length, but not in their primary
structure, the SVA-derived parts had very different both lengths and primary structure.
In the SVA parts there were different genetic changes like insertions, deletions,
duplications, quantitative changes in tandem repeat composition and even insertions
of retrotransposons. Together with the presence of transduced genomic sequences,
this enabled us to construct phylogenetic tree for the members of CpG-SVA family
to trace their reciprocal neighborhood. According to the primary structure similarity,
CpG-SVA elements were grouped into three major branches (Fig. 23.3). Interestingly,
although there was a kind of correlation between the size of “exonic” part and
sequence localization on the tree, all three above brunches contained elements having
exonic parts of very different lengths. There was also no connection between the
position on a tree and lengths of the SVA parts. In several cases different tree
brunches were including elements with the exactly same lengths of exonic part. For
example, brunch 2 contained one CpG-SVA element with 364 bp long exonic part,
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whereas brunch 1 — five such elements. Exonic parts of seven elements from brunch
2 and of one element from brunch 3 were 148 bp long. There were also similar
coincidences for the lengths 64, 76, 88 and 361 bp. These coincidences of exonic
part sizes evidence that there were multiple independent events when CpG-SVA
elements with identical exonic parts were formed.

The observed peculiarities of distribution of lengths of CpG-SVA exonic parts
may be explained by the following factors: (1) there could be multiple functional
transcription start sites within CpG-SVA, or (2) in some cases reverse transcription
of the CpG-SVA RNA could terminate before the complete copying of the template
has finished. The resulting shortened CpG-SVA inserts could, in turn, generate new
elements having even shorter exonic parts, etc.

What are the functions of exonic part of CpG-SVA? Considering that (1) the first
exon of MAST?2 gene includes CpG island, (2) CpG islands usually play major roles
in gene transcriptional regulation, and (3) MAST? is strongly upregulated in testis,
It can be hypothesized that the exonic part provides increased transcription of CpG-
SVA family members in testis. This may be beneficial for the CpG-SVA family as it
facilitates fixation of new inserts in the genome. To be fixed, RE insertion must
occur into germ line cells, e.g. those localized in testis. Indeed, in terms of prolifera-
tion in the genome, the evolutionary young family CpG-SVA should be considered
as very successful one: offsprings of only one among more than 1,000 SVA copies
that resided in human DNA at that time (i.e. < 0.1%) have generated 76 new fixed
inserts (~9% of all 860 human specified SVA elements) [2]. Experimental investiga-
tion of this hypothesis will be a matter of our further studies.

23.2.2 Functional Characterization of a Family of Human
Specific Endogenous Retroviruses HERV-K(HML-2)

23.2.2.1 Identification of Human Specific Promoters

Promoter activity of human specific LTRs was investigated in both in vitro and
in vivo assays. In transient transfection experiments with the luciferase or GFP
reporter genes, the same human specific element from contig 147334 displayed
very low promoter activity in three of the ten cell lines tested, moderate activity
(10-20% of the SV40 early promoter) was observed in six cell lines and, finally, the
maximal value of ~100% of SV40 promoter activity was obtained in Tera-1 cells,
similarly to the above enhancer activity tests [34]. In the experiments by Lavie et al.
[79], five human specific proviral 5’ LTRs have demonstrated the promoter strengths
as high as 5-15% of the cytomegalovirus (CMV) promoter activity in Tera-1 cells
(AP000776 — 15% of CMV promoter expression, AC025757 — 9%, AC072054 — 8%,
AC025420 — 6% and AL590785 — 5%). The authors have demonstrated that the
promoter activities of these elements directly depend on the methylation status of
their CpG dinucleotides. Interestingly, the same five LTRs were strongly transcrip-
tionally repressed in T47D cells [79].
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In in vivo experiments, 5’ RACE (rapid amplification of cDNA ends) — based
mapping of transcriptional start sites for five actively transcribed human specific
LTRs provided evidence for the presence of two functional promoter regions within
the LTR sequence [74]. Both promoters possess TATA box motif and other upstream
regulatory sequences. The first promoter was the canonical element located in the
LTR U3 region, whereas the second one was mapped in the very 3’ terminus of the
LTR R region. Both promoters appeared to be active in solitary LTRs and in full-
length proviruses. Surprisingly, this second non-canonical element was even more
active than the classical U3-located retroviral promoter. Therefore, the R region is
excluded from most transcripts initiated on LTRs, whereas a classical retroviral life
cycle model implies that the transcription is driven from between the LTR U3 and
R elements (first promoter), and the R transcript is a 5'-terminal component of the
newly synthesized proviral RNA. Such a mode of proviral DNA transcription is a
basis of the life cycle that provides the possibility of template jumps during proviral
RNA reverse transcription. A shift of the transcriptional start site can be explained
by the presence of at least two alternative promoters within the LTR, one of which
is normally used for viral gene expression, and the other for transcription of
retrotransposition-competent copies of the integrated provirus. The latter type of
transcripts is supposed to be far less abundant, what basically corresponds to the
above observations. It should be mentioned that alternative promoters with unknown
functions were found earlier for many other retrotransposons [10, 31, 103].

Recently, we performed the comprehensive study of the expression of human
specific LTRs in vivo in human germ-line tissue (testicular parenchyma) and in the
corresponding tumor (seminoma) sampled from the same patient [17]. These were
chosen because of markedly high endogenous retroviral transcriptional activity in
germ-line cells, which is most probably needed to make de novo retroviral integra-
tions inheritable [88, 112]. To this end, a new experimental technique that makes it
possible to detect repetitive element own promoter activity has been developed [18].
This technique, termed GREM (genomic repeat expression monitor), combines the
advantages of 5'-RACE and nucleic acid hybridization techniques. GREM is based
on hybridization of total pools of cDNA 5’ terminal parts to genome wide pools of
repetitive elements flanking DNA, followed by selective PCR amplification of the
resulting hybrid cDNA-genome duplexes. A library of cDNA/genomic DNA hybrid
molecules obtained in such a way can be used as a set of tags for individual tran-
scriptionally active repetitive elements [18]. The method is both quantitative and
qualitative, as the number of tags is proportional to the content of mRNA driven
from the corresponding promoter active repetitive element. The GREM outcome
was a set of amplified cDNA/genomic DNA heteroduplexes, below referred to as
Expressed LTR Tags (ELTs), which were further cloned and sequenced. This study
was the first detailed characterization of the functional promoters provided by a
particular group of genomic repetitive elements. The data obtained in such a way
suggest that at least 45% of human specific LTRs possessed promoter activity, and
a total of 60 new human promoters have been identified. Individual LTRs were
expressed at markedly different levels ranging from ~0.001% to ~3% of the house-
keeping beta-actin gene transcript level. Although HS elements formed several
subclusters on a phylogenetic tree [15, 95], no clear correlation between LTR
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primary structure and transcriptional activity was found. In contrast, the LTR status
(solitary, 5" or 3’ proviral) was an important factor affecting LTR activity: promoter
strengths of solitary and 3’ proviral LTRs were almost identical in both tissues,
whereas 5’ proviral LTRs displayed higher promoter activity (~2-fold and ~5-fold
greater in testicular parenchyma and seminoma, respectively). These data suggest
that a proviral sequence harbors some yet unknown downstream regulatory
elements that provide significantly higher 5’ LTR expression, especially in semi-
noma [17, 18]. Another important factor affecting promoter activity was the LTR
distance from genes: the relative content of promoter-active LTRs in gene-rich
regions was significantly higher than in gene-poor genomic loci.

The data obtained suggest also a selective suppression of transcription in both
tissues for proviral 3’ LTRs located in gene introns. Such a transcriptional suppres-
sion might be aimed at silencing of the proviral gene expression in gene-rich regions.
In testicular parenchyma, the promoter strength of intronically located solitary LTRs
was also significantly decreased. This may suggest yet unknown mechanism(s) for
selective suppression of “extra” promoters generated due to mutations or viral inte-
grations and located within gene introns or very closely to genes. Such a mechanism
might minimize possible destructive effects of undesirable transcription. Many tran-
scriptionally competent LTRs were mapped near known human genes, and as many
as 86-90% of all genes located in close proximity to promoter active LTRs are
known to be transcribed in testis. However, in general no clear-cut correlation was
observed between transcriptional activities of genes and closely located LTRs [17].
Overall, LTRs provided at least 60 functional human specific promoters for host
non-repetitive DNA, that are transcribed at different levels ranging from ~0.001%
to ~3% of beta-actin transcript level.

23.2.2.2 Antisense Regulation of Functional Genes by the Human Specific
HERV-K(HML.-2) Elements

Later on, we reported the first evidence for the human specific antisense regulation
of gene activity occurring due to promoter activity of HERV-K(HML-2) endogenous
retroviral inserts [49, 52]. Human-specific LTRs located in the introns of genes
SLC4AS (for sodium bicarbonate cotransporter) and IF7172 (for intraflagellar transport
protein 172) in vivo generate transcripts that are complementary to exons within the
corresponding mRNAS in a variety of human tissues (Fig. 23.7). As shown by using
5'RACE technique (rapid amplification of cDNA ends), in both cases the LTR-
promoted transcription starts within the same position of the LTR consensus
sequence, which coincides with the previously reported HERV-K (HML-2) LTR
transcriptional start site [74].

The effect of the antisense transcript overexpression on the mRNA level of the
corresponding genes was investigated using quantitative real-time RT-PCR. Almost
fourfold increase in SLC-AS expression led to 3.9-fold decrease of SLC4A8 mRNA
level, and overexpression of IFT-AS transcript 2.9-fold reduced the level of IFT172
mRNA. In all cases the level of the antisense RNAs in the transfected cells was
close to or lower than in many human tissues [52]. Similarly, intronically-located
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Fig. 23.7 Types of the antisense transcripts found and their corresponding accession numbers

representatives of an LTR retrotransposon family from rice genome called Dasheng
likely regulate tissue-specific expression of several adjacent functional genes via
antisense transcripts driven by the LTRs [70].

23.2.2.3 Enhancer Activity of Human Specific HERV-K(HML-2)

HERV-K (HML-2) LTR sequence harbors a complete set of regulatory elements
required for regulation of the retroviral transcription in vivo and include a functional
enhancer element including multiple transcription factor binding sites. HERV-K
(HML-2) LTR enhancer activity was extensively studied in vitro, mostly for non-
human specific members [33, 64, 115], with the only exception of the human spe-
cific solitary LTR from the genomic contig L.47334 [115]. In transient transfection
experiments on a panel of 10 mammalian cell lines, this LTR has demonstrated
enhancer activity only in Tera-1 human testicular embryonal carcinoma cells (thus
showing ~8-fold increase in luciferase expression, as compared to control plasmid
lacking the enhancer element) [115].

In our recent studies, we found that ~one-third of all human specific HERV-K
(HML-2) LTRs are located in the close gene neighborhood. Nine such elements
reside in the upstream regions of known human genes, close to transcriptional start
site (i.e. at the distance less than 5 kb). In our experiments, three elements over nine
have shown a strong enhancer effect in cell culture tests (up to ninefold increase in
transcriptional activity). However, only one element, located upstream human gene
PRODH, has demonstrated a correlation between the enhancer activities in vitro and
in vivo. In the case of two other elements, the LTR inserts were deeply methylated
in all the investigated tissues. In contrast, the LTR from PRODH region was mostly
unmethylated in genomic DNAs of human brain and spinal cord. Our further studies
revealed that the LTR enhancer activity is fully regulated by the methylation: the
higher is the level of the methylation, the weaker is the LTR enhancer activity, and
vice versa. Importantly, PRODH promoter is unmethylated in all the tissues, and
this gene is transcribed predominantly in the central nervous system (CNS). In the
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experiments with the mouse brain progenitor cells, we have shown that in vitro the
LTR insert has a strong enhancer activity on the PRODH promoter, thus fivefold
increasing transcriptional level of a reporter gene. Furthermore, we have identified
a family of transcriptional factors SRY/SOX, that are the most likely candidates for
being the LTR activity mediators in germ cells and in the CNS.

PRODH encodes a CNS-specific isoform of the proline dehydrogenase. Unlike
the liver isoform, PRODH is involved not only in the proline catabolism, but, mostly,
in the synthesis of neuromediators like dopamine, GABA, aspartate and glutamate.
The deficiency in PRODH activity causes first-type hyperprolinemia, that is
frequently linked with severe cognitive disorders and CNS malfunctions, and, in
several documented cases, with schizophrenia. Due to its important functions,
PRODH expression is tightly regulated in human brains, and its expression profile
in humans has little in common with the rodent ones. It should be noted, that PRODH
promoter sequence itself is highly conserved among the mammalians, and the major
structural distinction of the PRODH upstream region in human, rat, mouse and
chimpanzee is the presence of the HERV-K (HML-2) LTR insert in human.

23.3 Concluding Remarks

Thus, the detailed analysis of a small fraction of human specific transposable
elements revealed that they may regulate our genes by acting both in cis (as promoters
and enhancers) and in frans (as antisense regulators and RNA recombination
hotspots). At least three genes have been identified that are the subjects of a human-
specific regulation by the TEs. Considering that only a relatively small portion of
the human specific TEs was thoroughly analyzed to the date (~2% of all human
specific TEs), one can expect that in the future the detailed genome-wide functional
characterization of all human-specific TEs will make it possible to identify tens- or
hundreds of genes having unique for human expression profiles. This knowledge,
hopefully, at least partly will help us to answer the question “What makes us
humans?” ... On the molecular level, of course.
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Chapter 24
Ecological Risk Assessment to Benthic
Biocenoses

V.G. Tsytsugina

Abstract On the basis of experimental data and cytogenetic studies of marine and
freshwater invertebrates natural populations it was shown that different species had
approximately equal part (%) of full value posterity at the same average level of
chromosome mutagenesis for populations, independing on deleterious factors and
females fecundity. This phenomenon made it possible to calculate specimens repro-
ductive contribution for species with different females fecundity and to assess
expected reduction of population adaptive potential and the increase of ecological
risk at different levels of population damage. It is suggested that the adaptation to
pollution will be more effective in populations with high female fecundity. Adaptive
possibilities of populations and the resistance of posterity were considered as a
alternative properties of populations Ranges of chromosome mutagenesis critical
levels for different hydrobionts taxons were determined. An algorithm of ecological
risk assessment to benthic communities was proposed.

Keywords Benthic communities ® Pollution ¢ Fecundity * Adaptation ¢ Ecological
risk assessment

24.1 Introduction

Approaches to ecological risk assessment are based mainly on “dose (concentration) —
effect” dependencies [4]. But the most constructive and adequate approach to eco-
logical risk assessment is the study of adaptive potential of natural populations. It is
known that genetic variability and adaptive possibility are connected with effective
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population size (i.e. the number of specimens which breed and determine genetic
structure of next posterities). Effective population size depends on the dispersion of
reproductive contribution of specimens. Increasing of reproductive contribution
dispersion leads to decreasing of effective population size and adaptive potential [1].
For the assessment of specimens reproductive contribution a number (%) of posterity
with spontaneous mutagenesis (up to 2% cells with chromosome aberrations [8])
may be used as the criterion of full value posterity because one with higher number
of cells with chromosome aberrations is less viable [10]. Proceeding from data on
the number (%) of full value posterity in population and the mean fecundity of
females it is possible to calculate the number of full value posterity per a female
(i. e. reproductive contribution). Obviously the increase of ecological risk may
be expected if there is less than one full value embryo (or larva) per a female. The
average levels of chromosome mutagenesis in populations inducing such effect
may be considered as critical ones.

24.2 Adaptive Populations Possibilities

24.2.1 Adaptive Potential of Hydrobionts Populations with
Different Females Fecundity

24.2.1.1 Experimental Data

Experimental data on separate and combined effect of ionizing radiation and chemi-
cal mutagens on the posterity of Chaetogammarus olivii (Amphipoda) and Idothea
baltica (Isopoda) females with different fecundity (5, 20 and 40 eggs) have shown
that approximately equal part (%) of full value embryos at the same average level of
chromosome mutagenesis for populations was observed, independently of the eggs
number and a type of injure factors (Table 24.1) [10].

24.2.1.2 Natural Populations

This data were compared with the results of cytogenetic studies of embryos and
larvas in natural invertebrates populations (20 marine and freshwater species from
11 taxons of coelenterates, annelids, mollusks, arthropods) from different biotopes
in 1975-2003 [7, 8, 11] (Table 24.2). These species have the fecundity from several
eggs to hundreds ones. In Table 24.2 it can be seen that (such as in experiments)
different species had approximately equal part (%) of full value posterity at the
same average level of chromosome mutagenesis for populations.

The observed phenomenon makes it possible to calculate reproductive contribution
of specimens for species with different fecundity as well as to assess expected
reduction of population adaptive potential and the increase of ecological risk at dif-
ferent levels of environmental pollution.
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Table 24.1 Part (%) of full value crustacean posterity at the same average level of chromosome
mutagenesis (Experimental data)

Number of
embryos
Mean number Mean fecundity ~ with
of cells with of females spontaneous
chromosome (number mutagen-
Mutagen aberrations, %  Species of eggs) esis, (%)
9Sr Chaetogammarus olivii 40 19
3Cs Chaetogammarus olivii 5 20
Pb» Chaetogammarus olivii 40 28
Pb?» 5.0+0.6 Chaetogammarus olivii 5 18
Chlorphene Chaetogammarus olivii 40 30
Pb®"+, Chaetogammarus olivii 40 30
+chlorphene
137Cs+, Chaetogammarus olivii 5 22
+ chlorphene
Sr Idothea baltica 20 20
9Sr Chaetogammarus olivii 40 5
Sr Chaetogammarus olivii 5 5
90Sr+137Cs+, 8.0+08 Chaetogammarus olivii 40 5
Pb@"+,
+chlorphene
Sr Idothea baltica 40 8

Table 24.3 presents the results of such calculations for females with different
fecundity (5, 20, 50, 100 eggs) at the mean number cells with chromosome aberra-
tions from 1.5% to 8.5%.

It can be seen that the reduction of adaptive possibility may be expected in popu-
lations with low fecundity of females (5 eggs) already at environmental pollution
inducing in the mean 6% cells with chromosome aberrations (less than one full
value embryo per a female). Obviously the adaptation to pollution will be more
effective in populations with higher female fecundity (20-100 eggs) even at higher
mean level of damage.

24.3 Adaptive Populations Possibilities and Posterity
Resistance

On the other hand, it was shown on Chaetogammarus olivii (as a example) that
the posterity of females with high fecundity is less resistant to deleterious effect [9].
Populations of the Black Sea Amphipoda produce 3—4 generations a year [3]. The
1st and the most numerous generation appears in spring, the 2nd — in summer,
the 3rd — in autumn and the 4th one — at the end of a year. The life span of these
crustaceans is 6—10 months. Crustaceans of the 1st and the 2nd generations breed in



Table 24.2 Part (%) of full value posterity in natural hydrobionts populations

Number
of embryos
Mean number (larvas) with
of cells spontaneous
with chromosome chromosome
Species Habitat aberrations, % mutagenesis, %
Polydora ciliata Black Sea 95
Glaucus sp. Indian Ocean 91
Mytilus Black Sea 88
galloprovincialis
Chaetogammarus Black Sea 76
olivii
Idothea baltica Black Sea 1.5+0.5 82
Idothea metallica Atlantic Ocean 80
Melita palmata Aegean Sea 85
Mysidacea gen. sp. Black Sea 83
Decapoda gen. sp. Atlantic Ocean 85
Pterocuma pectinata Black Sea 65
Dikerogammarus Dnieper River, 60
haemobaphes Kakhovsky
reservoir
Pontogammarus Dnieper River, 2.5+0.5 56
crassus Kiev reservoir
Pontogammarus Dnieper River, 56
robustoides Kremenchug
reservoir
Decapoda gen. sp. Atlantic Ocean 65
Glaucus sp. Indian Ocean 40
Melaraphe Black Sea 43
neritoides
Anchylomera Indian Ocean 4.0+0.6 50
Brossevilei
Chaetogammarus Black Sea 44
olivii
Idothea baltica Black Sea 45
Pontogammarus Dnieper River, 40
crassus
Kakhovsky reservoir
Pontogammarus Dnieper, Kiev 45
crassus reservoir
Pontogammarus Dnieper River, 18
crassus Kremenchug
reservoir
Pontogammarus Dnieper River, 6.0+£0.8 13
robustoides Kakhovsky
reservoir
Pontogammarus Black Sea 11
robustoides
Podon 15
polyphaemoides
Velella velella Pacific Ocean 5
Monodacna caspia Black Sea 83+1.3 6
Gammarus lacustris 10-km Ch NPP zone 3
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Table 24.3 Reproductive contribution calculated for females with different fecundity

Number of posterity

Mean level of Number of posterity ~ Mean fecundity with spontaneous
chromosome with spontaneous of females mutagenesis per
mutagenesis, %  mutagenesis,% (number of eggs) a female
5 4
20 16
1.5+£0.5 80 50 40
100 80
5 3
2.5+0.5 60 20 12
50 30
100 60
5 2
4.0+0.6 40 20 8
50 20
100 40
5 0.75
6.0+0.8 15 20 3
50 7.5
100 15.0
8.5+0.5 5 5 0.25
20 1.0
50 25
100 5.0
>10 no

summer and autumn, the 3rd, the 4th and partly the 2nd generations — in winter and
spring. Depending on water temperature the time needed for maturation varies from
1.5 to 3 months. Maturation of these crustaceans is faster in summer and autumn,;
therefore the size of females during reproduction is always smaller than in winter
and spring. Big individuals of the 3rd and 4th generations with the length of
6—10 mm dominate in the population in winter and spring months. They are the
main reproduction fund for the spring breeding. They are going to die in May after
finishing reproduction. Radical change of age and size composition of the popula-
tion happens in this period. Females of 4-5 mm length dominate in the population
of the crustaceans at the end of May and the beginning of June. They are crustaceans
of the 1st generation of the current year. Already bigger females of the 2nd and the
3rd generations of 5—6 mm size dominate in late autumn.

