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Preface

We have had an interest in subtelomeric regions for many years, first in yeast,
then in parasites and pathogens and finally in all organisms with linear chromo-
somes. Over the years we have met many other people with an interest in sub-
telomeres in their favourite organism but it has taken a lot of time to bring such
people together. After a few false starts at getting together at one conference
or another, this book first was discussed at the 24th International Conference on
Yeast Genetics and Molecular Biology 2009 in Manchester with Sabine Schwarz,
a Life Sciences Editor from Springer. A few months later, discussions started in
earnest about how a book on Subtelomeres would be structured and what would
be in it. Then things slowed down due to other commitments, however we suc-
ceeded in obtaining funding from the Royal Society to hold a 2-day special interest
meeting on Subtelomeres at their new conference centre near Milton Keynes, the
Kavli Royal Society Centre at Chicheley Hall in January of 2011. This meeting
with 16 attendees of diverse backgrounds, brought together people working on sub-
telomeres in many different organisms and from different perspectives. Many of
those in attendance are contributors to the book, which really got its start after this
meeting. Although we never did come to a definition of ‘Subtelomere’ that fit all
cases, we did come to a better appreciation of the global nature of the issues, prob-
lems and genuine exciting nature of the regions near the ends of chromosomes.
Like all academics, time is always in short supply and it has taken quite a long time
to finally put the book together. Like the dynamic changing subtelomeres, players
involved have also undergone dynamic change. Many people have moved institu-
tions, some people have retired since the start, many originally keen contributors
had to drop out due to their own commitments and even the editor has changed as
we now have Anette Lindqvist at Springer handling the book. Like the technical
challenges faced by the genomic analysis of subtelomeres, it must be frustrating
to all involved and we can only thank everyone, especially the editors, for their
patience. As the subtelomeric regions are ever changing, such a collection of arti-
cles on subtelomeres will evolve over time and we’re sure there will be new addi-
tions and advances in future efforts.
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Chapter 1
Introduction

Edward J. Louis

Abstract Dynamic, polymorphic, problematic yet intriguing are the general view
of the genomic region near the ends of chromosomes. Unlike the generally con-
served caps of chromosome ends, the telomeres, for which our understanding of
their biology has advanced greatly in recent years, the adjacent telomere-associated
sequences (TAS) or subtelomeres remain an enigma. This is in large part due to
the technical difficulties in working with repeated sequence regions of the genome
both experimentally and in genome projects. The repetitive nature makes it diffi-
cult to observe a signal from a specific chromosome end among the noise of all the
other ends that look and behave similarly. It also has precluded complete assembly
of the regions in genome projects. In virtually all eukaryotes and some prokaryotes,
linear chromosomes have dynamic and polymorphic subtelomeric regions. In many
cases, a great deal of important biology of the organism is encoded in and regu-
lated by the subtelomeric regions. One generality is that the region tends to encode
for genes involved in interacting with the extracellular environment though this is
not universal. Recombination, chromatin, gene density, and other properties of the
region differ from those of the core of the genome in many organisms, though the
specific differences vary between organisms. Perhaps the most well-understood
subtelomeres are in the budding yeast Saccharomyces cerevisiae, while the epit-
ome of adaptive use of the properties of the region is found in parasites, such as
Plasmodium falciparum and Trypanosoma brucei, causing malaria and sleeping
sickness. These parasites utilize the region to escape their hosts’ immune systems
through generation of diversity and exquisite control of surface antigen expres-
sion. A great deal has been learned from comparison between subtelomeres in dif-
ferent organisms, and the interest in subtelomeres is growing. This book does not
cover every aspect of subtelomeres in every organism where they are studied, but
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University of Leicester, Leicester LE1 7RH, UK
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2 E. J. Louis

provides a broad coverage of the field of subtelomeres in diverse organisms from
bacteria to yeast and fungi through plants, insects, parasites, and humans. It should
serve as an entry point into the field, hopefully generating an interest in this fasci-
nating region of genomes.

1.1 Introduction

1.1.1 History of Subtelomeres

Perhaps the earliest recognition of interesting repeated sequences at chromo-
some termini came from observations in yeast (Carlson et al. 1985; Chan and
Tye 1983a, b; Horowitz and Haber 1984; Horowitz et al. 1984) and insects in
the mid-1980s (Saiga and Edstrom 1985; Young et al. 1983). Soon thereafter,
the regions near the ends of chromosomes were being described in Plasmodium
falciparum (Corcoran et al. 1988; Dore et al. 1990; Pace et al. 1990, 1995) and
humans (Brown et al. 1990; Cross et al. 1990; Riethman et al. 1989), other
yeasts (De Las Penas et al. 2003; Fairhead and Dujon 2006), fungi (Farman and
Leong 1995; Galagan et al. 2005; Underwood et al. 1996), other parasites such
as Giardia (Adam et al. 1991; Le et al. 1991; Prabhu et al. 2007; Upcroft et al.
1997) and trypanosomes (Becker et al. 2004; Crozatier et al. 1990; Hertz-Fowler
et al. 2008), other insects (Biessmann et al. 1998; Okazaki et al. 1995; Roth et
al. 1997; Takahashi et al. 1997), plants (Ganal et al. 1991, 1992; Kuo et al. 2006;
Sykorova et al. 2003, 2006; Vershinin et al. 1995), and even linear mitochondria
(Fukuhara et al. 1993; Nosek et al. 1995; Nosek and Tomaska 2003; Tomaska
et al. 2004) and bacteria (Fischer et al. 1997; Hinnebusch et al. 1990; Kitten
and Barbour 1990; Leblond et al. 1996; Restrepo et al. 1992). Even in specific
cases where the telomeres were not the canonical telomerase-maintained G-rich
repeats (Biessmann et al. 1990, 1998; Roth et al. 1997; Saiga and Edstrom 1985;
Sykorova et al. 2003, 2006), there are subtelomeric repeat structures similar to
other organisms. A comparison of what was known by the mid-1990s leads to the
realization that there was a general phenomenon of a mosaic of repeated elements
in the subtelomeric regions of most eukaryotes and that this region allowed the
evolution of use for adaptive purposes as well as for non-telomerase maintenance
of the chromosome ends (Barry et al. 2003; Mefford and Trask 2002; Pryde et
al. 1997; Scherf et al. 2001). In the years since, there have been advances in the
structural and functional analysis of the subtelomeric regions in many organisms,
but the big questions and the main framework were in place by the mid-1990s.
Figure 1.1 displays the basic structures of subtelomeric regions in many organisms
and sets of organisms.

The big questions still are: How can a genome maintain a stable core over
many generations yet tolerate a dynamic plastic region that undergoes frequent
changes? Is the nature of the subtelomeric region due to the vicinity of the end of
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Subtelomere

Stable Core of the Genome Telomere
A | A
f 1 L |

Organism long homology extracellular  VNTRs helicase TEs rDNA TRs
blocks genes
Saccharomyces Yes Yes Yes Yes Yes No Yes
Other yeasts Yes Yes Yes Yes Yes Yes Yes
Human Yes Yes Yes No Yes Yes Yes
Pneumocyctis Yes Yes Yes ? ? No Yes
Fungi Yes Yes Yes Yes Yes Yes Yes
Drosophila No ? Yes No Yes No No
Bombyx No ? No No Yes No Yes
Chironomus No ? Yes ? ? ? No
Anopheles No ? Yes ? ? No No
Giardia Yes Yes Yes Yes No Yes Yes
Plasmodium Yes Yes Yes No Yes No Yes
Trypanosoma Yes Yes Yes No Yes No Yes
Alliaceae Yes ? Yes ? ? No No
Plants Yes ? Yes ? Yes No Yes

Fig. 1.1 The generic structure of eukaryotic chromosomes with subtelomeric details of several
organisms (see text for references). The core of genomes is generally quite stable over long periods
of time. This is flanked by the chromosome ends, which are composed of the subtelomeric region
followed by the actual telomere, usually telomere repeats (7Rs) maintained by telomerase. The sub-
telomeres are generally large blocks of homology shared by more than one chromosome end, which
can vary between individuals. Within these large blocks of homology can be genes encoding proteins
utilized for interacting with the environment. In yeast, these are enzymes and transporters for car-
bon source utilization. In humans, these include olfactory receptor genes. Many fungi have secreted
proteins that are involved in virulence, and Pneumocystis carinii has a major surface glycoprotein
analogous to the surface antigens of parasites. The parasites using antigenic variation to evade their
host immune systems encode many if not all of the variable surface antigens in the subtelomeres. In
insects and plants, it is not known in general whether there are such genes concentrated in the region.
Virtually, all subtelomeres have variable number of tandem repeats (VNTRs), and in some cases, they
function as the telomere (Chironomus, Anopheles, and Alliaceae). Most subtelomeres have transpos-
able elements (7Es), some subtelomere specific, such as TyS in yeast, and in some cases, they func-
tion as the telomere (Drosophila). Many yeasts and fungi have subtelomeric-specific helicases of the
RecQ family, though the Y’-helicase of yeast is of a different family. The functions of these helicases
are unknown for the most part. In many organisms, the rDNA arrays are found in the subtelomeres

the chromosome? Are adaptive uses of the region such as generation of diversity
and control of gene expression a consequence of the dynamics of the region? How
does the subtelomeric region facilitate generation of diversity? How is the expres-
sion of these diverse gene families controlled?

Progress was, and continues to be, hampered by the technical difficulties
encountered. The most well-characterized eukaryotic genome is that of the bud-
ding yeast Saccharomyces cerevisiae, which was the first eukaryotic genome com-
pletely sequenced (Goffeau et al. 1996). It stands to this day as one of the few
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sequenced from end to end, in large part due to the efforts to uniquely tag and
clone each chromosome end for sequence, assembly, and mapping onto the core
of the genome (Louis and Borts 1995). No other yeast strain has been ‘completely’
assembled despite the large efforts in their sequencing (Liti et al. 2009; Novo et al.
2009). There are a few other examples of ‘complete’ genomes, and in every case,
special effort has been required to complete the subtelomeric regions.