Experiments with acute y-irradiation were carried out in different seasons: in
spring (April) when females producing large amount of eggs breed and in summer
(June) when in population there are only females with low fecundity [9]. In
Table 24.4 it can be seen that the posterity of females with high fecundity demon-
strates less resistance to the irradiation. It is possible that age physiological pecu-
liarities of parents contribute to definite extent into this difference.

However, the main cause apparently is as follows. As it was shown in the work [3].,
fecundity of females depends on their size. The relation is expressed by the power
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Table 24.4 Cytogenetic effect of acute y-irradiation (5 Gy) on
posterity of Chaetogammarus olivii females with different fecundity

Mean fecundity Mean number of cells

of females (number with chromosome

of eggs) aberrations, % Lim

40 35.7+£2.0 20.0-53.6
5 15.5£1.0 3.6-30.0

Table 24.5 Reproductive contribution of Chaetogammarus olivii specimens under the action

of *Sr

Number of embryos
Mean fecundity Mean number of cells Number of embryos with spontaneous
of females (number with chromosome with spontaneous mutagenesis per
of eggs) aberrations, % mutagenesis, % a female
5 8.7+1.0 15 0.75
40 92+1.2 10 4.0

function with the index of extent, equaled to 3, and the constant to 0.0409. Small females
with the size of 3—4 mm produce averagely three eggs, bigger females (5-6 mm) — 12
eggs and the biggest females (7-10 mm) — 40-50 eggs. The relation between sizes of
females and their fecundity is observed for other groups of Crustacea, specifically, for
Cumacea, Mysidacea and some others. Radioresistance of posterity depends, appar-
ently, on fecundity of females and is decreased significantly for big females, producing
large amounts of eggs. It is obvious, that fecundity of females and resistance of posterity
compensate each other. Maximum adaptation of each generation is reached in such a
way. The alternative (number of embryos —embryos’ resistance) is solved differently in
different seasons. In spring., in a decisive time for a population, when a radical change
of its composition occurs, the winter big crustaceans of older age groups, making up the
base of the population and its main reproductive fund for spring reproduction, com-
pletely realize their biotic potential before their mass death, producing a numerous,
though less resistant posterity. In May-June young females of the 1st generation pro-
duce a small number of eggs, significantly more resistant ones. The alternative is solved
in this case for the benefit of greater life ability of a small number of individuals.

From the data obtained it might be inferred that obviously higher resistance pos-
terity in populations with low females fecundity and more wide adaptive possibility
of populations with high females fecundity can be considered as a alternative prop-
erties of populations with different females fecundity.

As a model of such alternative the analysis of cytogenetic study of Ch. olivii
population in the sewage region may be discussed. The adaptation of this population
to pollution is accompanied by growing of non-specific resistance to high damage
by incorporated *Sr (22 MBq/1) [9].

In order to assess adaptive possibility of this population in different seasons
when females with high or low fecundity breed calculations of specimen repro-
ductive contribution were made (Table 24.5). The results show that the posterity
of females with high fecundity (40 eggs) is less resistant but amount of full value
embryos per a female is 5 times more than this in females with low fecundity.
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Fig. 24.1 Ranges of chromosome mutagenesis critical levels for different taxons

This example clearly demonstrates that though the resistance of the posterity in
populations with low fecundity of females may be high but chances on the adap-
tation in populations with high females fecundity will be obviously greater.

24.4 An Algorithm of Ecological Risk Assessment
to Biocenoses (Communities)

Of the basis of the benthic invertebrates fecundity [2, 5, 6, 12, 13] as well as of the
calculations of specimens reproductive contribution at the different average num-
bers of chromosome aberrations for populations we determined ranges of chromo-
some mutagenesis critical levels for the basic macrozoobenthic taxons (Fig. 24.1).
It can be seen that variations of critical levels are different. These ranges are more
wide in taxons with greater species difference in females fecundity. Lower levels are
determined for small crustaceans.
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Identification of basic species in a community

A 4

Assessment of average levels of chromosome mutagenesis in populations of
basic species in situ ( cytogenetic analysis of posterity)

A 4

Determination of critical levels of chromosome mutagenesis for populations of
different species

A 4

Comparison of existing levels of chromosome mutagenesis with critical ones
for populations of different species

Assessment of adaptive populations possibilities and identification of the most
vulnerable species

A 4

Ecological risk assessment (impoverishment or transformation of community)

Fig. 24.2 An algorithm of ecological risk assessment to benthic communities

The results obtained allow an algorithm of ecological risk assessment to biocenoses
(communities) to be proposed (Fig. 24.2).

24.5 Conclusion

On the basis of experimental data and the results of cytogenetic studies of marine and
freshwater invertebrates populations (coelenterates, annelids, mollusks, crustaceans)
approaches to ecological risk assessment to the benthic biocenoses (communities)
were development.
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Chapter 25
Molecular Changes in Radiation Induced
Thyroid Carcinomas in Mice

0. Klymenko, K.-]J. Heiliger, I. Gonzalez Vasconcellos, C. Dalke,
M.J. Atkinson, and M. Rosemann

Abstract Thyroid carcinomas arising from follicular epithelial cells are the most
common endocrine malignancy in man. During studies performed on the population
of the Marshall-Islands and after the accident at the Chernobyl nuclear power plant
in 1986 a large increase in benign thyroid nodules and thyroid cancer, especially
among children was shown. Thyroid follicular carcinomas are categorised into 3
histotypes: papillary, follicular, and undifferentiated (anaplastic). Papillary thyroid
carcinomas are the predominant type of the thyroid cancer in patients exposed to
external radiation, particularly in children. The classic oncogenic genetic alterations
commonly seen in thyroid cancer include RET/PTC rearrangements, Ras point-
mutations, PAX8-peroxisome proliferator-activated receptor y (PPARg) fusion
oncogene and BRAF mutation. For some families that share the FNMTC syndrome
(familiar follicular nonmedullary thyroid carcinoma) a predisposition to thyroid
tumors has been described. The genes responsible for FNMTC have been identified
through linkage analyses of the affected families, TCO (thyroid tumors with cell
oxyphilia), PRN1, and NHTC1. This study investigates gene changes in radiation
induced follicular thyroid carcinoma. Following low dose exposure of the thyroid
by off-targeted irradiation of the alpha-emitter >’ Thorium, 5 cases of Follicular
thyroid carcinomas (FTC) and 1 case of thyroid hyperplasia developed in a highly
susceptible mouse strain. In such cases, Comparative Genomic Hybridization
(CGH) for numerical changes was performed on the whole genome. Copy number
loss affecting the entire chromosome 14 in 3 out of 6 cases was observed. A similar
pattern of chromosome 14 deletions was already reported in thyroid tumours of
other mouse strains following high-dose exposure or oncogene activation and therefore
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suggests that this deletion is not associated with genetic predisposition in different
mouse strains to thyroid tumourigenesis.

Keywords Mice ¢ Radiation induced follicular thyroid carcinoma

25.1 Introduction

25.1.1 Epidemiology

Malignant late effects in the thyroid gland following irradiation currently attract
much attention and have been widely investigated for various aspects. The first
investigations were performed on the Marshall Islands population contaminated
from nuclear-weapon test explosions [22]. In this study, a clear increase of benign
thyroid nodules was seen in all age classes exposed to the nuclear fallout [23, 24].
However malignant thyroid carcinoma appeared mainly in patients that were
exposed as children.

Thyroid gland late effect studies showed great importance after the Chernobyl
nuclear power plant accident in 1986 when a significant increase in the incidence of
thyroid cancer among children in Ukraine and Belarus was observed. The regions
affected by the fallout from the Chernobyl NPP accident were heavily contaminated
with different radioisotopes, with *’Cs and "'l being the most pronounced. The
incidence of thyroid carcinomas in children in affected regions increased from less
than 1 per million to more than 80 per million. In this category of patients papillary
thyroid carcinoma was the predominant type of thyroid cancer [1, 14, 19]. The rela-
tive risk for thyroid cancer has been found to be significantly higher for patients
who were exposed during childhood as compared to those exposed at an older age
[11]. At present there still remains an increasing trend of thyroid malignancy among
population in the aforementioned regions [21].

Another study involved investigation of an Israeli population, mainly childhood,
treated for tinea capitis in 1950 showed increase in long term relative risk of thyroid
cancer formation [16]. Now a new study investigates population of Serbia that was
also treated for tinea capitis with ionising radiation in 50th. Late health conse-
quences can be expected in treated people [18].

25.1.2 Classification of Thyroid Tumours

On a global scale thyroid carcinomas are the most common endocrine neoplasm
with an incidence of roughly 1%. Approximately 95% of all thyroid tumours arise
from thyroid follicular epithelial cells whereas 5% of thyroid tumours are medullar
thyroid carcinomas of parafollicular C-cell origin. Thyroid follicular cells are
responsible for iodide uptake and thyroid hormone synthesis. They may undergo
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neoplastic transformation into carcinoma of 3 histotypes: papillary, follicular, and
undifferentiated (anaplastic).

Papillary thyroid carcinomas are the most common thyroid tumour in countries
with sufficient iodine diet and comprise up to 80% of all thyroid malignancies.
Follicular thyroid carcinomas are more prevalent in regions with insufficient iodine
intake and represent approximately 10-20% of all thyroid malignancies. Up to 7%
of all thyroid tumours are represented by the familial form of nonmedullary thyroid
carcinoma (FNMTC). FNMTC is defined by the presence of differentiated thyroid
cancer of two or more first-degree relatives. Thus diagnosis of FNMTC may be
reduced due to the presence of coexisting syndromes such as familial adenomatous
polyposis (FAP) or Gardner’s syndrome. In addition it is also difficult to specifi-
cally attribute malignancy to FNMTC when exposure to environmental factors such
as ionising radiation is known to increase the risk of developing thyroid carcinomas
[2,9, 13, 20].

Anaplastic thyroid carcinomas are refractory to iodine uptake and characterised
by a poor prognosis. Medullary carcinomas or C-cell carcinomas arise from calcitonin-
secreting cells and in 20-25% are associated with inherited syndromes (multiple
endocrine neoplasia) and familial medullary thyroid carcinomas. In the remaining
75% cases, medullary carcinomas are sporadic.

25.1.3 Gene Changes in Thyroid Carcinomas

The aetiology of most thyroid cancers is not clear. Some might develop as a late
effect following exposure to ionising radiation. However mutations of DNA repair
genes could also lead to gene rearrangements and development of the diseases.

The classic oncogenic genetic alterations commonly seen in thyroid cancer
include RET/PTC rearrangements (cytogenetically detectable as an intra-chromosome
10 translocation), Ras point-mutations, PAX8-peroxisome proliferator-activated
receptor Y (PPARg) fusion oncogene and BRAF mutation.

External radiation is a well-known exogenous agent that can cause thyroid carci-
nomas, specifically papillary thyroid carcinomas. The predominant molecular alter-
ation in these tumours are chromosomal rearrangements affecting the RET
proto-oncogene. This results in the synthesis of chimeric proteins, composed of the
catalytic Tyrosine-Kinase domain of the RET proto-oncogene and variable
C-terminal domain fusion to different genes. There are three major forms of rear-
rangement with RET/PTC1, RET/PTC2 and RET/PTC3 being the most frequent
variants. RET/PTC1 is most often found in patients who were exposed to external
radiation. On the other hand, RET/PTC3 is most often found in papillary thyroid
carcinomas that developed within the first decade after exposure to the Chernobyl
accident fall-out. RET/PTC3 is often associated with a solid variant of papillary
thyroid carcinoma, exhibiting a more aggressive clinical appearance while RET/
PTCI1 does not. RET rearrangements are detected in 15-25% of papillary thyroid
carcinomas [7, 8, 12, 17].
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Follicular carcinomas are characterised by somatic rearrangements in the gene
encoding the nuclear receptor PPARY (the peroxisome proliferator-activated receptor
gamma). PPARY rearrangements identify in approximately 25-30% of follicular
carcinomas. PAX8-PPARY is a thyroid-specific mutation and one of the members of
a family of PPARy rearrangements in follicular carcinomas [5].

Somatic point mutation in the BRAF gene has also been identified in thyroid
cancer [10]. BRAF gene produces the protein BRAF, which is involved in cell sig-
nalling and in cell growth. BRAF gene is located on chromosome 7 and a mutation
that alerts valine 599 to glutamine acid (V559E) in the BRAF kinase domain has
been identified in 35-45% of papillary thyroid [25].

Activation of Ras mutations are found in benign and malignant follicular neo-
plasms, and rarely in papillary thyroid carcinomas. Mutations in the Ras genes
(H-Ras, K-Ras and N-Ras) arise from single base substitutions at codons 12, 13 or
61. These mutations have been found in 10-15% of all human cancers and in up to
50% of follicular thyroid malignancies [3]. In addition the p53 tumour suppressor
gene also appears to play a role in the genesis of anaplastic thyroid cancers [4].

A predisposition to thyroid tumors has been described for some families that share
the FNMTC syndrome (familiar follicular nonmedullary thyroid carcinoma). The genes
responsible for FNMTC have been identified through linkage analyses of the affected
families, TCO (thyroid tumors with cell oxyphilia), PRN1, and NHTCI1 [9, 13].

In addition to these point mutations and chromosomal translocations, little is
known about the contribution of DNA copy number changes in thyroid cancerogen-
esis after radiation exposure.

25.1.4 Aim of the Study

To use an experimental animal model of radiation-induced thyroid carcinoma in a
genome-wide screen of DNA alteration using array CGH. Comparison of gene
alteration in the genome of mouse strains with different sensitivity to irradiation
after induction of the thyroid tumours.

25.2 Material and Methods

25.2.1 Tissues and Genomic DNA Extraction

Follicular thyroid carcinomas (FTC) for CGH studies developed in FVB/N mice
following low-dose exposure to the thyroid by off-targeted radiation of bone-seeking
alpha-emitter *’Th. Following necroscopy, they were fixed in 5% formalin, embedded
in paraffin and histologically analysed in the Institute for Pathology (Fig. 25.1).
DNA from those tumours were extracted using the Qiagen DNAease kit (Qiagen Inc).
Case, diagnosis and sex of mice are shown in Table 25.1.
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Fig. 25.1 FTC developed in mouse of FVB/N mouse strain exposed to Th-227

Table 25.1 Case, diagnosis and sex of mice

Case number Tissue Diagnosis ~ Sex
032 Thyroid gland FTC Male
457 Thyroid gland FTC Male
909 Thyroid gland FTC Male
910 Thyroid gland FTC Female

1026 Thyroid gland FTC Male

1375 Thyroid gland FTC Male

Reference DNA from mice tails was obtained by digestion of a tail tip in a 750 pl
of lysis buffer overnight. The buffer was composed of 50 mM Tris, pH 8 100 mM
ethylene diaminotetraacetic acid (EDTA), 100 mM NaCl and 1% sodium dodecyl
sulfate (SDS) with 0.5 mg/ml proteinase K at 55°C. After adding to the mixture
250 pl of 6 M NaCl and centrifuging for 10 min at 10,000 rpm, supernatant was
transferred to a fresh tube and DNA precipitated by adding one volume of isopropanol.
DNA was pelleted, washed twice for 15 min with 75% ethanol, air-dried, and resus-
pended in 200 pl of H,O (Ampuwa).

25.2.2 Whole Genome Amplification

Whole genome amplification of the thyroid tumor DNA was done using GenomPlex®
Complex Whole Genome Amplification (WGA) kit (Sigma) following the protocol
of the manufacturer. The quality of the WGA DNA was than qualitatively deter-
mined by loading 10 pl of the amplified DNA onto 1.5% agarose gel.
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Fig. 25.2 Scan of the 1 Mb
CGH array slide with
measured intensity ration for
each BAC clone. All BAC
clones are repeated in
quadruplets. Green channel:
Tumour DNA; Red channel:
reference DNA

25.2.3 Comparative Genomic Hybridization (CGH)
on BAC Arrays

CGH is a technique that can identify and map DNA copy number changes in tumours
relative to a normal tissue in a single hybridisation experiment [15]. 1 Mb CGH
arrays containing approximately 3,000 BAC probes that cover the entire genome
(Codelink DNA array slides). For each experiment, 450 ng of either female or male
reference DNA and 450 ng of tumour DNA were labelled with Gy3-dCTP and CyS5-
dCTP (Perkin Elmer Life Science), respectively, in a random-primed labelling reac-
tion. Fluorescent labelled tumour and reference DNA of the opposite sex were
co-hybridised with a presence of mouse cot-1 DNA, (to block repetitive sequences)
washed and dried in an automated TECAN HS400 hybridisation station.
Co-hybridization was performed ‘sex-mismatch’, meaning that male tumour DNA
was hybridized with female reference DNA and opposite and the expected differ-
ence in number of X-chromosomes could serve as an internal control for the experi-
ment. The slides were scanned with a TECAN Laser Scanner and the red-to-green
intensity ratio determined for each BAC clone with an array analysis software
(GenePix Pro 6.0, Axon Laboratories) (Fig. 25.2).

For every single BAC clone on the array, a shift in the intensity ratios of the
tumour DNA fluorescence signal to the reference DNA fluorescence signal is
indicative of DNA copy number changes in the tumour sample. For all genomic
regions where the tumour DNA carries the normal two copies, the related BACs
on the array show an equal intensity of green (i.e. tumour DNA) and red (i.e. reference
DNA) fluorescence intensity. In case of a region of chromosome or genes being
lost or deleted, the tumour DNA hybridizes less intense and hence causing an
overall colour-shift to red. In contrary, if the tumour cells acquired a DNA-copy
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number in a certain genomic region, this would result in an increased hybridisation
signal of the tumour DNA onto the related BAC clone, equivalent to a colour-shift
towards green.

Further analysis of the data was performed with CAPweb array CGH evaluation
platform, which was accessible via Internet server.

25.3 Results

25.3.1 Array CGH Analyses

In three out of six cases (032, 910 and 1026) a deletion of the entire chromosome 14
was observed. In addition, case number 910 also suggested a deletion of the whole
chromosome 7. The remaining three cases (457, 909 and 1375) did not show signifi-
cant chromosome copy number changes. The total number of BAC spots showing a
useful hybridisation signal varied between 75% and 97%. The expected ‘sex-mis-
match’-signal could be observed only in case numbers 032, 457 and 910, whereas
cases 909, 1026 and 1375 failed to pass this qualitative quality parameter. For case
1026 a ‘sex-mismatch’-signal could be found in a repeated experiment after using
whole-genome preamplification where deletion of the chromosome 14 was con-
firmed. This hybridisation produced 53% detectable BAC clones. All cases exhibit
significant noise, which probably masked the detection of smaller regions of copy
number changes on other chromosomes. One of the reasons that could lead to the
appearance of huge noise and loss of a number of BAC clones could be that DNA
samples consisted of small DNA fragments (partially degraded DNA). A PCR reac-
tion with different sets of primers was performed to determine the length-range of
DNA fragments presented in investigated samples. The results in Fig. 25.3 clearly
demonstrate that DNA samples do not contain fragments much longer than ~200 bp.
All array CGH profiles are shown in Fig. 25.4.

a b c

Control Control Control
DNA Tumour DNA DNA Tumour DNA DNA Tumour DNA

Fig. 25.3 Gel-electrophoresis of PCR products: (a) show fragments of 180 bp range; (b) show
fragments of 530 bp range; (c¢) shows fragments of 650 bp range. Tumours DNA were loaded with
next order of cases 457, 909, 910, 1026 and 032 respectively
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Fig. 25.4 Result of array CGH analysis. Numbers along abscissa relate to chromosome, from left
to right is the distance from p-arm telomere to g-arm telomere. Numbers on the ordinate axis give
relative copy number changes in tumour DNA as a logarithm to base 2. From fop to bottom case
032, 457, 909, 910, 1026 and 1375. Each single point represents hybridisation of tumour DNA
relative to normal DNA on one distinct genomic BAC probe. Dots in black are classified as
unchanged in tumours copy numbers, dots in red classified as reduced copy numbers and dots in
green as increase in copy numbers. BAC clones taken into squares are outliers

25.4 Discussion

This study aimed to investigate gene changes in radiation induced follicular thyroid
carcinoma. CGH was performed for numerical changes within the whole genome in
5 cases of follicular thyroid carcinomas and 1 case of thyroid hyperplasia that devel-
oped following low dose exposure of the thyroid by off-targeted radiation of the
alpha-emitter ??’Th in strain FVB/N. Using array CGH we could show deletions of
the entire chromosome 14 in 3 out of 6 cases. Despite the fact that DNA obtained
from formalin fixed paraffin embedded tissue was not of high quality and one case
failed to show internal control signal, after performing whole genome amplification,
deletion of chromosome 14 in that particular case was confirmed. These observa-
tions correspond to data from recent studies where follicular thyroid carcinomas



25 Molecular Changes in Radiation Induced Thyroid Carcinomas in Mice 315

were induced by "'T in backcrossed mice (G. Holzwimmer, GSF Pathology) [6].
Therein, 5% of mice (F1-hybrids and backcrosses of C3H/He and C57BL/6), treated
with relatively high doses of "' (activity 111 kBq), developed follicular thyroid
carcinomas after exposure. In 38% of these tumours deletion of the chromosome 14
was also observed. Moreover in 75% cases of the irradiated mice G. Holzwimmer
detected loss of heterozygosity (LOH) on chromosome 14. Because injection of
the alpha-emitter >>’Th used in the present study targets predominately the mouse
skeleton, the gamma-dose from ??’Th daughter products (mainly ***Ra) that could
expose the thyroid gland must be estimated to be low (personal communication
Dr. M. Rosemann). The observation that follicular thyroid carcinoma in both high
doses B treated C3H x C57BL/6 mice and low dose ?’Th treated FVB/N mice
share the same histological type and the same molecular alteration implies that the
congenital predisposition of FVB/N mice is caused by very early steps of the carci-
nogenic process of thyrocytes. In contrast, both the gross-histomorphology of a
tumour as well as large chromosomal alterations are probably determined in the
later steps of the malignant progression. The observation in recent studies suggests
that there is no correlation between deletion of chromosome 14 and genetic predis-
position in different mouse strains to thyroid tumourigenesis.

25.5 Summary

Our observations suggest that congenital predisposition of FVB/N mice is caused
by very early steps of the malignant transformation of thyrocytes, without any asso-
ciation to deletion of chromosome 14 in tumours itself.
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Study of Arabidopsis thaliana Patterns
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Abstract A summary of results of prolonged genetic and physiological research
initiated by N.V. Timofeev-Ressovsky and carried out based on the unique genetic
collection of the mutants of the classical model object — Arabidopsis thaliana — under
the leadership and immediate participation of P.D. Usmanov in the Laboratory of
Physiological Genetics of the Genetic Department of the Institute of Plant Physiology
and Genetics of the Academy of Sciences of the Republic of Tajikistan.

The article contains the following: the summary of development of the Arabidopsis
genetic collection; the results of the study of the Arabidopsis mutation variability;
creation of the wide spectrum of mutant forms differing by their phenotype, the
study of their genetic nature and physiological and biochemical peculiarities; the
analysis of the genotypic variability of the photosynthetic apparatus characteristics
in order to ascertain the mechanism of the photosynthesis genetic control and inter-
relations between the cell organelle (karyon, chloroplasts, mitochondrion).

Based on the complex genetic, physiological and biochemical study of the mutant
lines from the mentioned Arabidopsis collection, there have been established exper-
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26.1 Introduction

At the end of 50th of the previous century special attention has been paid to the
creation of collections of such plant species which offered special advantage as
objects of scientific research in different divisions of biology. Arabidopsis thaliana
(L) Heynh — the “plant drosophila” — can be attributed to this category with confi-
dence. Good fruit inception at self-pollination and controlled cross-pollination;
relative simplicity of cultivation both in soil and on growth medium with agar in test
tubes, Koch and Petri dishes with all possible regulation of root nutrition, light and
temperature regimes. Due to the abovementioned characteristics Arabidopsis has
stared being used as a model object in genetic, physiological and biochemical
research [4, 6, 18].

The Central Seed Bank with hundreds of samples of populations and genetically
pure lines of Arabidopsis [5] has been established in Frankfurt-am-Main (Germany).
Publication of the special annual journal “Arabidopsis Information Service”
has been initiated there. Arabidopsis researchers from many countries joined around
it. A perfect model object — “plant drosophila” — Arabidopsis first emerged in
Tajikistan at the beginning of 60th of the previous century following the example of
N. V. Timofeev-Ressovsky. Being in Tajikistan, N. V. Timofeev-Ressovky in his
reports, lectures and speeches had repeatedly reiterated that a successful choice of
the initial material for an experimental research had the decisive importance for the
successful solving of the correctly formulated scientific task. In his article “Genetics
and plant physiology” [13] he proved the importance of a joint approach of genetics
and physiology to the solution of the fundamental practical as well as the most
important practical problems of the modern biology. N. V. Timofeev-Ressovky was
one of the first who emphatically urged to use Arabidopsis mutants to study the
genetic fundamentals of the photosynthesis.

This period is supposed to be the beginning of the unique genetic collection of
Arabidopsis for genetic and physiological research (including mutagenesis) under
the leadership and the immediate participation of P. D. Usmanov, who was a worthy
pupil and, later on, a worthy friend of the unforgettable N. V. Timofeev-Ressovsky.

It is known that the Arabidopsis genus includes 14 species, some of which are
available in the Central Asia. Some species are available in the North Africa, the
Mediterranean, Europe and Siberia. “The Flora of the USSR” (1939) includes 5
species. The mentioned number will grow up to 8 with the inclusion of A. Wallichii
(Hook.f.et Thom) N. Busch, A. bursifolia (D.C.) Botsch, isolated recently from
other genuses, and a new species A. Korshinski Botsch. Seven species of the
abovementioned eight are available in the territory of the Central Asian republics
and five in Tajikistan [38]. N. I. Vavilov has rightly pointed out that the unique
climatic, ecologic and geographic conditions of Tajikistan stipulate its rich morpho-
physiological diversity. Tajikistan is an acting evolutionary arena, one of the loci
of the intensive form-building processes. Five species of the Arabidopsis genus
growing in Tajikistan represent a natural polyploid set: A. thaliana, 2n=10;
A. Wallichii, 2n=16; A. mollissima, 2n=26; A. pumila, 2n=32; A. korshinski, 2n=48
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Fig. 26.1 Map of Tajikistan with the marked locations of growth of the Arabidopsis species

(Fig. 26.1), as well as 8 ecotypes of Arabidopsis: Anzob, Vakhsh, Tajik, Kurama,
Shugnan, Rengentau, Turkestan, Kharangon, and populations at different altitudes:
Kondara, 1,100 m above the sea level; Khodja-Obi-Gharm, 1,800 m; Sorbo,
2,200 m; and Shokhdora, 3,400 m.

26.2 Materials and Methods

Mainly, the work on the cultivation of the Arabidopsis mutant forms and their
collection, study and experiments have been carried out at the Biological station
“Siekukh” of the Institute of Plant Physiology and Genetics of the Academy of
Sciences of the Republic of Tajikistan. It is located on the southern slope of the
Ghissar range at the altitude of 2,300 m above the sea level, 73 km north of Dushanbe.
Plants were grown on special experimental plots annually starting from June to
September-October.

Arabidopsis was also grown in the greenhouse of the Genetics Department
(Dushanbe, 800 m above the sea level) as well as in laboratories on agar in test tubes
and Koch dishes (aseptic culture) under the light installation in strictly control con-
dition [4, 37].



320 O. Usmanova and T. Usmanov

Methods of experimental mutagenesis, genetic analysis, cytological, biochemical
and biophysical methods were used in this work. The experimental data obtained
underwent statistical processing according to the commonly accepted methods.

Currently, the genetic collection of Arabidopsis of the Genetics Department of
the Institute of Plant Physiology and Genetics contains more than 400 samples —
different races, populations, ecotypes and mutant forms.

26.3 Results

26.3.1 The Mutation Analysis of the Photosynthetic
Apparatus Characteristics

During the study of patterns of induction of photosynthetic mutations in Arabidopsis
by mutagens we followed the common radiobiological experimental methodology,
where the main condition is the plotting of “the dose-effect” (DE) curves in the
maximum range of doses, possible for the characteristics under study [14].

Ionizing radiation — X-rays (XR) and gamma radiation (GR); protons and alpha
rays (P and «); and supermutagens: nitrozomethylurea (MNU), nitrozomethyl
biureth (NMB), nitrozoethylurea (NEU), ethylene imine (EI) and ethyl methane
sulphonat (EMS) have been used as mutagens.

It has been established for the most of the genes, determining the characteristics
of the photosynthetic apparatus that they react in a different manner to the mutagen
impact. To compare the genetic impact caused by different mutagens in Arabidopsis,
the index of “the degree of sterility” was used as a standard curve [9]. Comparison
of the frequency of chlorophyll mutations caused by NMB, NMU and XR at the
different degrees of sterility has shown that at a low level of sterility (up to 8%)
mutation yield curves of the mentioned mutagens are practically congruent. This
indicates the identical impact of the compared mutagens on a cell, i.e. that the lethal
and mutagen effects have common mechanisms in this case. There is the most clear-
cut distinction between mutagens at the interval of sterility from 10% to 30%. The
maximum number of mutations is noted at the use of NMB, then NMU and XR,
though the comparison of the genetic impact at higher levels of sterility leads to
unclear results. The abovementioned allows making a very important methodical
conclusion: evaluate the relative genetic efficiency of the mutagens under study, it
is necessary to plot DE curves on many experimental points and compare them with
each other. Otherwise, the conclusions will be erroneous.

The phenotypic spectra have been plotted (Fig. 26.2) for the evaluation of the
specificity of the mutagen impact in induction of different levels of mutations. In this
figure, the mutants are arranged according to the increasing frequency of mutations of
the viridis class. Therefore, according to the efficiency of causing of the mutation
frequency of this class, the mutagens arrange as follows: NMU, NMB, P, XR and GR,
alpha rays, EMS, NEU and EE. According to mutations of the xantha type this order
looks as follows: EI, a-particles, EMS, P, NEU, XR and GR, NMB and NMU.
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Fig. 26.2 Phenotypic spectra of chlorophyll mutations induced by different mutagens. I — mutagens;
II — number of the mutant families. / — albina; 2 — xantha; 3 — viridis; 4 — others

The Fig. 26.2 shows that the heavy charged particles in the spectrum do not have
mutations of the albina type. Possibly, it is indicative of the specificity of the P and
o-particles impact on the genetic apparatus [16].

It should be pointed out that the share of the chlorophyll mutations is significant
among the experimentally caused mutations [3, 4, 11, 12, 16, 34]. Therefore, the
chlorophyll mutations are widely used in the mutation research as a handy test-
system for the quantitative characteristic of the mutation variability of plants.

In order to obtain the point (chlorophyll and morphological) and the genome
(polyploidy) mutations of Arabidopsis its seeds and pollen grains of the race Dijon,
Enkheim and Columbia were exposed to X-rays and processed by EMS and
colchisine. For the X-rays (Fig. 26.3) the linear correlation of the yield of the chlo-
rophyll mutations according to the dose of radiation is established at the maximum
of 32 kg, while for EMS the exponential correlation of the yield of mutations at the
maximum of 24 mM [21, 33].

The impact of the UV (A=254 nm) on the pollen, and the impact of the natural
UV radiation on the pollen and plants of Arabidopsis has been studied. Trial experi-
ments have shown that the UV radiation (A=254 nm) in the interval of 60—120 min
caused inactivation of the pollen grains. The results of the basic experiments have
shown that the frequency of the dominant embryonic lethal mutations increased
naturally according to the radiation dose.

UV dose, min 0 8 16 24 32
Embryos under study 2,026 924 1,132 1,054 1,202
Lethal among them, % 4.1 145 335 52.8 68.4
Average number of 48 51 52 53 48

embryos in a
seedpod
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Fig. 26.3 Dependency of the recessive chlorophyll mutations frequency in the A.thaliana
(a, Dijon race; b, Columbia race) on doses of the X-ray irradiation of the pollen and the EMS
concentration (processing of seeds). On the X-axis: dose is in kr; concentration is in mM. On the
Y-axis: average number of mutations (M) per 100 diploid cells

During the special experiments the lack of photo-reactivating impact of the light
and the dark repair during or shortly after the UV irradiation of the pollen has been
proved. The results obtained during the study of the mutation variability of
Arabidopsis and the variability of the genotypic structure of the model populations
of Arabidopsis and wheat allow to assert that the UV-B is the factor of selection
impacting the direction of micro-evolutionary processes in the populations of the
higher plants. Most probably, this is the role of the high mountain UV radiation in
the process of the morphogenesis of the higher plants [26, 28, 30].

26.3.2 Genetic Analysis and Evaluation of the Number of Genes
Determining the Photosynthetic Apparatus Characteristics

The mutational and hybridologic methods of analysis of the genotype structure
allowed carrying out the inventory of karyogenes determining the photosynthetic
apparatus characters. To receive the objective evaluation of the number of genes
determining the character “the chlorophyll insufficiency”, two successive stages of
the experimental work should be carried out. At the first stage the frequency of
mutations is determined by any mutagen, and the phenotypic spectrum of mutations
is plotted. At the second stage determine the number of genes for a definite pheno-
typic character (phene) by the cross-breeding on the allelism. The second stage of
the experiments is very labour-intensive, as is known. And, it is advisable that one
should use the method without that stage, or bring it to the minimum. This idea was
assumed as a basis of our method. To evaluate the number of genes determining any
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character, one can limit him/herself by the first stage of the experiment, and instead
of the second stage use the following formula:

ni = ﬂ, where ni is the number of genes determining Ai — the character of the

Poj

plant (i=0,1 ....,N); Pij is the frequency of mutations Pij character under the influ-
ence of Bj — mutagene (j=1,2,....M). The values of n and Poj are determined from
the reference experiment over the Ao character (in our case Ao is the fuska character),
and Pij is ascertained during the experiment on determination of the phenotypic
spectra of mutations. In order to calculate the number of genes we accepted n=12
(adopted from Muller’s work) [10] by the fuska character, and Pij : Poi = 40 (ascer-
tained in our experiments independently of Muller). Then, it follows from the
offered formula (as a result of calculation), that ni ~ 500, i.e. the mentioned number
of the genes of the Arabidopsis genotype determines the characters of the chloro-
phyll genesis and the lamella system of chloroplasts [16].

One of the main results of the genetic analysis was a significant expansion of the
available collection by new genetically pure lines of Arabidopsis, whose chromo-
somes are marked with multiple signal genes. These and other genetically pure lines
of Arabidopsis essentially alleviate the labour-intensive genetic analyses and are
used by scientific research groups.

During some special experiments some photosynthetic mutants of Arabidopsis
were cross-bred with the tester lines vc’er; gl’an and lu’co in order to determine the
coupling groups. For the random sampling, including 34 genes, determining the
photosynthetic apparatus characters, the following distribution of the mutant genes
on the chromosomal coupling groups was obtained. In the first group: atroc, atvi 1,
atvicos 1 and 2, cif 1, cif 3, flavi 4, vimac 2; in the second group: sid, xa 1-9, viluts
1; in the third group: almac 2, bf, clavi 17, lu 1, tr 2; in the fourth group: as 3,ch 13,
xa 1-5, xas 1-1, 1-2, 1-3, 1-4, 1-5, vimac 6; in the fifth group: cla, chloti, flavi 1-1,
1-2, 1-3, 14, 1-5, flavici, tr 1. It follows from the above, that the genes determin-
ing the photosynthetic apparatus characters are located in all five chromosomal
coupling groups of Arabidopsis [16].

It is significant that in the overwhelming majority of cases the photosynthetic
mutations induced by ionizing radiation and chemical mutagens in Arabidopsis are
the monofactorial disjoining recessives, i.e. they have a nature of the point (gene)
mutations. Along with this, some cases showed that the phenes of the chlorophyll
insufficiency can be stipulated by both chromosome mutations located in the first
and the third chromosomes, and by mutations of the plastid genes.

26.3.3 Phene Analysis and Phene Genesis
of the Photosynthetic Apparatus

The research of patterns of the genotypic variability of plants has found that the
genotypic differences (the genotypic environment) of plants stipulated by the point
and chromosome mutations have a significant impact on the character of the
interactions and interrelations of the cell organelle. The received mutant forms of
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Arabidopsis differed by the big phenotypic variability and this phenomenon allowed
to study the phenotypic display and photosynthetic mutations for determination of
the adaptive potentials of the mutant genotypes.

Variation of the composition of the agar nutritive medium had a significant
impact on the Arabidopsis mutants. As a result, some lethal mutants of Arabidopsis
reached the phase of fruitification (without nutritive additions lethal seedlings usu-
ally die at the stage of cotyledonary leaves within 2—18 days from the date of emer-
gence of seedlings). The cultivated plants were typical dwarfs evenly coloured
yellow (79 xa, 127 xa) and whitish (9al), i.e. the normalization did not take place by
the character of the colour of plant [24, 25]. Analysis of the ultra-structural organi-
zation of the cell components has shown that the plastid completely lacked the
lamella structures; however, the genetic blockage of the development of the plastids
caused the growth of the number of mitochondrion:

Lines The number of plastids ~ The number of mitochondrion
En 8+0.14 9+0.13

79 xa 3+0.13 15+0.20

127xa  3+0.14 16+0.17

It is interesting to point out that the growth of the number of mitochondrion was
accompanied with the good development compared to the norm of their membra-
nous organization. This fact speaks well of the idea on the functional interchange-
ability of the energy transforming organelle of the plant cell [2].

The results show that the energy needed for the biosynthesis ensuring growth and
development of the mutant plants is delivered exclusively by mitochondrion which
works with the increased functional load in the lack of the normal chloroplasts.

During the study of the biochemical mutant virido-albina 40/3 the new evi-
dence of the availability of competitiveness between chloroplasts for the product
of metabolism, amino acid leusine, has been received. The leusine deficit caused
by the impact of the mutant gene leads to creation of the undeveloped plastids and
the normal chloroplasts inside the same cell (the so-called, pseudo-mixed cells, in
contrast to the real, characteristic of the cytoplasmic chloroplast mutants).
Addition of leusine into the nutritive medium (D,L — 200 mg/1) led to the finaliza-
tion of the chloroplast genesis and complete recovery of the chloroplasts ultra-
structure, and extinction of the pseudo-mixed cells in the mutant. The concrete
mechanism of the formation of hetero-plastids, i.e. the pseudo-mixed cells, in
contrast to the real mixed cells, formed under the influence of the plastid muta-
tions, has been found [1].

Based on the experimental data [24, 25] and the results of many other authors,
the patterns of the phylogenetic, the ontogenetic, the paratypic and the mutational
variability of the photosynthetic membranes systems of the representatives of dif-
ferent systematic plant groups have been analyzed. It allowed to establish the
homology of the variability of the photosynthetic membranes stipulated by the
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mutation events both the genome and the plastome, and by the environmental
conditions, in the cells of prokaryotes and eukaryotes.

The mutational variability of the chloroplasts of the higher plants depicts, practi-
cally, all types of structures represented in the scheme on the lower floors of the
evolutionary spiral. This testifies to the fact that the chloroplasts of the higher plants
preserve the historic chronicle of emergence and improvement of the photosynthetic
membranes in their genotype.

It is necessary to draw attention to the point mutations of the genetic systems of
the cell, which almost always lead to the emergence of the types of the membrane
systems located on the lower floors of the evolutionary spiral.

To study the genetic control of the dimensions and the number of chloroplasts
both the gene and the genome mutations were used. The dimensions and the number
of the chloroplasts in the cells of the cancellous mesophyll of the first pair of the real
leaves were studied on the five species of Arabidopsis genus growing in Tajikistan,
and forming the polyploidy row (2n=10, 16, 24 and 48); (Fig. 26.4).

The results of the regression analysis have shown that the increase of the number
of the chromosomes correlates positively with the number of the chloroplasts. For
the coefficient of the regression, which characterizes the angle of the curve slope
according to the dimensions of the chloroplasts, a reliable difference from a zero
was not found (b=0.014+0.013; P=0.38). This testifies to the lack of correlation
between the alteration of the number of chromosomes, on the one hand, and the
dimensions of the chloroplasts, on the other hand [15, 20]. Therefore, the control of
the number of the chloroplasts in the cell is carried out irrespective of the control of
their dimensions, i.e. the number of the chloroplasts in the cell is controlled by the
chromosome apparatus, but the dimensions are determined by the plastid genes.
The established patterns were confirmed during experiments on the artificial
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polyploid series of Arabidopsis of Dijon and Columbia races (2n=10; 3n=15 and
4n=20), and sugar beet (2n=18; 3n=27 and 4n=36).

26.3.4 Experimental Model Systems

For ecological and genetic research several test-systems have been elaborated. They
include the genetically studied heterozygous Arabidopsis plants split by the reces-
sive lethal chlorophyll mutations of the al, xa and ch types (e.g., 104 xa, 127 xa,
P 10/53 xa, etc.). The mentioned lines have a specific character — their splitting by
the genotype corresponds to the ratio 1:2:1. As a result of the lethal mutations
impact the mutant seedlings die in the heterozygous status in the phase of formation
of the cotyledonary leaves. Consequently, during the period of fruitification in the
second generation only two genotypic classes are registered: one part of the homozy-
gous plants of the wild type and two parts of the heterozygous on the lethal factor
plants, which, phenotypically, do not differ from the norm, but which are accurately
indentified by the embryo-test method [9, 18]. These lines are elementary by their
structure. They represent “the micro-populations”, which being reproduced give
plants attributable to two genotypic classes at the ratio 1:2. Shifts in this ratio under
the influence of the natural factors allow analysis of the structural variability
patterns impacted by the agents under study [16, 30].

The study of impact of the lethal mutations in heterozygous state on physiologi-
cal processes revealed some mutant heterozygotes of Arabidopsis (9 al, 127 xa,
P20/31 xa, 19 ch, 29 ch), which statistically exceed the initial race Enkheim in the
growth, the development and the seed productivity. This indicates the effect of the
monohybrid heterosis. The phenotypic display of the monohybrid heterosis depends
both on the impact of the mutant genes in the heterosis state, and on the environ-
mental conditions, even if the plants have been grown under the same conditions,
but in different seasons [23]. This experimental model can be used as a sample of
the scientific approach for elaboration of effective genetic and selection methods of
increase of the crop-productive power of agricultural plants.

A highly sensitive complex test-system was designed based on the semi-dominant
chlorophyll mutation of the chlorine type with the recessive lethal impact. It allows
the evaluation of the frequency of different types of mutations caused by physical
agents or anthropogenic environmental pollutants with the minimal labour and time
costs [22, 31].

The complex test-system allows, after a single processing of air-dry seeds of
Arabidopsis, taking of proper account of the mutations frequency on the induc-
tion of:

¢ The somatic mutations registered on the surface of the plants’ leaves (the phase
of four true leaves 14 days after seeding) attributable to different genotypic
classes (+/+, chl/+, chl/chl);
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e The recessive, embryonic and chlorophyll lethal mutations being established by
the embryonic (germinal) test in the seed generations of plants M1, the genera-
tion grown from the seeds exposed to the mutagenic impact;

e The lethal mutations emerging in the fourth chromosome coupling group, taken
into consideration in M2 generation [7, 8].

Among the mutations impacting the structure and the function of the photosyn-
thetic apparatus, allelic mutations are of the biggest interest. Their establishment
through the genetic analysis serves as a telling argument in favour of the fact that the
structure of the same gene is the unit of variation.

As aresult of the cross-breeding of eight chlorophyll mutants (random sampling),
attributable to chlorina class, three independent genes have been established (ch3,
flavi 1-1 and ch5), which irrespective of one another determine yellow-green
coloration of plants. Based on one gene flavi I six allelomorphic conditions compil-
ing a series of multiple alleles have been determined: flavi 1-1, flavil-2, flavi 1-3,
flavi 14, flavi 1-5, flavi 1-6, located in the fifth chromosome coupling group.
Mutations in different sub-units of the same gene (flavi 1) determining the chlorophyll
insufficiency, impacting in a different manner all the parameters of the meso-
structure and the work of the photosynthetic apparatus, lead, as a rule, to the visible
decrease of the index of photosynthesis [29, 35, 36]. The key role in suppression
of the function of the photosynthetic apparatus in allelic mutants plays the patterns
of the ultra-structural organization of the system of the photosynthetic membranes
of chloroplasts [34].

The obtained results allowed offer the experimental model based on the use of
allelic mutations of Arabidopsis for the study of mechanisms of sustainability and
adaptation of the photosynthetic apparatus to the adverse environmental factors.

Special attention deserve the unique experimental models — “the gene — stem
fasciation”, based on the coupling of the gene cla’ (the morphologic mutant, fas-
cinated seed pod) with the tester line /u’co (the gene lu stipulates the altering
yellow-green coloration of plants in the ontogenesis, the gene co determines a
very delayed development), and the allelic mutations of the flavi series determining
yellow-green coloration of plants and delayed development. All the signal genes
cla’, lu’, co and flavi, as was established, are located in the same fifth chromo-
somal group of coupling [19]. For the first time it is shown that the gene cla in
combination with the different genes /i’ co and the genes from a series of multiple
alleles (flavi 1-1 to flavi 1-5) on the chlorophyll insufficiency leads to the emer-
gence of the new mutant forms with strongly fasciated stem (up to 25 mm). The
experimental model based on the fasciation character can be used for the study of
the genetic control of the photosynthetic productivity, in general, and the heredi-
tary heterosis, in particular.

For the first time an experimental model system consisting of 32 differently
marked signal genes of the genetically pure lines of Arabidopsis has been elabo-
rated. They were received due to multiple cross breedings between themselves
and the initial Columbia race with the marker lines t7’, vc’, er’,’gl and an’, and
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Fig. 26.5 Variability of the weight of seeds from one plant depending on number of mutant genes
introduced into the Arabidopsis genotype

allowed the fruitful study of the phylogenetics of the complex physiological
processes of the impact of the mutant gene in different genotypical media on the
growth, the development and the productivity of plants. It is shown that different
genotypical media has a different impact on the display of the genes tr’, vc’, er’,
gl’ and an’, if evaluate their actions according to the fertility character (weight of
1,000 seeds, the number of seeds in a pod and on one plant). A regular decrease
of values of these indices was found out depending on the number of the mutant
genes, introduced into the genotype. Maximal values of the weight of seeds, the
number of the seeds in a pod and on one plant were registered when solitary genes
tr’, ve’, er’, gl’ and an’ were introduced into the Arabidopsis genotype, while
minimal values were identified following the introduction of four and five mutant
genes in the genotype of Arabidopsis. It is established that the variability of the
weight of seeds and the number of seeds, formed on a single plant, depends on
different combinations of the signal genes. The weight of seeds from a single
Arabidopsis plant is a constant value on condition of introduction of one to three
genes. At the introduction of four and five genes this index diminishes drastically
[17, 23, 32] (Fig. 26.5).

The “test-system” for determination of the impact of the factors of a space
flight on the life activity of the higher plants including some Arabidopsis lines
(En, tr’, 310) was approved under the conditions of imponderability on orbital
space stations “SALUT (Author’s Certificate Ne 919174. Published in the official
bulletin of the State Committee of the USSR on inventions and findings, 1982, Ne
3, p- 254; [27]).
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Chapter 27

Methods for Predicting *’Cs Contamination
Levels of Soil Suitable to Obtain Plant

and Fodder Products in Compliance

with the Adopted Standards

Alexey V. Panov, Rudolf M. Alexakhin, and Anna A. Muzalevskaya

Abstract Using southern districts in the Kaluga region affected by the Chernobyl
accident as an example, a comparative analysis has been made of estimated levels
of ¥Cs contamination of agricultural lands with data of real measurements. The
estimated data which consider only the radionuclide decay are quite reliable,
however for better accuracy scales of agrotechnical countermeasures need to be
considered.

Keywords Radio nuclides ¢ Radioactive contamination ¢ Contamination density
* Protective measures

27.1 Introduction

At all stages after a radiation accident the basis to assess the radioecological situation
in the agricultural complex and planning of agricultural production in accordance
with the adopted standards are data on radionuclide contamination of soils [6].
Following the Chernobyl accident the results of radiological survey of the agricul-
tural land have become the basic information for decision making on the affected
land remediation [10]. It should be noted that measures of the large-scale radiological
survey of agricultural lands are rather expensive, laborious, and are usually held in
rounds, once every 4-5 years, on the same territory [9]. With this in mind, methods
for predicting radionuclide contamination of agricultural lands have recently come
into use when planning farming on the Chernobyl affected lands [8].
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In 2009, Atlas of the present and predicted (till 2056) aspects of impacts of the
Chernobyl NPP accident for Russia and Belarus was released, where with some
settlements as an example, principles are justified for prediction of *’Cs and *°Sr
contamination levels of territories considering only decay of these radionuclides
[7]. This approach is quite adequate for mapping, but how much accurate it is for
predicting radionuclide contamination of a specific site (arable land, meadow,
pasture) is still a question.

As was apparent after investigations following the Chernobyl accident, reduction
in the contamination density of farm lands with time is influenced by a number of
factors other than radionuclide decay:

— radionuclide migration in soil [3];

— protective agrotechnical measures such as plowing of agricultural lands which
results in radionuclide redistribution in the soil profile [2];

— part of radionuclides over a long period of time can be removed with plant and
fodder products [5].

Estimation of the impact of all these disregarded factors on the prediction accuracy
of radionuclide contamination of farm lands is essential for both optimization of the
radiological situation and planning of agricultural production in the affected regions.

The objective of the present paper is a comparative analysis of the predicted
values of ¥’Cs contamination density of farm lands estimated for different periods
after the Chernobyl NPP accident and real measurements, as well as evaluation of
the role of factors influencing the accuracy of these predictions.

27.2 Methodology

In 2007, in the context of Atlas preparation [7], specialists from the RIARAE and
Kaluga center “Agrochemradiology” carried out a radiological survey of agricul-
tural lands on 36 farms in three southern districts in the Kaluga region affected by
the Chernobyl accident. On these farms 155 plots (135 arable land and 20 pastures)
were monitored. The total surveyed area was 7.9 thousand hectares, with 90% of it
being an arable land (Table 27.1). The area of plots varied from 2 to 250 ha, averag-
ing some 52 ha. The criterion for selection of plots was relatively uniform level of
137Cs contamination.

Table 27.1 Characteristics of the study districts in the Kaluga region

Number of Arable land Hayland and pastures
District farms Number of plots Area, ha  Number of plots Area, ha
Zhizdra 11 41 1,933 3 317
Ulianovsk 15 53 2,320 11 341

Khvastovichi 10 41 2,753 6 219
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On the each study plot soil samples were collected in accordance with the meth-
odology described in [1] and *"Cs concentrations were measures in the samples.
Based on this information, the density of plot contamination in 2007 was estimated
by the formula:

Q, =Axhxdx107, kBq/m?, 27.1)

where Q, is the soil contamination density (the radionuclide inventory in the arable
0-20 cm layer per 1 m?), kBg/m?; A is the radionuclide concentration in soil, Bg/kg;
h is the depth of arable horizon, cm; d is the specific mass of soil, g/lcm?; 1073 is the
coefficient to convert Bq/m? to kBq/m?.

Previously, in various periods after the Chernobyl accident (1992-2005), the
same plots were also subject to radiological survey which was accompanied by the
study of soil properties (estimation of agrochemical parameters and mechanical
composition) and collection of data on the application of protective and remedial
measures on these farm lands [4]. Based on the collected information during the
initial radiological survey, forecasts were made of soil contamination levels by *’Cs
(@) in 2007. In this case an expression was used that takes into account only decay
of the given radionuclide:

Qr(t):Qt1 -exp w s kBq/mz, (27.2)

1

2

where O, is the density of '’Cs contamination of farm lands in the year of the first
radiological survey, kBq/m?; At is the time (number of years) from the first radio-
logical survey till 2007; T,,, is the '*’Cs half-life equal to 30.17 years.

The estimated for 2007 data on '*’Cs contamination of agricultural lands were
then compared with the data of real measurements carried out in 2007.

27.3 Results and Discussion

The comparative analysis has demonstrated that estimated levels of '*’Cs contami-
nation of the study plots in 2007 differed from the real (measured) ones by 12%
towards larger values (Fig. 27.1). The correlation between the estimated and actual
data was rather high (r=0.87). Since the predicted values which took into account
only ¥Cs decay were overestimated, it was suggested that in real conditions
measurement of this parameter could be also influenced by other factors (**’Cs migra-
tion in the soil and trophic chains, specific features of the agricultural practice, appli-
cation of countermeasures). To find out the level of influence of these factors between
pairs of estimated (Q,) and measured (Q,) values for '*’Cs contamination of plots in
2007, the ratio (Q /Q,) was determined, the resulting data were divided into groups
for each study parameter (factor) and data samplings were statistically processed.
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Fig. 27.1 Field of regression between estimated and actual '*’Cs contamination density of farm
lands

Evidently, the closer to unity is the ratio (Q /Q), the more accurate is the prediction
based only on the consideration of '¥’Cs decay. If the ratio (Q /Q,) differs from unity,
the measurement of *’Cs contamination density is influenced by another factor in
addition to the radionuclide decay.

Classification of (Q/Q) data by the dates of the first radiological survey of the
plots has identified two groups of results obtained in different periods after the
Chernobyl accident: 1992—-1994 and 1999-2005 (Fig. 27.2). It is suggested that with
time part of radionuclides are removed from the soil with the agricultural produce.
Then the ratio (Q/Q)) for 1992-1994 will differ from unity more than that for
1999-2005. However, as seen from Fig. 27.2, the time factor (annual removal of the
radionuclide with products) did not produce significant effect on the accuracy of
estimations. Except for the 1992 survey data, the other results from comparison
showed a high correlation coefficient (0.72-0.95) and insignificant scattering in
(Q/0Q)). The mean estimated to actual values for '¥’Cs contamination (except for 1992
and 2001) were close to 1 and ranged between 0.96 and 1.1. Significant differences
in mean values in 1992 and 2001 are explained by small samplings. In these years
only 7 plots were surveyed, whereas in the other time their number varied from 11 to
35. In 1992, considering large data scatter from the (Q /Q,) mean, methods of soil
sampling and '¥"Cs measurement were probably violated. Hence, it may be concluded
that ¥’Cs is annually removed from the soil with phytomass in negligible amounts,
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Fig. 27.2 Dependence of the ratio of estimated to actual *’Cs contamination density of farm lands
on the time of initial survey (numerical values — correlation coefficient r)

thereby producing no significant effect on the prediction accuracy of cesium contami-
nation of the agricultural land within both small and large time spans after radioactive
fallout (15 years and more).

Classification of the study plots by soil mechanical composition did not reveal
any influence of this factor on the accuracy of predictions (Table 27.2). The ratio of
estimated to measured cesium contamination densities of farm lands differed from
unity by 5-6% for both soil groups typical for the given region which is well within
the standard system of measurement errors. For a long time after radioactive fallout
on both sandy and loamy soils the bulk *’Cs is in the upper 20 cm layer, migration
of this radionuclide has a local pattern and it does not leave the top horizon of the
soil cover.

Division of the study plots into the types of agricultural land has demonstrated
that on arable land predictions proved to be more accurate than on meadow-pasture
lands. For arable land, the ratio of estimated to measured data on '*’Cs contamina-
tion was nearest to unity at a small confidence interval (Table 27.2). On meadow-
pasture lands this ratio was somewhat higher. On the one hand, it could be associated
with greater removal of *’Cs radionuclides with fodder compared with plant products
produced on arable land. On the other hand, active application of agroameliorative
measures on meadow-pasture lands could be a potential reason responsible for the
difference between the estimated and actual **’Cs depositions.
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Table 27.2 Dependence of estimated to measured ratio of '*’Cs contamination density of plots on
soil properties and type of agricultural land

Geometric 95% confidence Correlation  Number of
Classification mean, Q/Q,  interval coefficient  plots
Soil mechanical composition*
Sandy, sandy loam 1.06 0.15 0.90 46
Light-, medium loam 1.05 0.07 0.85 108
Type of agricultural land
Arable 1.06 0.06 0.87 135
Haylands and pastures 1.08 0.31 0.85 20

*] plot of 155 on peat land was not considered

Based on the available data on the application of countermeasures on the study
plots, effects of these have been assessed on the accuracy of '*’Cs levels estimation
for the agricultural land. In the period of investigation (1992-2005), 30% of the
study plots received a range of agrochemical and agrotechnical measures aimed at
increasing productivity of the agricultural land and decreasing '*’Cs uptake by
plants, namely application of increased rates of potassium fertilizers, liming and use
of rock phosphates. Mineral fertilizing was accompanied by soil replowing, deeper
than in the usual practice. This caused redistribution of radionuclides in the top soil.
Classification of plots into two groups, with and without countermeasures, showed
that the ratio (Q /Q,) amounted to 1.03 in the latter case and 1.15 with countermea-
sure application.

A better insight into the effects of countermeasures on the estimation accuracy of
137Cs contamination of the agricultural land can be gained from the soil agrochemi-
cal properties changeable in response to countermeasures. Thus, on the study plots
located in the southern districts in the Kaluga region in the absence of countermea-
sures average pH varies between 4.4 and 5.1 and the mean weighted content of
mobile potassium ranges from 7.6 to 9.3 mg/100 g soil [4]. Agrochemical measures
reduce soil acidity and increase soil content of mobile potassium. Since mineral
fertilizing of the agricultural land was accompanied by agrotechnical works, the
dynamics of soil agrotechnical parameters can be used as an indicator of scales and
effectiveness of countermeasures.

All the study plots were divided into 3 groups by soil agrochemical parameters
influenced by countermeasures. Treating soil acidity as one of these parameters it
should be noted that in the absence of countermeasures (pH 4.0-5.2) the accuracy
of prediction proved to be the highest (Q /Q,=0.97). With the decrease in soil acidity
caused by liming the reliability of predictions dropped since the (Q /Q) value grew
to 1.11-1.14 (Fig. 27.3a).

The same situation is reported for the parameter describing soil content of mobile
potassium. The application of increased rates of potassium fertilizers which caused
increment in the fraction of mobile potassium to 17-35 mg/100 g soil the prediction
accuracy fell by 17% (Fig. 27.3b). Naturally, the estimation accuracy was influ-
enced by the scales of agrotechnical works (deep replowing) which have resulted in
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redistribution of radionuclides to the lower (25-40 cm) soil layers rather than
mineral fertilizing. This in turn contributed to the reduction in '*’Cs contamination
density on the plots.

It should be concluded that the farm lands in the southern districts of the Kaluga
region affected by the Chernobyl accident saw smaller scales of countermeasures
compared to the Bryansk region [3, 4]. It cannot be ruled out that at larger scales of
countermeasures the reported regularities in reducing accuracy of predictions of
137Cs contamination of farm lands could have been more pronounced.

Consequently, it is concluded that long-term prediction of '¥’Cs levels on farm
lands can be reasonably accurate based only on the radionuclide decay. In this case
the estimation error is within 5-8%. Despite the fact that on meadow-pasture lands
37Cs removal with fodder products is slightly higher than with plant stuffs pro-
duced on arable land, transfer of this radionuclide with phytomass do not produce
noticeable effect on the reliability of predicted values. With time after radioactive
fallout '*’Cs is neither removed from the soil with agricultural produce nor migrate
into the deeper horizons. The bulk of the radionuclide is deposited in the top 20 cm
soil independent of the mechanical composition. At the same time estimated values
are always higher than the actual data. In addition to radionuclide decay, predic-
tions of ’Cs levels on farm lands must take into account a factor of countermea-
sure application. On plots which saw agrotechnical works part of radionuclides are
transferred to the deeper soil layers, thereby resulting in reduced contamination
density of the agricultural land. Therefore, on these plots estimated values for '*’Cs
contamination need to be reduced by 15-20% dependent on the scale of agrotech-
nical measures.



338 AV. Panov et al.

References

1. (2007) Methodology to survey agricultural lands affected by radioactive contamination.
RIARAE, Obninsk, 28 p

2. Alexakhin RM, Korneev NA (eds) (1992) Agricultural radioecology. Ekologia, 400 p

3. Aleksakhin RM, Sanzharova NI, Fesenko SV, Geras’kin SA, Spiridonov SI, Panov AV,
Isamov-Jr. NN, Nizhebovsky AV, Prudnikov PV, Pasternak AD (2006) Results of investiga-
tions performed in the chernobyl accident zone and practical results of the accident conse-
quences liquidation in the agricultural sector of the russian federation. P. 195-231. In the
Book: 20 Years After the Chernobyl Accident: Past, Present and Future. Ed. by EB Burlakova
& VI Naidich. Nova Science Publishers, Inc. New York, 358 p

4. Dubovaya VG (2001) Analysis of factors responsible for contamination levels of farm
products and justification of countermeasures in the long term after the Chernobyl accident
(illustrated by contaminated districts of the Kaluga region) Candidate thesis — Obninsk, 28 p

5. Gulyakin IV, Yudintseva EV, Gorina LI (1975) Accumulation of 137Cs in yield depending on
species characteristics of plants, Agrokhimiya 7:12—-19

6. Instruktsii i metodicheskie ukazaniya po otsenke radiatsionnoi obstanovki na zagryaznennoi
territorii (Manuals and Methodological Instructions on Assessing the Radiation Situation on
Contaminated Territory), Moscow: Goskomgidromet SSSR, 1989

7. Izrael Yu A, Bogdevich IM (eds) (2009) Atlas of the present and predicted aspects of the
Chernobyl accident impacts in the affected areas of Russia and belarus. Foundation “Infosfera”—
NIA-Priroda, Moscow-Minsk, 138 p

8. Panov AV, Muzalevskaya AA, Aleksakhin RM, Prudnikov PV, Vlasenko EV (2008) On the
problem of the production of normatively clean fodder production and plant industry products
under 137Cs contaminated soil conditions, Radiatsionnaya Gigiena 1(2):4—13

9. Prudnikov PV, Karpechenko SV, Novikov AA et al (2007) Agrochemical and agroecological
condition of soils in the Bryansk region. Klintsy Municipal Printing House, Bryansk, 608 p

10. Vorobiov GT, Guchanov DE, Markina ZN et al (1994) Radioactive contamination of soils in

the Bryansk region. Grani, Bryansk, 148 p



Chapter 28
Effects of Chronic Irradiation in Plant
Populations

Stanislav Geras’kin, Alla Oudalova, Nina Dikareva, Elena Chernonog,
Julia Prytkova, Vladimir Dikarev, and Tatiana Novikova

Abstract An assessment of the state of plant and animal populations inhabiting
polluted territories and the analysis of mechanisms of their adaptation to adverse
environmental conditions undoubtedly have general biological importance.
Consequently, studies that examine biological effects on non-human biota in natural
settings provide a unique opportunity for obtaining information about the potential
biological hazard associated with radioactive contamination. The results of long-
term field studies in the Bryansk region of Russia affected by the Chernobyl acci-
dent and in the Semipalatinsk Test Site, Kazakhstan are presented. Although
radionuclides cause primary damage at the molecular level, there are emergent
effects at the level of populations, non-predictable solely from knowledge of ele-
mentary mechanisms of the pollutants’ influence. Plant populations growing in
areas with relatively low levels of pollution are characterized by the increased level
of both cytogenetic disturbances and genetic diversity. Radioactive contamination
of the plant environment activates biological mechanisms, changing a population’s
resistance to exposure. However, there are radioecological situations where enhanced
radioresistance has not evolved or has not persisted.

Keywords Radioactive contamination * Plant populations ¢ Absorbed doses
* Genetic effects ® Reproductive ability * Radio-adaptation
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28.1 Introduction

One of the major difficulties in the implementation of an ecological risk assessment
is a lack of knowledge about the effect from chronic, low-level exposures to con-
taminants. The acute phytotoxic effects of environmental factors are well known,
but the effects of long-term chronic exposure to low pollutant concentrations is
neither well understood nor adequately included in risk assessments. There is growing
evidence [27, 34] that subletal effects of chronic exposure to environmental con-
taminants lead to population-level consequences. Although low dose rates may be
obtained in the laboratory by protraction, these may not adequately represent true
environmental radiation exposures. To properly understand the effect of normal,
real-world contaminant exposures, one must consider actual field conditions. Only
in the field we can see what actually happened. However, for most wildlife groups
and endpoints there are very few studies that link accumulation, chronic exposure
and biological effects in natural settings [6]. These data gaps imply that the protec-
tion of the environment from ionizing radiation will require more experimental data
related to effects of chronic low-level exposure to radionuclides at the population
level. In this connection, several questions arise:

— what do we know about mutagenic effect of chronic low dose rate radiation
exposure?

— what do we know about the fate of induced by radiation mutations in altered
ecological conditions?

— can chronic low dose rate radiation exposure be regarded as ecological factor
changing the genetic make-up of a population?

To answer these questions, a well-directed accumulation of knowledge is needed
and appropriate experimental data analysis is necessary. Previously completed and
ongoing field studies that have been carried out in Laboratory of Plant Ecotoxicology,
RIARAE with different species of wild and agricultural plants are briefly summa-
rized in Table 28.1. A wide range of radioecological situation and climatic zones
have been covered in frames of this work. To illustrate the main findings, two field
studies are discussed here in more details.

28.2 Material and Methods

In 2005-2007 seeds of crested hairgrass (Koeleria gracilis Pers.) were collected
from four locations of the Semipalatinsk Test Site (Kazakhstan). Radiation back-
ground at the sites and activity concentrations of the most dose-forming radionu-
clides in the soil samples were measured. Absorbed doses to crested hairgrass were
calculated. Squashed slides for cytogenetic analysis were prepared of coleoptiles
(2-5 mm of length) of germinated seeds. In every slide, all ana-telophase cells
(4,800-11,900 ana-telophases in 30-90 slides) were scored to calculate frequency
of aberrant cells. Detailed description of methods used is given in [10].
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Table 28.1 Field studies on wild and agricultural plants

Species Site and time Assay and/or endpoints
Winter rye and wheat, 10-km ChNPP zone Morphological indices of seeds
spring barley and (12-454 MBg/m?), Ukraine, viability, cytogenetic alterations
oats 1986-1989 in intercalary and seedling root
meristem [7]
Scots pine, coach- 30-km ChNPP zone (2.5-27 Cytogenetic alterations in seedling
grass nGy/h), Ukraine, 1995 root meristem [8]

Scots pine Radioactive waste storage facility, Cytogenetic alterations in needles
Leningrad Region, Russia, intercalary and seedling root
1997-2002 meristems [9]

Scots pine Briansk Region radioactively Cytogenetic alterations in seedling
contaminated in the Chernobyl root meristem, enzymatic loci
accident (7-130 mGyly), polymorphism, abortive seeds
Russia, 2003-2009 [11,12]

Crested hairgrass Semipalatinsk Test Site (0.7-36 Cytogenetic alterations in coleop-
nGy/h), Kazakhstan, tiles of germinated seeds [10]
2005-2008

To study biological effects in chronically exposed Scots pine (Pinus sylvestris L.)
populations six test sites were chosen in the Bryansk Region of Russia radioactively
contaminated as a result of the Chernobyl accident. Pine cones were collected in
autumns of 2003-2008. Activity concentrations of radionuclides in soil samples
were measured, and doses to the pine trees’ generative organs were estimated.
Aberrant cells were scored in root meristem of germinated seeds in ana-telophases
of the first mitoses. The method of isozymic analysis of megagametophytes was
used for an estimation of genetic variability in Scots pine populations. Five enzy-
matic loci (GDH, LAP, MDH, DIA, and 6-PGD) were studied in endosperms of the
seeds collected in 2005. Detailed description of materials and methods used can be
found in [11, 12].

28.3 Results and Discussion

The Semipalatinsk Test Site (STS) used to be the main site for testing nuclear
weapon in the former Soviet Union. Between 1949 and 1989, 459 nuclear tests were
conducted at the STS. Among them, 116 explosions were above ground. As a result,
large-scale, heterogeneous radioactive contaminations occurred at the STS and
adjusted territory. The STS is a unique place to study effects of chronic low dose
rate exposure on non-human species over several generations. The wide range of
plots different in levels and spectrum of radioactive contamination, an availability
of plots with dominating contribution of particular types of radiation (a-, B-, and
y-radiations) to dose absorbed by plants and animals as well as specific climatic
conditions provide a unique opportunity for studying long-term biological effects in
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Fig. 28.1 Aberrant cells frequency in coleoptiles of germinated seeds of crested hairgrass, %.
Significant difference from the reference level: * p<0.10; ** p<0.05

chronically exposed ecosystems against the background of extreme environmental
conditions. A study of crested hairgrass populations, a typical wild cereal for Kazakh
steppe, showed that the frequency of cytogenetic alterations in coleoptiles of germi-
nated seeds increases proportionally to the dose absorbed by plants (Fig. 28.1).
Severe alterations of single and double bridges as well as laggard chromosomes
contribute mainly to the observed cytogenetic effect [10]. The agreement between
findings from 3 years of study (2005-2007), different in weather conditions, sug-
gests the leading role of radioactive contamination in an occurrence of cytogenetic
effects.

Dose rate in the epicenter of nuclear tests exceeds 30 nGy/h, which is more than
3 fold of the predicted no-effect dose rate of 10 uGy/h derived in the EC ERICA
project [6]. It is, however, well below the threshold for statistically significant effects
(100 nGy/h) derived at the FASSET Radiation Effects Database analysis [30]. It is
not surprising, than, that in our study there are found significant cytogenetic effects
in crested hairgrass populations but no pronounced morphological alterations. Thus,
the findings obtained are in agreement with the benchmark values proposed in the
FASSET and ERICA projects to restrict radiation impacts to biota.

Investigations over the last several decades [22, 23, 25] have demonstrated that
forest ecosystems are vulnerable to human-induced environmental stresses, resulting
in a progressive loss of biodiversity and general declines in forest health. Adverse
impact to the forest ecosystems lead to concomitant changes in the quality and extent
of wildlife habitat [S]. Forest trees have gained much attention in recent years as
nonclassical model eukaryotes for population, evolutionary and ecological studies
[13]. Because of their potential to affect many other species, any responses to selec-
tion pressures that are exerted on such keystone species as forest trees are especially
important to quantify. The low domestication, large open-pollinated native popula-
tions, and high sensitivity to environmental exposure make conifers almost an ideal
species for the study of environmental effects of radioactive contamination.
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Fig. 28.2 Aberrant cells in root meristem of germinated seeds (%) from Scots pine populations
collected in the Bryansk Region of Russia, 2003—2008. Ref and Ref 1 are the reference popula-
tions. Significant difference from the reference populations: * — p<0.05

The Chernobyl accident caused dramatic and long-term increases in ambient
radiation doses to many forest environments. Sites still exist in the Bryansk Region
of Russia, 20 years after the Chernobyl accident, where radioactive contamination
significantly exceeds background. In the study reported herein, cytogenetic effects
in Scots pine populations growing in the Bryansk Region have been investigated for
6 years, and the findings are presented in Fig. 28.2. There were no significant differ-
ences in frequencies of cytogenetic abnormalities, observed in the same study site
from year to year. Thus, the effects observed can be regarded as quite robust and
replicable over time. Aberrant cell frequency in root meristem of germinated seeds
collected from these populations significantly exceeds the reference level and shows
correlation with the dose absorbed. Combined with data from other our studies [7,
9], these findings indicate that an increased level of cytogenetic alterations is a typi-
cal phenomenon for plant populations growing in areas with relatively low levels of
pollution.

Absorbed doses in generative organs of pine trees were assessed with an original
dosimetric model [12]. In 22 years after the ChNPP accident, the annual doses are
about 30 times lower than the 0.4 mGy/h guideline proposed by IAEA as safe for
terrestrial plants [17]. On the other hand, dose rate for two most contaminated sites
exceeded the ERICA generic predicted no-effect value of 10 uGy/h, applicable as
an incremental dose rate in addition to the background for generic ecosystems [6].
These comparisons suggest that radiation levels at the study sites were high enough
to induce cytogenetic rather than morphologic abnormalities in the exposed popula-
tions. Indeed, the aberrant cell frequency, as well as the occurrence of severe types
of cytogenetic alterations in root meristem of germinated seeds collected from the
impacted populations, exceeded the reference level during all 6 years of study
(Fig. 28.2). This supports the conclusion that exposure to low levels of radiation
resulted in cytogenetic effects in the pine tree populations contaminated from the
Chernobyl accident. It should be noted that, in the STS study, a wide range of doses
from 4 to 265 mGy absorbed by the plants was studied, and a regular dependence of
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Fig. 28.3 Frequency of null alleles in enzymatic loci of endosperms (2005) in dependence on
annual dose absorbed by generative organs of pine trees

cytogenetic effects on dose was revealed. On the contrary, in the Bryansk Region,
the range of doses absorbed by the pine trees at the study sites is much narrower;
this could be the reason for an absence of statistically significant increase of biological
effect with the dose absorbed in some years of observations.

It is becoming increasingly clear that cytogenetic alterations detected in our stud-
ies might only be tip of an iceberg, reflecting global structural and functional rear-
rangements induced in exposed populations. An increase in mutation rate can affect
the population genetic structure by producing new alleles or genotypes, and thereby
has ecologically relevant effect. Alterations in the genetic make-up of populations
are of primary concern because somatic changes, even if they lead to a loss of some
individuals, will not be critical in populations with a large reproductive surplus. To
analyze whether an exposure to radionuclides causes changes in population genetic
structure, we evaluated frequencies of three different types of mutations (null allele,
duplication and changing in electrophoretic mobility) of enzymatic loci in endosperm
and embryos of pine trees from the studied populations. It is found that chronic
radiation exposure results in the significant increase of total occurrence of enzy-
matic loci mutations. In particular, frequencies of mutations for loss of enzymatic
activity increase with the dose absorbed by generative organs of pine trees
(Fig. 28.3).

There are plenty of theoretical interpretations of evolution, but what is important
is to see what happens in practice. Mutations in plant or animals are not necessary
bad events when they do not adversely affect the population fitness. Mutation is one
of the mechanisms that maintains genetic variation within a natural population and
thus enables that population to cope with an adversely changing environment.
Indeed, phenotypic variability in the exposed pine tree populations, estimated via
the Zhivotovsky index [38], significantly exceeds the reference level and increases
with dose absorbed by generative organs of pine trees (Fig. 28.4).

Populations living under unfavorable conditions (harsh climate, border of the
species areal, man-caused pollution) exhibit not only greater polymorphism but also
higher heterozygosity than those in optimal conditions. A decrease in heterozygos-
ity within individuals has been associated [34] with decreased resistance to diseases,
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Fig. 28.4 Phenotypic variability estimated via the Zhivotovsky index (2005) in dependence on
annual dose absorbed by generative organs of pine trees
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Fig. 28.5 Heterozygosity in endosperms of Scots pines in dependence on annual dose absorbed
by generative organs of pine trees. Significant difference from the Ref population: * p<0.01

decreased growth rates, and decreased fertility. This would suggest that variations in
individual heterozygosity may affect population growth and recruitment. The
observed heterozygosity in pine tree populations at the radioactively contaminated
sites is essentially higher than the expected one and increases with dose absorbed by
generative organs of pine trees (Fig. 28.5).

From the data presented we can conclude that the relationship between radioac-
tive contamination and genetic variability provides evidence of adaptation which
optimizes the physiological response of a population to environmental changes.
Keeping in mind all the data mentioned, it could be concluded that a high level of
mutation occurrence is intrinsic for descendants of pine trees in the investigated pop-
ulations, and genetic diversity in the populations is essentially conditioned by radia-
tion exposure. So, in spite of their low values, dose rates observed can be considered
as a factor able to modify genetic structure of populations. Furthermore, an increased
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genetic diversity within the population of keystone species is likely to be positively
correlated with increased species diversity of the depended community [37].

Although great progress has been made in understanding the nature of mutations,
too little is yet known about the way in which mutations can lead to observable
effects in life traits of organisms and populations. The traditional theory of popula-
tion and quantitative genetics mostly concerned evolution based on standing varia-
tion and largely ignored evolution based on de novo mutations. However, a recent
theory has increasingly explored the role of mutations [4, 26]. A high level of muta-
tional variability could lead to an acceleration of microevolutionary processes in the
populations. Because plants lack a germ line, epigenetic and genotypic changes are
readily generated and selected in the soma and can be transmitted to progeny [36].
In particular, this fundamental property underlies the remarkable phenotypic and
genotypic plasticity of plants, and their elasticity to rapidly changing environments,
including high levels of man-made pollution [24].

The effect of severe stress on populations is often thought to eliminate the most
susceptible individuals [28, 29]. However, an alternative effect is to change the
number of offspring produced by individuals [35]. It is true that a much larger num-
ber of seeds are produced than that which develop into adult plants, and that the
changes in frequency of the different genotypes are due to a greater death of some
genotypes than others. In such a way, a greater percentage of tolerant offspring
would be expected from trees subjected to pollutants. This is a form of response to
selection, and a very powerful one.

In the first year after the Chernobyl accident a significant decrease in reproduc-
tive ability of pines (reduction of seed mass and their number per cone, as well as
increase in portion of abortive seeds) was observed at doses over 1 Gy [3, 18].
Eleven years after the accident this tendency still persisted. In 1997, the portion of
abortive seeds from pine populations that had received doses of 10-20 Gy in 1986
significantly exceeded the correspondent reference level [3]. The effect of radioac-
tive contamination on reproductive ability of pine trees was also observed at the
South Urals radioactive trail. Chronic exposure of pine trees at dose rates of 4.2—6.3
pnGy/h resulted in a significant decline of seed mass, as well as an increase in the
fraction of abortive seeds [20]. At a lower dose rate of 0.8 uGy/h, the enhancement
in percent of abortive seeds was not observed. In 2000-2001, decrease in pollen
viability as well as increase the number of anomalous pollen grains in Scots pine
populations from Bryansk region at dose rates of 1.8-5.4 uGy/h have been detected
[31]. In contrast to the results mentioned above, we failed to find any clear linkage
between reproductive ability and doses absorbed by generative organs of pine trees
(Fig. 28.6). So, the high mutation rate found in our study (Figs. 28.2 and 28.3) had
no effect on the reproductive ability of the exposed populations.

An appearance of some standing factors (either of natural origin or man-made)
in the plants’ environment may activate genetic mechanisms, changing a population
resistance to a particular stress. Laboratory studies of repair inhibitions, dose-effect
relationships for low- and high-LET radiations, measurements of unscheduled DNA
synthesis and an efficacy of the single strand breaks recovery [32] suggest that the
divergence of populations in terms of resistance is connected with a selection for
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changes in the effectiveness of repair systems. Another study on the possible
mechanisms of adaptations to radioactive contamination [21] showed extremely
low (more than 10-fold) recombination levels, and a higher level of global genome
methylation in chronically irradiated plants that may have prevented extensive
genome rearrangements. Although our understanding of mechanisms of adaptation
is far from complete, these studies give good evidence that the response of biologi-
cal systems to stress have been produced by normal evolutionary processes in rela-
tion to the environments in which the populations occur. This is, of course, a wasteful
system since metabolic energy has to be used to produce the adaptive trait even
when it is not required. Actually, increased fitness in unfavorable environments is
associated [15] with decreased fitness in favorable environments. As a result, there
are situations [16] when resistance to environmental changes has not evolved or has
not persisted. Moreover, adaptation is often observed in one species but not found
in others, despite an equivalent opportunity and exposure conditions [2]. Indeed, at
the South Urals radioactive trace, radioresistance increased 3—4 times in radiosensi-
tive plants, but remain practically unchanged in radioresistant species [32]. It seems
that if we examine radio-adaptation in nature, we find as much evidence of it is not
occurring, as we do of it is existing. It quickly becomes obvious that the role of
microevolutionary processes in a population’s response to low-level chronic expo-
sure is still not clearly understood.
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The response of a population exposed to low dose rate irradiation depends on
both the type of organism and the biophysical properties of radiation (relative bio-
logical effectiveness, linear energy transfer, dose rates etc.). Contrary to the increased
radioresistance of seeds from plant populations inhabiting radioactively contami-
nated territories described in Shevchenko et al. [32] and Kalchenko and Fedotov
[19], no significant difference in resistance to subsequent y-ray exposure between
seeds collected from the reference and exposed Scots pine populations was found in
our study (Fig. 28.7). Similarly, the seeds from the crested hairgrass populations
that have been experiencing radiation exposure for more than a half century and are
bearing the elevated levels of cytogenetic abnormalities do not show any reliable
increase in resistance to the additional acute y-ray exposure (Fig. 28.8). Moreover,
the results remain qualitatively the same at considerable variation in the dose rate of
acute irradiation (more than 70 times, from 2,970 Gy/h to 39 Gy/h). An improved
DNA repair capacity and ability to germinate under abiotic stress (salinity and
accelerated ageing) was shown in seeds embryos of evening primrose growing near
the Chernobyl NPP on sites contaminated with y- and -emitters, while on the a-,
- and y-contaminated site such an improvement was not found [1]. This is in line
with data on the successful adaptation of wild vetch populations on sites most highly
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Fig. 28.8 Aberrant cell frequency in coleoptile of crested hairgrass after dry seeds exposure to an
acute y-ray dose of 68.8 Gy (dose rate of 2970 Gy/h) in 2005 and 2006 and dose of 50 Gy (dose
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contaminated by B-emitters, but not by a-emitters [33]. Consequently, there are
good theoretical and practical reasons for more attention being paid to the
mechanisms by which populations become more radioresistant, and to those situa-
tions where radio-adaptation appears not to be taking place.

28.4 Conclusions

A basic level of concern within a newly developing system for radiological protec-
tion of the environment is a population. Of specific importance in this context are
studies on plant and animal populations inhabiting sites with contrasting levels and
spectra of radioactive contamination. Special attention should be paid to population-
level effects such as radio-adaptation, changes in sexual, age and genetic structure of
populations, since knowledge of elementary mechanisms of the radionuclides’
impact is insufficient to predict them. Corresponding studies are likely to increase in
importance as the rate at which we change the environment worldwide continues to
accelerate. It is of great value for both justification of radiation exposure risk assess-
ments to humans and the environment as well as for understanding the complicated
processes in the biosphere caused by increasing levels of man-made impact.

The findings presented here clearly indicate that plant populations growing in
areas with relatively low levels of pollution are characterized by an increased level
of both cytogenetic alterations and genetic diversity. Concordant responses between
changes in population genetic structure and elevated levels of cytogenetic damage
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provide evidence that the population genetic changes are influenced by exposure to
radionuclides. Man-made pollution may influence an evolution of exposed popula-
tions through a contaminant-induced selection process. The long-term existence of
some factors (either of natural origin or man-made) in the plants’ environment acti-
vates genetic mechanisms, changing a population’s resistance to exposure. However,
there are radioecological situations where enhanced radioresistance has not evolved
or has not persisted. The effects of chronic exposure on living organisms and popu-
lations remain poorly explored, and represent a much needed field of research as a
global increase in energy production from nuclear reactors is forecast [14]. Much
more is to be elucidated in our understanding before we will be able to give an
objective and comprehensive assessment of the biological consequences of chronic,
low-level radiation exposures to natural plant and animal populations.
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Chapter 29

Reduced Rb1 Expression Causes Impaired
Genome Stability in Bone-Cells and Predispose
for Radiation-Induced Osteosarcoma

Michael Rosemann, Iria Gonzalez-Vasconcellos, Tanja Domke,
Michaela Nathrath, and Mike J. Atkinson

Abstract The risk of cancer after exposure to ionizing radiation is currently defined
only as a function of the received dose. Genetic factors that modify individual
susceptibility to radiation-induced cancer are excluded from the risk assessment.
We report the mapping of QTLs that confer increased susceptibility to radiation-
induced osteosarcoma in the mouse. The strongest candidate locus, on chromosome
14, contains a functional polymorphism weakening the efficiency of the Rbl
promoter. The Rbl allele associated with increased susceptibility is preferentially
retained during allelic loss at the Rb1 gene in radiation-induced tumors. In combi-
nation with allelic losses of CDKN2a/P16, an upstream regulator of Rb1, 100% of
all analyzed tumors exhibit a defect affecting this pathway. Alpha-irradiation of
knockout mice with a bone-specific expression reduction of Rb1 or P16 confirmes
that these genes can alter the susceptibility for osteosarcoma, either by increasing
the tumor-risk or by shortening their latency. These results suggest that common
germ-line polymorphisms causing impaired expression of known tumor-suppressor
genes can modify individual susceptibility to radiation-induced cancer.
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29.1 Introduction

Tonising radiation has been identified as a carcinogenic agent through epidemiological
studies of cohorts exposed to relatively high doses, such as A-bomb survivors and
those receiving therapeutic or accidental irradiation. The dose response data from
these groups is used in extrapolating the risk of radiation-induced cancer to low-
exposure groups [19]. Such population-based extrapolations carry with them a
degree of uncertainty, and cannot accurately predict outcome in individual cases.
This is especially true in those individuals carrying a germ-line mutation that
predisposes them to the carcinogenic effects of ionising radiation e.g. P53, Rbl,
and ATM [2, 10]. However, common gene polymorphisms also may influence
individual susceptibility to the carcinogenic effects of ionising radiation, as they
do other malignancies [12, 15, 21].

Uncertainties of tumor causality preclude studies in man that are designed to
identify genetic effects on radiation carcinogenesis. However, mouse models show
both direct causality and strain-dependent differences in radiation-induced tumor
incidences, suggesting that modifiers of susceptibility can be identified using the
mouse [9, 18].

Skeletal deposition of bone-seeking alpha particle-emitting radionuclides (e.g. Ra,
Pu, Am), results in highly localized irradiation of the bone-forming cell compartment.
The incidence of osteosarcoma in man and mouse is increased by a number of orders
of magnitude following such exposures [6, 13]. Inbred BALB/c mice show a high
incidence of osteosarcoma following injection of ??’Th (4 Gy skeletal dose), whilst at
the same dose CBA strain animals are relatively resistant (Fig. 29.1). The polygenic
basis of the strain difference was established in irradiated (BALB/c x CBA) F1 hybrid
animals. These show an intermediate sensitivity as compared to their parental strains,
indicating the action of multiple low-penetrance modifier genes.
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Fig. 29.1 Cumulative incidences of osteosarcoma development following injection with 185 Bq/g
227Th at the age of 100 days showing greater sensitivity of BALB/c strain (open diamonds) com-
pared to CBA/CA strain (closed diamonds). The F1 hybrid animals (open circles) are of intermedi-
ate susceptibility
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The variable penetrance of osteosarcoma in certain familial cancer syndromes [14]
also suggests the existence of yet unknown susceptibility genes in man. We describe
in this report mapping, identification and first functional studies of such susceptibility
genes in radiation-induced osteosarcoma in mice.

29.2 Genome-Wide Mapping of Murine Susceptibility Genes

We have previously employed genetic mapping techniques in backcrossed mice
strains to identify loci in the genome that harbour potential susceptibility genes for
alpha-radiation induced osteosarcoma [16, 17]. These genome-wide screens for
quantitative trait loci (QTL) established a total of six distinct chromosomal site that
modify osteosarcoma predisposition in the mouse strains BALB/c, CBA/CA, C3H/H
and 102/Nhg (Fig. 29.2).
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Fig. 29.2 Approximate positions (derived from MGD database) of BALB/c/CBA polymorphic
microsatellite markers are given as black diamonds. Numbers are related to the name of each
marker in the MIT panel (* exception is 217, that was originally D3Mit217, but has now been
allocated to chromosome 1). Red lines indicate the sweep-radius of each marker, i.e. the interval
for which linkage to susceptibility genes could be detected. Chromosomal regions showing linkage
of osteosarcoma susceptibility with BALB/c alleles (red) and CBA/Ca alleles (blue) are shown
together with two osteosarcoma susceptibility loci mapped in preceding study (hatched blue bars)
(Reproduced from [17])
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Fig. 29.3 Additive effect of five susceptibility loci on tumor incidence in backcross F2 animals
grouped according to their genotypes. Those inheriting high-risk genotypes at all five susceptibil-
ity loci (open diamonds) show higher sensitivity than parental BALB/c (open circles) or CBA/CA
mice (closed circles). F2 animals inheriting low-risk genotypes at all five loci exhibiting lowest
osteosarcoma frequency (1/11) with the longest latency time (closed diamonds)

Animals inheriting the high-risk genotypes at five of these loci showed a 100%
osteosarcoma incidence, with an average latency of 430 days. In contrast, animals
inheriting low-risk gene variants at these five loci exhibit a marked tumor resis-
tance, with only 1 out of 11 animals developing osteosarcoma with a latency of
680 days (Fig. 29.3).

Markers between D14Mit234 and D14Mit97 showed linkage with the BALB/c-allele
being associated with an increased osteosarcoma resistance. Of 24 animals developing
tumors all but 5 were heterozygous (CBA and BALB/c allelotypes) at these markers.
This is in contrast to tumor-free animals, where only 10 of 36 animals were heterozygous
(p=0.0002). QTL mapping using a normalized, censored latency time t(L)C as a
trait parameter indicated that the likelihood ratio statistic for a QTL in this interval
exceeds 20, equivalent to LOD=4.39 [17]. Significantly, this region on chromosome
14 overlaps with the osteosarcoma susceptibility locus we previously mapped in a
different mouse cross [16], giving a compound LOD score of 5.44. Haplotype
analysis was carried out for all 169 mice using additional markers placed between
D14Mit234 and D14Mit97 (Fig. 29.4). The lowest number of recombinants was found
for markers D14Mit192 and D14Mit225, which span only a 3 Mbp interval [5].

29.2.1 Somatic Losses-of-Heterozygosity in Tumors

To further narrow down the genomic position of an tumor susceptibility gene we
analysed a set of radiation-induced osteosarcoma in (BALB/c x CBA) F1 hybrid
mice for the presence of somatic gene alterations (loss-of-heterozygosity, LOH).
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Fig. 29.4 Haplotype analysis of radiation-osteosarcoma susceptibility with additional markers to
narrow down the principal susceptibility locus on chromosome 14. Germline haplotypes in 44
mice with and 125 mice without tumor are shown here with tracks of BALB/CBA heterozygote
genotypes (dark bars) and BALB/BALB homozygote genotypes (open bars)
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Fig. 29.5 Pattern of allelic-loss in 17 radiation-induced osteosarcoma found in BALB/c x CBA/
CA F1 hybrid mice. Two loci in the mouse genome, encompassing RB1 on chromosome 14 and
encompassing P16 on chromosome 4 are shown. Allelotyping was done for intra-genic SNPs of
the two genes and for microsatellite-markers flanking them proximal and distal (Reproduced from
[8]). Black: retention of heterozygosity; grey: loss of maternal BALB/c allele; white: loss of pater-
nal CBA/CA allele

In the interval originally mapped by F2 linkage analysis, we now also found LOH
in 13 out of 17 tumors (Fig. 29.5). Interestingly, there was a preferential loss of the
BALB/c-allele, with 10 of the 17 tumors (58.8%) showing loss of the BALB/c
allele, compared to only 3 of 17 (17.6%) tumors showing loss of the CBA-allele [8].
This preferential loss of the BALB/c allele in the tumors suggests that the BALB/c
gene variant may have a tumor suppressor function in these animals.
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The smallest common region affected by allelic losses in the analyzed tumors
was defined by the proximal marker D14Mit192 (72.3 Mbp) and the distal marker
D14Mit225 (75.3 Mbp). Within this 3 Mpb region on murine chromosome 14 maps
the Rb1 tumor suppressor gene (73.6 Mbp), which is a strong candidate for both an
osteosarcoma- and a radiation sensitivity predisposing gene. Patients carrying
germ-line Rbl mutations show an increased incidence of sporadic osteosarcoma
[3, 7, 11], as well as a propensity to develop post-therapy osteosarcoma in the
radiation field [4].

29.3 Inherited Hypomorphic Variations of the Rb1-Gene

Sequencing of the entire Rb1 gene transcript revealed no strain-specific differences
in the Rb1 coding region, implying that the protein function is not impaired in either
of the two strains. Within the 1,190 bp upstream of exon 1, however we identified a
TCGCCC hexanucleotide duplication that is present only in the BALB/c allele,
positioned between nt 1053 and nt 1084 (Fig. 29.6, base numbering according
Genebank M86180). This duplication lies 177 bp upstream from the first exon, and
is 5’ to the predicted binding sites for Sp1, ATF and E2. This alteration has therefore
the potential to change the Rbl-transcription in the BALB/c strain relative to the
CBA/CA strain.

In whole embryo mRNA from both strains we could indeed find a 50% reduced
Rb1 expression in the CBA/CA strain (183 AU, CI 138-228) as compared to the
BALB/c strain (232 AU, CI 165-299, p=0.038, t-test) (Fig. 29.7).

When we used the genotype of this RbI promoter variant to stratify the entire
BALB/c x CBA F2 backcross into either BALB/BALB homozygotes (B/B) or
BALB/CBA heterozygotes (B/C) it was obvious, that mice inheriting the B/C
genotype have a significantly shorter latency and higher overall osteosarcoma
incidence than mice with the B/B genotype. At 500 days after tumor induction
more than 40% of the B/C mice developed osteosarcoma as compared with just
12% tumors in mice of B/B genotype (p=0.0007, Log-Rank Test) (Fig. 29.8).

TCGCCC Insertion

229 1372
3P2 ATF E2 Ex1 - Ex27

Fig. 29.6 Sequence of the RbI promoter region between nt1053 and nt1084 determined for strains
BALB/c and CBA/CA , showing position of the BALB/c specific hexanucleotide insertion relative
to the SP1, ATF and E2 core binding sites (base numbering according to Genebank accession no.
M86180)
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Fig. 29.7 RbI expression in BALB/c and CBA/CA embryo RNA by northern blot analysis. Lower
row: 18S and 28S RNA as loading control
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Fig. 29.8 Kaplan-Meier plot of osteosarcoma development in BALB x CBA backcrossed mice
grouped according to their genotypes at the Rb/ promoter. Difference between the B/B (dashed line,
open circles) and the B/C genotypes (filled line, black circles) is highly significant (p=0.0007, Log
Rank test). Intermediate line (without symbols) represent the pooled cohort of both genotypes

29.4 The Rb1 Pathway and Other Affected Elements

The Rbl protein acts as a growth regulator and tumor suppressor by controlling
transition of the G1/S cell cycle checkpoint in conjunction with the p16 tumor
suppressor [20]. Temporary arrest at this checkpoint is an essential event in the
post-irradiation DNA damage repair process, allowing efficient repair before entry
into S-phase [1]. The lower level of transcription of Rb1 from the CBA promoter may
be expected to lead to an inefficient arrest, and hence the entry of cells with unrepaired
damage to enter S phase. A similar mechanism has been proposed for the increased
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Fig. 29.9 Kaplan-Meier curve for development of osteosarcoma in female FVB/N-RB1LoxP x
CreCol mice after 227Thorium injection. All mice carried heterozygote or homozygote alleles of the
conditional RB1-LoxP allele [8]. Dashed line: Mice inheriting Cre-Recombinase -->RB1-deletion in
normal bone; full line: Mice not inheriting Cre-Recombinase -->RB1 functionally normal.

incidence of pristane-induced plasmacytoma is associated with inheritance of a
pl6 promoter variant in BALB/c mice [21]. It should be noted that the p16 locus
did not show any association with increased tumor susceptibility in our study nor is
there any evidence of an association between human P16 germline mutations and
osteosarcoma.

29.4.1 Reduced RbI and P16 Gene Expression Show Different
Effects onto Osteosarcoma Development

To test how Rb1 and P16 germline variants differ in their effects onto radiation osteo-
sarcomagenesis, we used heterozygote P16 knock-out and Rb1 knock-out mice and
induced tumors again by Th-227 incorporation [8]. Both mouse lines had a pre-exist-
ing defect in one copy of either the P16- or the Rbl gene in all bone cells, and were
compared in this experiment with their wildtype littermates (i.e. with a set of mice on
the same genetic background, but with the normal state of both target genes).

Out of 42 animals derived from conditional Rb1 knockout mating, 13 developed
osteosarcoma with a median latency time of 402 days. Of these 13 tumors, 11 were
found in 24 mice that had already a single copy of the RbI gene lost in every normal
bone cell. Of the remaining 18 mice without a pre-existing RbI defect in bone, only
2 were diagnosed with an osteosarcoma (median latency 392 days). As shown in
Fig. 29.9, the time course of osteosarcoma induction is similar in heterozygote Rb1
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Fig. 29.10 Kaplan-Meier curve for development of osteosarcoma in female C57/BL6-P16 k.o.
mice after 227Thorium injection. Littermate mice are either P16 +/— heterozygote or P16 wildtype
(Reproduced from [8]). Dashed line: Mice inheriting P16 +/— germline defect; full line: Mice
inheriting wildtype P16; dotted line: pooled cohort of both genotypes

knockout and in wildtype mice, but the tumor incidence is significantly different
(p=4 x 107° Fisher-Yates exact test).

Of a total of 70 animals from the P16 knockout breeding, 24 developed osteosar-
coma (Fig. 29.10, median latency time 413 days). Of those 24 tumors, 14 were found
among 36 mice with a preexisting defect in one copy of the P16 gene (median latency
355 days). Of the remaining 34 mice without a pre-existing P16 germline defect, 10
were diagnosed with an osteosarcoma (median latency 445 days). The relative numbers
of tumors in the heterozygote P16 knockout and in the wildtype mice were statistically
not different (p=0.28, Fisher’s exact test), but they arise much earlier in P16+/— mice
as compared to their wildtype littermates (p=0.018, Mann—Whitney Test).

We can therefore conclude that a germline defect of the P16 gene, leading to a
50% reduced expression, changes the tumor growth kinetics, but not the tumor inci-
dence rate. In contrast, a reduced Rb1 expression due to an congenital variant has the
capacity to increase osteosarcoma risk, but not the latency time or tumor kinetics.

29.5 Rbl1 Increases Genome Instability Following
Radiation-Exposure

Whereas Rb1 inactivating germline mutations are know to predispose for radiation-
induced osteosarcoma in man [4], such an association is not yet known for hypomor-
phic Rb1 alleles (i.e. alleles that result only in a lower gene-expression). To understand
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Fig. 29.11 Anaphase bridges (/eft) and micronuclei (right) in Rb1+/— and Rb1+/+ osteoblast cultures
in-vitro after gamma irradiation with 0.5 and 2 Gy. For Anaphase bridges, data for an tumor cell line
established from one of the radiation-induced osteosarcoma is shown as comparison

why a 50% reduced Rb1 expression in normal osteoblast cells is sufficient to confer
an increased tumor risk, we investigated the acute effects of a gamma-irradiation in
in-vitro cultures of osteoblasts from the above described heterozygote Rb1 knockout
mice and their wildtype littermates. Phenotypically normal osteoblasts with a monoal-
lelic Rb1 loss (i.e. with a 50% reduced gene expression) after 2 Gy gamma-irradiation
exhibit a significantly increased number of post-mitotic genome defects, such as
anaphase bridges (Fig. 29.11a) and micronuclei (Fig. 29.11b). Both are indicative of
an increased genomic instability in the heterozygote Rb1 knockout osteoblasts.

29.6 Conclusion

We have shown here that a reduced expression of 50% of an important tumor
susceptibility gene (Rbl) is sufficient to increase the risk for radiation induced
osteosarcoma from 11% to 46%. This reduced Rb1 expression causes an increase
of radiation-induced genomic instability in phenotypically normal osteoblasts.
Both observations taken together suggest, that in normal wildtype osteoblasts the
radiation damage can be tolerated up to a certain level whilst in cells with reduced
Rbl1-expression the induced genomic instability quickly exceeds a threshold and
hence causes an overproportional rise in tumor incidence.

Genetic mapping of additional modifier loci in the outbred BALB/c x CBA
strains could also show that, in addition to a principal susceptibility gene such as
Rb1 other loci in the genome exist which, in an additive manner, can further contrib-
ute to an individual tumor risk. Whether susceptibility genes exist at these loci, or if
they rather harbour regulatory elements remains elusive. Such regulatory elements
could control expression of susceptibility gene in-trans, or could even modulate
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entire cellular pathways. Albeit a deeper functional knowledge of such heritable
susceptibility factors in man is still missing, such factors could in principle by used
already today to predict an individual tumor risk following occupational, medical or
accidental radiation exposure.

Acknowledgement This work was supported by a grants from the European Commission
(EURATOM) FIGH-CT99- 00001 and from the German ministry BMBF (KVSF 03NUKO007).

References

9]

10.

11.

12.

15.
16.

. Brugarolas J, Moberg K, Boyd SD, Taya Y, Jacks T, Lees JA (1999) Inhibition of cyclin-

dependent kinase 2 by p21 is necessary for retinoblastoma protein-mediated G1 arrest after
gamma-irradiation. Proc Natl Acad Sci USA 96:1002-1007

. Cox R (1994) Molecular mechanisms of radiation oncogenesis. Int J Radiat Biol 65:57-64
. Draper GJ, Sanders BM, Kingston JE (1986) Second primary neoplasms in patients with retin-

oblastoma. Br J Cancer 53:661-671

. Eng C, Li FP, Abramson DH, Ellsworth RM, Wong FL, Goldman MB, Seddon J, Tarbell N,

Boice JD Jr (1993) Mortality from second tumors among long-term survivors of retinoblas-
toma. J Natl Cancer Inst 85:1121-1128

. Ensembl mouse genome sequence (2010) http://www.ensembl.org/Mus_musculus/
. Fry SA (1986) Studies of U.S. radium dial workers: an epidemiological classic. Radiat Res

150(Suppl):S21-S29

. Gilman PA, Wang N, Fan SF, Reede J, Khan A, Leventhal BG (1986) Familial osteosarcoma

associated with 13;14 chromosomal rearrangement. Cancer Genet Cytogenet 17:123-132

. Gonzalez Vasconcellos I, Domke T, Kuosaite V, Esposito I, Sanli-Bonazzi B, Nathrath M,

Atkinson MJ, Rosemann M (2011) Differential effects of genes of the Rb1-signaling pathway
on osteosarcoma incidence and latency in alpha-particle irradiated mice. Radiat Environ
Biophys 50(1):135-141

. Groch KM, Khan MA, Brooks AL, Saffer JD (1997) Lung cancer response following inhaled

radon in the A/J and C57BL/6J mouse. Int J Radiat Biol 71:301-308

Hahn H, Wojnowski L, Zimmer AM, Hall J, Miller G, Zimmer A (1998) Rhabdomyosarcomas
and radiation hypersensitivity in a mouse model of Gorlin syndrome. Nat Med 4:619-622
Hansen MF, Koufos A, Gallie BL, Phillips RA, Fodstad O, Brggger A, Gedde-Dahl T, Cavanee
WK (1985) Osteosarcomas and retinoblastomas: a shared chromosomal mechanism revealing
recessive predisposition. Proc Natl Acad Sci USA 82:6216-6220

Hemminki K, Mutanen P (2001) Genetic epidemiology of multistage carcinogenesis. Mutat
Res 473:11-21

. Luz A, Miiller WA, Linzner U, Strauss PG, Schmidt J, Miiller K, Atkinson MJ, Murray AB,

Gossner W, Erfle V, Hofler H (1991) Bone tumor induction after incorporation of short-lived
radionuclides. Radiat Environ Biophys 30:225-227

. Meisner LF, Gilbert E, Ris HW, Haverty G (1979) Genetic mechanisms in cancer predisposi-

tion: report of a cancer family. Cancer 43:679-689

Ponder BA (1990) Inherited predisposition to cancer. Trends Genet 6:213-228

Rosemann M, Lintrop M, Favor J, Atkinson MJ (2002) Bone tumorigenesis induced by alpha-
particle radiation: mapping of genetic loci influencing predisposition in mice. Radiat Res
157:426-434

. Rosemann M, Kuosaite V, Kremer M, Favor J, Quintanilla-Martinez L, Atkinson MJ (2006)

Multilocus inheritance determines predisposition to alpha-radiation induced bone tumourigen-
esis in mice. Int J Cancer 118:2132-2138



364 M. Rosemann et al.

18. Santos J, Herranz M, Perez DCI, Pellicer A, Fernandez-Piqueras J (1998) A new candidate site
for a tumor suppressor gene involved in mouse thymic lymphomagenesis is located on the
distal part of chromosome 4. Oncogene 17:925-929

19. UNSCEAR (2000) Sources and effects of ionizing radiation, annex I. United Nations
Publications, New York, pp 298—450

20. Zacksenhaus E, Bremner R, Jiang Z, Gill RM, Muncaster M, Sopta M, Phillips RA, Gallie BL
(1993) Unraveling the function of the retinoblastoma gene. Adv Cancer Res 61:115-141

21. Zhang S, Qian X, Redman C, Bliskovski V, Ramsay ES, Lowy DR, Mock BA (2003) p16
INK4a gene promoter variation and differential binding of a repressor, the ras-responsive zinc-
finger transcription factor, RREB. Oncogene 22:2285-2295



Chapter 30
Biophysics of Heavy Ions

Marco Durante

Abstract Densely ionizing radiation, such as heavy ions, produce biological damage
which is different from that normally produced by sparsely ionizing radiation, such
as X- or y-rays which are a large component of the natural radiation background. In
fact, as a result of the different spatial distribution of the energy deposited, along the
core and penumbra of the track, DNA lesions are exquisitely complex, and difficult
to repair. RBE factors are normally used to scale from X-ray to heavy ion damage,
but it should be kept in mind that RBE depends on several factors (dose, dose rate,
endpoint, particle energy and charge, etc.) and sometimes heavy ions produce special
damages that just cannot be scaled from X-ray damage. The special characteristics
of heavy ions can be used to treat tumors efficiently, as it is currently done in Japan
and Germany.

Keywords Heavy ions ¢ Radiobiology * High LET ¢ Densely ionizing radiation
* Particle therapy

30.1 Introduction

The biological effectiveness of ionizing radiation strongly depends on the linear
energy transfer, or LET, and it is well known that it is, for many endpoints, higher
than sparsely ionizing radiation for LET values between 50 and 200 keV/um in
water. This different biological effectiveness os normally attributed to the different
spatial distribution of lesion density in the DNA. While physicists know very well,

M. Durante (b<))

GSI Helmholtzentrum fiir Schwerionenforschung Biophysics Department, and Technische
Universitidt Darmstadt, Planckstraf3e 1, 64291 Darmstadt, Germany

e-mail: M.Durante @gsi.de

C.E. Mothersill et al. (eds.), Radiobiology and Environmental Security, 365
NATO Science for Peace and Security Series C: Environmental Security,
DOI 10.1007/978-94-007-1939-2_30, © Springer Science+Business Media B.V. 2012



366 M. Durante

d
4—— Biological Knowledgg ———
Better Poor

Silicon

&
%
i
-

Tt

H He L Be B C S GCs Ti Fe
74 72 73 74 25 76 Z-14 Z-20 Z-22 Z-26

|0|"I

Typical mammalian cell

Fig. 30.1 Three nuclei of human fibroblasts exposed to (a) y-rays, (b) silicon ions, or (¢) iron ions;
and immunostained for detection of y-H2AX. Every green focus corresponds to a DNA double-
strand break. In the cell exposed to sparsely ionising y-rays (a), H2AX foci are uniformly distrib-
uted in the nucleus. Cells exposed to heavy ions show DNA damage along tracks — one silicon (b)
and three iron (c) particles, respectively. Spacing between DNA double strand breaks is reduced at
very high-LET. (d) Tracks of different ions, from protons to iron, in nuclear emulsions, show
increasing LET as charge, Z, increases (From ref. [1])

form nuclear emulsions, how different a track of a heavy ion is compared to photons,
more recently this could be visualized directly in mammalian cells, exploiting mark-
ers of DNA lesions such as phosphorilated histone YH2AX (Fig. 30.1) [1] or the
accumulation of GFP-tagged repair proteins, such as 53BP1 (Fig. 30.2) [2]. Clearly,
heavy ions produce “streaks” of DNA lesions in the cell nucleus, and the density of
lesions increase with LET (Fig. 30.1), and they can be hardly repaired or moved
following exposure (Fig. 30.2). This observation begs the question of whether the
damage induced by heavy ions is different from that produced by X-rays. The answer
is unfortunately not simple: even if the DNA damage is more difficult to repair, this
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Fig. 30.2 Quantitative analysis of the motion of DNA double-strand breaks (DSBs) after high
LET irradiation. Time-dependent changes of a single Ni-ion-induced 53BP1-GFP streak in a
human tumor cell showing the typical motional behavior of individual proteins along the trajectory
over the time course of 12 h after irradiation. Compared to Fig. 30.1, these pictures show the evolu-
tion of the damage in living cells, exploiting GFP-tagged proteins expressed in the cell, instead of
fixing and staining the samples (From ref. [2])

may lead to an increased cell killing, but not necessarily to increased late risk: a dead
cell cannot represent a risk, although the bystander effect may play a dominant role
in explaining the effectiveness of high-LET radiation for late effects.

30.2 Heavy Ion Radiobiology

Because heavy ions are not present on Earth, their study is not relevant for radiation
protection, and neither it has been for radiation therapy for many years. However,
heavy ions are now often used in therapy [3] and they represent a major risk for
human space exploration [4] (Fig. 30.3).

30.2.1 Particle Therapy

The rationale of oncological particle therapy is simply based on the different energy
deposition of charged particles (the Bragg curve) and photons (exponential attenu-
ation). Figure 30.4 immediately suggests that charged particles have a better energy
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Fig. 30.3 Interest for radiobiology of heavy ions is linked to two main applications: cancer ther-
apy (left) and protection of astronauts in long term space missions (right). In one case, we are
interested to exploit the ability of heavy ions to kill cells; in the second, to protect the crews from
long-term late effects. Although the exposure conditions are very different (high dose, fraction-
ated, localized irradiation in therapy; low dose, chronic, whole body in space), the two topics share
several research topics, such as studies on stochastic risk of heavy ions, or on radioprotectors
(Table 30.1)

Fig. 30.4 Rationale of using 100 -
charged particles for cancer X-rays
therapy. While X-rays deposit 80
more energy on the surface =
than in the tumor, the 54
opposite holds for charged § 60
particles, such as protons and °
carbon ions -_02: 40 protons
|
=20 carbon ions
tumour
0 1 | 1

0 5 10 15
penetration depth in tissue (cm)

deposition pattern than X-rays for therapy, as recognized by Wilson already in 1946.
Protontherapy is today widely spread in the world, and is considered a cutting-edge
technology, with clinical results at least comparable to X-ray IMRT. However, apart
from the favorable dose distribution, protons donor really add biological advan-
tages, as their RBE is close to 1. On the other hand, heavy ions combine an increased
biological effectiveness to a high RBE, and reduced oxygen enhancement ratio
(OER), in the Bragg peak. Carbon ions are for instance low-LET (about 10 keV/um)
in the entrance channel, but high-LET (up to 80 keV/um) in the Bragg peak, thus
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Table 30.1 Some research topics relevant for both hadrontherapy and space radiation protection

Hadrontherapy Space radiation protection
Particles Hand C All ions from H to Ni
Maximum energy ~400 MeV/n ~10 GeV/n
Dose 60-80 Gy-eq. in the target volume. 50—150 mSv on the space

Exposure conditions

Individual
radiosensitivity

Mixed radiation fields

Late stochastic effects
of heavy ions

Normal tissue determin-

istic effects
Radioprotectors

Biomarkers

Bystander effect

Dose to the normal tissue depend
on the treatment plan
Partial-body, fractionation (2 Gy-eq./
day in the target volume)
Patient selection, personalized
treatment planning

Effects of primary particles and
fragments for tumor cell killing
and side effects

Risk of secondary cancers
in patients

Early and late morbidity

Protection of the normal tissue, but
not of the tumor. Drugs

Predicting risk of secondary cancers
or late morbidity
Role in tumor cell killing

station, up to 1 Sv for the
Mars mission

Total-body, low dose-rate
(1-2 mSv/day)

Personalized medical
surveillance of the
crewmembers

Cosmic radiation is a mixed
field. Effects of shielding

Risk of cancer in astronauts

Cataracts, CNS damage, other
late degenerative effects

Protection from heavy ions at
low doses and protons at
high doses (solar particle
event). Dietary
supplements

Reducing uncertainties in risk
estimates

Role in stochastic risk at very
low fluence

providing sparing of the normal tissue and high effectiveness in the tumor. The
clinical results, so far based on a fairly limited number of cancer patients (about
5,000) are indeed very good, and after the clinical trials in NIRS (Japan) and GSI
(Germany), several new centers are under constructions in Europe and Asia.

30.2.2 Radiation Protection in Space

Although protons are by far the most common particle in space radiation, heavy
ions play a major role because energy deposition increase with z2, and the RBE
increases with LET. Therefore, heavy ions are nowadays acknowledged by space
agencies as a major barrier to human space exploration. Cancer risk is of course the
main concern, because it is well documented that radiation can induce cancer, but
the RBE of heavy ions is not known, due to the lack of epidemiological studies and
the only limited animal studies, performed at particle accelerators [4]. In addition to
cancer, several others late effects cause concern, including damage to the central
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nervous system, cataracts, risk of cardiovascular diseases, and hereditary effects.
Both NASA and ESA support large experimental campaigns to study these effects,
considering that space agencies are now shifting their programs to exploration.

The NASA program is based at the Brookhaven National Laboratory (Upton,
NY), whereas the European program is based at GSI (Darmstadt, Germany).

Notwithstanding the large differences in exposure conditions (high dose, frac-
tionated acute partial-body exposure in therapy; low dose, chronic whole-body
exposure in space), the two topics share several research topics as summarized in
Table 30.1.

30.3 Conclusions

Biological effects of densely ionizing radiation are becoming a key topic in radiobi-
ology, because of the interest for heavy ions coming from space radiation protection
and particle therapy. Large experimental campaigns are currently under way at
accelerators, and it is likely that they will lead to a reduction of the uncertainty on
the late risk of heavy ions.
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Chapter 31

De Novo Mutations in Y-Chromosome
STR Loci Revealed in Paternal Lineages
of Siberian Tundra Nentsi Population

Ludmila Osipova, Tatiana Karafet, and Michael Hammer

Abstract Y-chromosome short tandem repeats (STR) markers are widely used in
human population genetic studies and forensic applications. Estimation of Y-STR
mutation rate has a key role for dating the origin of Y chromosome lineages and for
paternity tests. Previous studies demonstrated significant interlocus difference in
mutation rate and the positive correlation to STR repeat length. The different ethnic
groups and various Y-chromosome haplogroups defined by single-nucleotide poly-
morphisms were characterized by different Y-STR mutation rates. To date no Y-STR
pedigree mutation studies were reported in native Siberian populations. Siberian
Tundra Nentsi population possesses many unique genetic features and represents a
good model for genealogical studies because of large family sizes, available ances-
try information and relatively isolated life style in the extreme north environment.
We thoroughly selected 50 paternal lineages with deep genealogical depth from 2 to
6 generations with the total number of 330 males. The number of descendants var-
ied from 2 to 25 per paternal lineage, in average seven males per lineage. We also
included in our analysis six Komi, three Russian and one Khant families who lived
inthe same villages. Totally 34 STR loci from non-recombining part of Y-chromosome
were studied: DYS19, DYS390, DYS391, DYS393, DYS385A, DYS385B, DYS426,
DYS388, DYS392, DYS439, DYS389-1, DYS389-2, DYS458, DYS447, DYS449,
DYS459, DYS454, DYS464, DYS455, DYS457, DYS448, H4, DYS607, CDY-1,
CDY-2,DYS460, YCA-1, YCA-2,DYS576, DYS570, DYS438, DYS456, DYS442,
and C4. Eleven males (4%) had different alleles in six or seven STR loci compared
to their paternal ancestors. We believe that those men were born out-of-wedlock or
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were adopted. Traditionally native Siberian people adopt and raise all children who
lost their parents. Mutations were observed in 21 out of 34 Y-STR loci. We found
relatively higher number of mutation gains (60%) versus losses. Our study has thus
shown that the chosen Y-STR loci represent a powerful tool to estimate mutation
rates for forensic and population genetic purposes.

Keywords Y chromosome ¢ Short tandem repeats ® De novo mutation ® Tundra nentsi

31.1 Introduction

The past two decades witnessed an explosion in data from the Y chromosomes in
human populations. The inability of the Y chromosome to undergo recombination
over most of its length means that the genotype of any individual is traceable with
certainty to a single lineage (consisting of the father, the paternal grandfather, one
paternal great-grandfather, etc.). Because Y chromosomes have unisexual trans-
mission, migration and genetic drift will have quite different effects on the popula-
tion genetic structure of Y chromosomes when compared to autosomes, particularly
due to the difference in effective population size. Compared to the mitochondrial
genome containing 16.5 thousand base pairs, Y chromosome numbers approxi-
mately 60 million base pairs, and provides the researchers with a potentially more
powerful instrument [1].

The low level of polymorphism on the on the NRY hindered research for many
years. By the end of 1990s a novel mutation detection method and direct sequences
have led to discovery of many new Y-specific single nucleotide polymorphisms
(SNPs). More than 200 SNP’s on the NRY were identified by 2001 [2, 3]. Almost 600
mutations were incorporated into the Y chromosome binary haplogroup tree [4].

Y-STRs are a short tandem repeat (STR) on the Y chromosome (Fig. 31.1). Due
to their diversity, simple structure and the unique feature of being inherited by the
paternal lineage, Y chromosome STRs (Y-STRs) have become a valuable tool in
evolution studies, forensic medicine, medical genetics and genealogy analysis [5, 6, 21].
Distinct Y chromosomes identified by STRs are designated “haplotypes,” as sug-
gested by de Knijff [7]. Comparing haplotypes of two men with known mutation
rates for Y-STRs, one can assess the number of generations to their closest ancestor
by paternal lineage.

To date, about 500 polymorphic Y-STRs have been discovered. The most noted,
well-described and widely used are DYS19, DYS385, DYS3891, DYS389II,
DYS390, DYS391, DYS392, DYS393 u YCAII [8]. (Table 31.1). Less used are
DYS434, DYS435, DYS436, DYS437, DYS438, DYS439, DYS460, DYS461,
GATA A10, GATA C4, GATA H4 [9, 10]. Many Y-STRs have been found recently,
and even more still are to be discovered [11].

Microsatellites show high levels of polymorphism. For example, the quadru-
plet TAGA (DYS19) may be repeated from 10 to 19 times, the triplet ATA
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Fig. 31.1 A schematic
diagram of human
Y chromosome
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Table 31.1 Structure of some Y-STRs, corresponding GeneBank accession numbers and sizes [8]

Marker GeneBank  Sequence Size

DYS19 (DYS394) X77751 (TAGA),TAGG(TAGA), 143-179
DYS385 793950 (AAGG) (GAAA), 240-312, 324
DYS389 1 G09600 (TCTG),(TCTA), 235-267
DYS389 IT G09600 (TCTG),(TCTA) N,(TCTG),(TCTA),  343-387
DYS390 G09611 (TCTG) (TCTA) (TCTG), (TCTA),, 188232
DYS391 G09613 (TCTG),(TCTA), 128-160
DYS392 G09867 (TAT), 181-217
DYS393 G09601 (AGAT), 104-140
DYS437 AC002992  (TCTA) (TCTG) (TCTA), 180-196
DYS438 AC002531  (TTTTC) (TTTTA), (TTTTC), 201-241
DYS439 AC002992  (GATA), ’ 232-260
DYS460 (GATA A7.1)  G42675 (ATAG), 105-133
DYS461 (GATA A7.2) G42671 (TAGA) (CAGA), 144-172
GATA A10 G42674 (TCCA),(TATC), 150-178
GATA C4 G42673 (TCTA)Z[(TCTA)Z(TGTA)Z]23(TCTA)n 238, 246-274
GATA H4 G42676 (AGAT) 4CTAT(AGAT)Z(AGGT)3 268-292

(AGAT) N,,
(ATAG),(ATAC) (ATAG),
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(DYS388) — 10-16 times, DYS385 contains from 7 to 28 repeated quadruplets
GAAA etc. The most informative Y-STRs have been chosen as genealogical
markers. At present, standard genealogic DNA tests are conducted using 12, 17,
25, 37 or 67 markers, although six markers is often already enough to attribute the
given haplotype, depending on the combination of repeat numbers, to one of the
Y-chromosome haplogroups, from A to R.

For the effective use of these microsatellite markers, it is necessary, besides
further improving and reduction in price of typing methods, to create comprehen-
sive databases that take into account regional and ethnic attributes of people, which
will allow comparing STR variants and estimating its variation in different popula-
tions. It is also important to refine on a convenient and simple classification of
these repeats, as for some Y-STR with a simple repeat structure, it is easy to find
the consensus, and for others, characterized by a complex structure, it is often a
problem. For instance, some obliged changes were made in the classification to
include motives of the Y-STRs DY S19 and DY S390 (the first ones to be described),
that turned out to be variable as new data had emerged. To prevent such changes,
according to the general guidelines of the International Society for Forensic
Genetics (ISFG), “alleles should be named considering the variable and non-
variable repeats” [12, 25].

31.2 Materials and Methods

A Tundra Nentsi population of the size of about 2,000 people from Pur district of
Yamalo-Nenets Autonomous Okrug has been under study since 1992. A compre-
hensive gene pool survey including the reproductive and demographic indices,
health evaluation, and the genetic analysis employing the state-of the-art methods
and molecular genetic markers has been performed. The population has been exten-
sively studied including the classic blood group marker polymorphism rates as well
as the mtDNA and Y-chromosome variabilities [13—-16].

We attempted to achieve two goals — first, to study Y-chromosome microsatellite
haplotype diversity in the Siberian population of Tundra Nentsi, and, second, to
evaluate the Y-chromosome microsatellite mutation level associated with the adap-
tation of the Nentsi population to the technogenic environment.

In the present study, we are primarily concerned with the second aspect, which
appears important due to the prevalence of chemical and radiation mutagenic factors
in the human habitats. A multidisciplinary radioecology and genetic study by the
Siberian Branch of the Russian Academy of Sciences was carried out over the period
of 1997-2007 [17-20]. It has been shown that the areas inhabited by the Nentsi are
saturated with the longlived isotopes emerged from the nuclear tests at the Novaya
Zemlya Test Site and deposited into a prolonged food chain “lichen-reindeer-human”.
The current absolute contamination values (according to the Radiation safety standards
of Russian Federation, 1999), however, are not hazardous to health. The present-day
mean caesium-137 content in 237 samples of lichen was 153 Bg/kg (varying from
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7 to 685 Bg/kg), while in 17 samples of reindeer meat the mean value was 118 Bq/
kg (17 samples). The circulating caesium-137 values were measured in the urine of
aboriginal people of Pur district (1-44 Bg/kg in 65 samples), as well as in the placen-
tas of parturient women (1-27 Bq/kg in 64 samples). The aboriginal people appear
to be affected by the low and ultra-low doses of internal ionizing radiation. The
mechanism of action of those doses, especially, in the susceptible cohorts (including
pregnant women) is significantly different than that of the short-term external irra-
diation (as it is shown by Burlakova E.B. with co-authors as well as by other
researchers). During gestation, and, particularly, at critical stages of embryogenesis,
teratogenic or embryotoxic exposure may occur [19].

The results of our 5-year long cytogenetic study confirm the negative effects
of exposure to hazardous technogenic factors on human genome. The study was
performed by a routine classical method of differential staining. The group under
study was 369 people from the exposed region, including 250 of aboriginal people
and 119 locals of European descent. As follows from the results presented in the
Table 31.2, the total chromosome aberration frequency in all groups is significantly
higher than the control level. The frequencies of dicentric and ring chromosomes
indicative of radiation were significantly higher than the control level in all groups
except the aboriginal children.

In the group of adult aboriginal population alone (N=178), a significant increase
in the total chromosome aberration rate (3.71+0.27) as well as the frequencies of
rings and dicentric chromosomes (0.44 +0.10) is observed.

The classical cytogenetic approach, thus, indicates at a stochastic influence of
mutagenic factors on the cellular genetic mechanisms of the aboriginal population,
possibly, causing an elevated level of disabilities in the local population.

FISH analysis with rRNA probe was performed unfortunately on a single local
patient, year of birth 1957. (Grafodatsky, Rubtsov, personal communication). It
demonstrated the presence of a marker chromosome carrying ribosomal genes in
50% of as much as 300 metaphases analysed. The patient was clinically infertile
and died at the age of 50.

Recently, an elevated level of different kinds of pathologies with underlying
genetic causes, including the congenital heart and vessel disfunctions, eye patholo-
gies, allergic diseases and neuropsychic abnormalities has been observed among the
children in the population under study.

Over the period of 1992-2008, when the population monitoring of the Samburg
group of Tundra Nentsi has been carried out, we collected blood samples from about
80% of the total population together with all individual information required. All
survey participants gave informed consent. From the overall pool of participants we
constructed 50 paternal genealogical lineages (“extended families”) totaling 330
people including the family founders and their descendants. Those lineages differed
in the temporal depth of information available (from 2 to 7 generations) and the num-
ber of descendants (from 2 to 25 descendants, with a mean value of about seven
descendants in a family). About 70% of male family founders in this sample were
Tundra Nentsi. The others were represented by the Forest Nentsi (n=6), Komi (n=6),
Russians (n=3), and Khanty (1), who resided in the same area and used to marry the
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Table 31.2 Results of cytogenetic analysis of aboriginal and non-aboriginal population of Yamalo-
Nenets Autonomous Okrug

Total cells with  Dicentrics and ring
aberrations (N)  chromosomes (N)

Number Number of  Dispersion% Dispersion%
of people  cells (total) Mean% +m Mean% +m
Aboriginal Total 250 26,631 860 92
population 0-23.8 0-5.5
*#%3.23x0.21  ***0.35x0.07
Adult 178 18,642 691 82
0-23.8 0-5.5
***3.71+£0.27  *¥%0.44+0.10
Children 72 7,989 169 10
0-18 0-1.3
*#%2.12+0.32  0.13x0.08
Control 105 10,472 162 12
0-5 0.11+0.06
1.55+0.24

Significance levels: significantly higher ***(p<0.001); significantly higher **(p<0.01); significantly
higher *(p<0.05); and (without asterisk) — non-significantly higher (p>0.05) than the control level

Tundra Nentsi women. Since the peak exposure to the short-lived radionuclides has
been in its highest values in the period of 1955-1963, we specifically focused on that
time frame, tentatively considering September, 1955 to be the starting date of the
technogenic exposure in the form of ionizing radiation (IR).

In our work, we used the following 34 Y-chromosome STR loci as the markers:
DYS19, DYS390, DYS391, DYS393, DYS385A, DYS385B, DYS426, DYS388,
DYS392, DYS439, DYS389-1, DYS389-2, DYS458, DYS447, DYS449, DYS459,
DYS454, DYS464, DYS455, DYS457, DYS448, H4, DYS607, CDY-1, CDY-2,
DYS460, YCA-1, YCA-2, DYS576, DYS570, DYS438, DYS456, DYS442, and
C4. We genotyped these loci in 5 two multiplex reactions according to Redd et al.
[21] with slight modifications.

Experimental study of Y-chromosome microsattelite polymorphisms was carried
out in 2004-2005, in the period of work stay of L.P. Osipova at the University of
Arizona, Tucson (in the laboratory of Prof. Michael Hammer).

31.3 Results and Discussion

Analysis of our results, first, discovered 11 nonpaternity cases (4% of the partici-
pants under study). The minority of those were the children born out of wedlock,
from the fathers, who arrived to the area to work at oil and gas fields. The rest were
either unrelated adopted orphans or the adopted relatives, who changed their family
name to the adoptive father’s family name. The traditional ethical rules in the
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Ader Elsi
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Fig. 31.2 Genealogy of Tundra Nentsi, de novo mutation in CDY locus. Squares with black dots
designate individuals with mutation. “Rec” stands for “reconstructed”

Petr
39-39

aboriginal people populations were aimed at the avoidance of orphan hood.
Typically, the children, whose parents have died, were adopted either by the fami-
lies of their close relatives or by the childless families. Although genealogical infor-
mation has been collected with maximal scrutiny, the high resolution of STR
markers did not allow to unambiguously attribute those 11 individuals to the puta-
tive parental lineages. It was important to distinguish nonpaternity from mutation.
We defined nonpaternity as a mismatch between fathers and sons at>2 Y STR loci.
In 11 cases of nonpaternity, a mismatch occurred in at least 6—7 STR markers.

It is relevant to present here two paternal genealogical trees, in which the de novo
mutations were identified unambiguously.

In the first family tree presented in Fig. 31.2 (paternal line #5, family founder
Ader Elsi, who was a Tundra Nenets), we identified a two de novo mutation in CDY
locus. It is apparent that the mutation event occurred in the germ line of Michail, the
member of Ader family born in 1940 and departed in 1970. It is from him that the
“marker” branch of paternal lineage stemmed, within which the CDY 4040 variant
is replaced by CDY 39-39 variant, which is further inherited. That mutation may be
considered as induced by technogenic exposure, since his elder son, Nikolai, was
born in 1961 (the younger son, Vyacheslav was born in 1966). This genealogy
includes five generations of descendants, for whom the reliable information about
their relation was available.

The founder of the second family was the Forest Nenets Aivasedo Lelyu, who
settled among the Samburg Tundra Nentsi and married the Tundra Nentsi woman.
The de novo mutation in CDY-2 locus was shown to occur in his grandson, Nakoti
(Fig. 31.3).
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Aivasedo
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rec. 35
n.t. rec. 35
Sergei Yuriy Yakov Felix
35 35 35 35

Fig. 31.3 Genealogy of Forest Nentsi, de novo mutation in CDY-2 locus. Squares with black dots
designate individuals with mutation. “Rec” stands for “reconstructed”

In our sample, we discovered 59 “de novo” mutations, which, typically, involved
a single locus. The mutations directed to an increase of repeat number prevailed
(60% vs. 40%).

The “de novo” Y-chromosome STR loci mutations were discovered in 28 pedi-
grees out of 50, i.e., in more than a half of cases. Out of 34 Y-STR loci employed,
as much as 21 loci were involved in mutation process, which confirms the high
adequacy of the selected markers for the study of mutation component (among other
microevolutionary factors) in effect in human populations. The highest mutability
was identified in CDY locus, which was responsible for one third of all STR muta-
tions. This locus provides increased male relative differentiation. Mutations in
DYS449 and DYS464 loci occurred three times less frequent.

31.4 Conclusions

1. The selected markers are highly suitable for the study of mutation component
(among other microevolutionary factors) in effect in human populations, for
forensic identification purposes, and for evolutionary studies. For example, the
men born out of wedlock often turn to the geneticists with a request to try to
identify the ethnic origin of their biological father.

2. High frequency of the discovered “de novo” Y-STR mutations, in fact, put more
questions, than they provide the answers. First, the selected populations resides at
high latitudes with a severe climate. The possibility that the Y-microsatellite
mutation rate in the High North populations is increased cannot be ruled out. In
order to investigate the effect of high latitudes on the observed mutation rates of
Y-STR loci, similar studies in the other populations within the same climatic zone
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of residence should be carried out. Our male database includes such aboriginal
populations of Siberia and Altai under demographic monitoring.

. We are currently unable to make an unambiguous and mathematically accurate

statement about a direct relation between the level of microsatellite mutability
and the technogenic ionizing radiation. This stays to be a working hypothesis,
though.

. Currently, the obtained results with the consideration of the number of meiotic

events are carefully analyzed with the use of different statistical methods, since
the different mutation rates for the particular Y-STR loci has been published. We
find important to obtain the correct estimates of those rates for a selected popula-
tion, and we are planning to expand our male population sample and the number
of paternal lineages to this end.
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Chapter 32

Effects of Chronic Gamma Irradiation
on Reproduction in the Earthworm
Eisenia fetida

Deborah H. Oughton, Turid Hertel-Aas, Alicja Jaworska,
and Gunnar Brunborg

Abstract In recent years ecological impacts of ionizing radiation have emerged as
an important research field. But there are still considerable knowledge-gaps regard-
ing biological effects of chronic irradiation in wildlife, particularly for endpoints
related to reproduction. Reproduction is considered to be one of the most sensitive
radiation-associated endpoints, and determines not only the fate of the single organ-
ism, but may also influence population dynamics and the balance of higher ecologi-
cal units. Based on their radioecological properties and their important role in the
soil ecosystem, earthworms have been identified by ICRP as one of the reference
animals and plants (RAPs) to be used in environmental radiation protection. This
paper will present results of a series of studies carried out on the effects of ionising
radiation on earthworms, covering long term-effects on reproduction, as well as
studies on biological processes such as recovery, acclimatization and adaptive
response, using a number of molecular biomarkers. The aim is to show how the
studies can improve predictions of the way individuals and populations respond to
chronic exposures of ionising radiation.

Keywords Environmental effects ¢ Ionising radiation ¢ Earthworm ¢ Reproduction
* Chronic exposure

D.H. Oughton (><) « T. Hertel-Aas

Department of Plant and Environmental Sciences, Norwegian University of Life Sciences,
1432 Aas, Norway

e-mail: deborah.oughton @umb.no

A. Jaworska
Norwegian Radiation Protection Authority, Osteraas, Norway

G. Brunborg
Norwegian Institute of Public Health, Oslo, Norway

C.E. Mothersill et al. (eds.), Radiobiology and Environmental Security, 381
NATO Science for Peace and Security Series C: Environmental Security,
DOI 10.1007/978-94-007-1939-2_32, © Springer Science+Business Media B.V. 2012



382 D.H. Oughton et al.
32.1 Introduction

There are still considerable knowledge-gaps regarding biological effects of chronic
irradiation in many wildlife species, particularly for endpoints related to reproduc-
tion [1]. In ecological risk assessment, impacts on populations of species are con-
sidered the most relevant for protection of ecosystems as a whole [2, 3]. Since the
reproduction capacity of adults and the sexual maturation rate of offspring are of
great importance for population dynamics, it follows that information on the effects
of chronic exposures on these endpoints is required [4, 5]. Based on their radioeco-
logical properties and their important role in the soil ecosystem, earthworms have
been identified as one of the reference animals and plants (RAPs) by ICRP [6], and
they are also included as reference organisms in the framework for environmental
risk assessment developed during the EU ERICA project [7, 8]. Invertebrates are
generally known to be relatively radioresistant but as for most species, reproduction
is known to be far more sensitive than mortality [9]. After nuclear accidents the
local radioactivity levels can be very high, but will show a rapid decline due to the
disintegration of short-lived radionuclides, i.e., after the Chernobyl accident,
approximately 80% of the accumulated doses were absorbed within 3 months of the
accident [9]. The long term effect of such high exposures on the population dynam-
ics depends partly on whether the radiation induced damage is irreversible or if the
organisms have the ability to recover after the exposure levels have declined.
Mechanisms leading to acclimatization (physiological adjustments during the expo-
sure history of individuals) or adaptation (inheritable traits acquired during the
exposure history of the population), might also influence the long term effects of
exposure. This paper summarises results from two studies. The main purpose of the
first experiment [10] was to establish dose (rate) response relationships for repro-
duction endpoints in the earthworm Eisenia fetida in two subsequently exposed
generations (FO and F1). In the second experiment worms were exposed at a high
dose rate and the ability to recover after a complete radiation induced inhibition of
the reproductive capacity were studied.

32.2 Exposure Details

In both experiments the experimental set up was based on standardised OECD
chemical ecotoxicology tests for earthworm reproduction [11]. Briefly, ten worms
were placed in each replicate container applied with 677 g moist artificial OECD
soil [11], and moist horse manure was spread on the soil surface (1.5 g wet w/worm/
week). The endpoints were assessed after defined exposure periods, after which the
cocoons were transferred to small boxes, the soil replaced and hatchlings removed
after registration. More details on the experimental set up and dosimetry can be
found in Hertel-Aas et al. [10].
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32.2.1 Dose-Response Relationships for Chronic Exposure

In the first study [10], E. fetida was exposed to external ®Co gamma irradiation
during two generations (FO and F1). Adult FO reproduction capacity (i.e., number of
cocoons produced, cocoon hatchability and number of F1 hatchlings) in controls
and at five absorbed dose rates (0.18, 1.7, 4, 11 and 43 mGy/h) was measured over
a 13 week exposure period. Survival, growth and sexual maturation of F1 hatchlings
were examined for 11 weeks. F1 adults were exposed for a further 13 weeks for
registration of reproduction capacity.

32.2.2 Recovery

In the second experiment, adult FO worms were exposed at 17 mGy/h for 10 weeks.
The dose rate and exposure time were chosen to achieve an accumulated dose, caus-
ing a complete inhibition of hatchability, based on results from the first experiment.
Thereafter the worms were transferred to a climate chamber at 21+0.5°C for
16 weeks.

32.3 Results and Discussion

32.3.1 Dose-Response Relationships

Accumulated doses are shown in Table 32.1 and impacts on reproduction endpoints
in Fig. 32.1.

There was no radiation-induced effect on the viability, growth, sexual maturation
or cocoon production rates in FO or F1. For F0, hatchability of cocoons produced
during the first 4 weeks was reduced to 60% at 43 mGy/h (98% in controls), and
none of the cocoons produced at 5-13 weeks hatched. At 11 mGy/h a pronounced
effect on cocoon hatchability was not observed until 9-13 weeks, when hatchability
was reduced to 25%. Also, the number of hatchlings per hatched cocoon was
reduced at the two highest dose rates, and the total number of F1 hatchlings per
adult FO produced during the 13 weeks exposure period was reduced to 17% and
57% compared to the controls at 43 mGy/h and 11 mGy/h, respectively. The total
number of F1 hatchlings was reduced also at 4 mGy/h, but the effect was of border-
line significance. At the end of adult FO exposure, dissection and microscopic exam-
ination revealed atrophic male reproductive organs in worms exposed at 43 mGy/h.
For adult F1, the hatchability of cocoons produced at 11 mGy/h was reduced to
45-69% during the 13-week exposure period, and the total number of F2 hatchlings
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Table 32.1 Dose rates and accumulated doses in FO and F1 worms, are given as
ranges due to the decay of ®°Co. Values are means+SD (including 15% uncertainty)

Accumulated dose (Gy)
Mean dose rate FO
(mGy/h) Week 4 Week 8 Week 13 Week 11
0.18-0.19 0.11+0.02 0.23+0.03 0.37+0.05 0.39+0.06
1.7-1.8 1.1+£0.2 2203 3.6£0.5 3.7+£0.6
4243 2.7+0.4 54+0.8 8.6+1.3 9.0+1
11.2-11.5 7.1+£0.9 14+2 23+3 24+4
42.4-42.7 26+4 53+8 85+13 -
F1
Week 16 Week 20 Week 24
0.18-0.19 0.53+0.08 0.63+0.09 0.73+0.11
1.7-1.8 5.0+0.8 6.1£0.9 7.0x1.1
4243 12+2 15+£2 17+3
11.2-11.5 33+5 39+6 45+7
42.4-42.7 - - -
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Fig. 32.1 Hatchability of cocoons produced during different exposure periods, shown as accumu-
lated percentages 8 weeks after first counting. (a) FO exposure, (b) F1 exposure. Means+SD of

replicates
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Fig. 32.2 The total number of F1 hatchlings per adult FO, and F2 hatchlings per adult F1, pro-
duced during the 13 weeks reproduction periods. External dose to controls was 0.2 nGy/h. Values
are means = SD for replicate boxes. Control: n=12; 0.19—-11 mGy/h, n=4; 43 mGy/h, n=1

produced per adult F1 was reduced to 37% compared to the controls. However, and
in contrast to the results observed for FO, hatchability increased with time, suggest-
ing a possible acclimatization or adaptation of the F1 individuals. This finding might
be confounded by the increase in temperature during some of the F1 exposure
periods (Fig 32.2).

32.3.2 Recovery

At 17 mGy/h, the hatchability of cocoons produced during week 7 and 8 was
reduced to 6%, at which time the dose absorbed by the adult worms had reached
20+3 Gy. None of the cocoons produced during week 9-10 hatched (absorbed
dose 25 +4 Gy) (Fig. 32.3a). This was in good agreement with the results from the
first experiment where there seemed to be a critical absorbed dose in FO of around
20 Gy. Also the number of hatchlings per hatched cocoon and the numbers of F1
hatchlings produced per adult per week was significantly reduced during week 7-8
(Fig. 32.3b). At the end of the 10 week exposure period, the total number of F1
hatchlings produced per adult FO was reduced to 51% compared to the controls.
After transfer to the control area, none of the cocoons produced during the first
2 weeks by worms pre-exposed at 17 mGy/h area hatched, whereas after 3—4 weeks
the hatchability increased slightly. A further increase was observed for cocoons
produced during week 5-8, and during the next period the recovery seemed com-
plete as the hatchability and the number of F1 hatchlings produced per adult FO per
week reached control levels. Furthermore, the number of F1 produced per adult FO
worm derived from the cocoons produced during week 13—16 was higher than for
the controls.
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32.4 Conclusion

In conclusion, the most sensitive endpoints examined in the current studies were the
hatchability of cocoons and the number of hatchlings per cocoon. But relatively
extensive exposure periods were needed for these effects to be expressed at lower
dose rates. This illustrates the problems in extrapolating from acute to chronic stud-
ies, and the need for more ecologically relevant studies for understanding the poten-
tial impact of ionising radiation on non-human species. Short exposure times can
lead to an underestimation of the potential effects on such endpoints, and studies on
reproduction in any species must be designed to avoid such errors.

The likely mechanism behind the reduction in hatchability is that damage is
induced in male germ cells (i.e. spermatogenic cells) directly, and/or that damage
accumulates in the testes or seminal vesicles resulting in reduced sperm production
or infertile sperm. In the FO generation it appeared that inhibition of reproduction
was related to a critical total accumulated dose of approximately 20 Gy. Although
the lowest observed effect dose rates (4 mGy/h in FO and 11 mGy/h in F1) were
relatively high, they are comparable to those that may occur after major nuclear
accidents. While earthworms showed the ability to regain their reproductive capac-
ity after a complete radiation induced inhibition of cocoon hatchability, more stud-
ies are required to better understand the underlying mechanisms.
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