1.1.2 What is a Subtelomere?

The definition of subtelomeres is not straightforward and in some respects is
organism specific. In some cases, the subtelomeres have lower gene density than
the core of the genome, while in others, it is higher; some organisms have a dif-
ferent chromatin structure in the regions compared the rest of their genomes, some
have less recombination in the region while others have more, and most organ-
isms have more multi-gene families embedded in the region than the rest of the
genome, but not all. There are no universal generalities, but there is agreement
on the existence of a genomic domain near the ends of chromosomes that differs
from the rest of the genome in some fundamental ways. A basic definition can be
derived from the comparisons of chromosome structure in different organisms
as shown in Fig. 1.1. The subtelomeric region can be considered the sequences
between the core of the genome and the telomere where the core is conserved in
structure between individuals within a species and even between close species
relatives in many cases. Beyond this core, polymorphisms are observed between
individuals. The regions can vary in size from a few kilobases to many hundreds
of thousands of bases. In most cases, different subtelomeres from different chro-
mosome ends will share homologies. On top of this observed property of poly-
morphism, subtelomeric regions generally display any of a number of additional
properties such as copy number variation, dynamic exchange between different
subtelomeres, diversity in repeated sequence families, chromatin differences over
the whole region and/or adjacent to the telomere, recombination differences over
the whole region and/or adjacent to the telomere, gene density differences, replica-
tion differences, and strand biases in base composition.

1.2 Dynamics

1.2.1 Short-Term Changes and Generation of Diversity

The polymorphism observed in general between individuals at specific chromo-
some ends indicated that the region must undergo frequent change through recom-
bination and other processes. From the earliest observations in the regions, it
became clear that subtelomeres were more dynamic than the rest of the genome
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with frequent exchanges between homologous but non-allelic locations. In yeast,
this was observed in meiosis despite the reduced recombination in the region
(Horowitz et al. 1984) as well as in mitosis (Louis and Haber 1990a; Louis et al.
1994). In Plasmodium chromosome, length polymorphisms were attributed to
subtelomeric recombination (Corcoran et al. 1988; Dore et al. 1994; Pace et al.
1990; Ponzi et al. 1992). Structural analysis of human subtelomeres was consist-
ent with exchanges between different chromosome ends (Flint et al. 1997; Mefford
and Trask 2002; Riethman et al. 2005; Trask et al. 1998). At the gene level, diver-
sity within copies of a multi-gene family can be formed by recombination between
members as has been observed in yeast (Charron et al. 1989), fungi (Wada and
Nakamura 1996), and parasites (Barry et al. 2003; Freitas-Junior et al. 2000; Horn
and Barry 2005; Scherf et al. 2001) as well as in bacteria where antigenic variation
analogous to eukaryotic parasites occurs (Donelson 1995; Restrepo et al. 1992;
Saint and Barbour 1991).

This dynamic exchange does not seem compatible with overall genome stabil-
ity. The hypothesis that perhaps the subtelomeric regions are sequestered from the
rest of the genome, allowing a plastic dynamic domain while retaining genome
integrity, was developed (Pryde et al. 1997; Pryde and Louis 1997) to explain this
paradox. One possibility was that in yeast at least, the tethering of telomeres to the
nuclear periphery prevented interactions between homologous sequences residing
in both the core of the genome and the subtelomeric region while allowing such
interactions between subtelomeric copies (Pryde and Louis 1997). This model is
supported by mutations that increase levels of recombination between internal and
subtelomeric repeats (Marvin et al. 2009a, b), which also results in the loss of teth-
ering to the nuclear periphery (Laroche et al. 1998). How generalizable this is to
other organisms remains to be determined; however, there are structural similari-
ties consistent with subtelomeric domains being in different recombinational com-
partments between yeast and humans (Flint et al. 1997), and it is likely that the
recombination generating antigenic diversity in parasites is sequestered (Barry et
al. 2003; Scherf et al. 2001).

1.2.2 Long-Term Dynamics and Evolution

The long-term consequences of the short-term dynamics result in a rapid evolu-
tion of the region such that closely related species may not share much similarity
in their subtelomeres yet be very similar in the core genome. This can be seen in
the Trypanosomatids where there is conservation of the core genomes between the
three originally sequenced species, but no homology between the species in the
subtelomeres (El-Sayed et al. 2005).

Perhaps a more interesting long-term effect is the continued generation of
diversity among members of a gene family allowing the generation and testing
of new variants, which may confer novel functionality, without the loss of the
original members and their function. This is likely to be the process behind the
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generation of families of genes related to but with different functions from the
surface antigens used for antigenic variation in both Trypanosoma brucei (Barry
et al. 2003; Horn and Barry 2005) and P. falciparum (Freitas-Junior et al. 2000;
Scherf et al. 2001), the long-term dynamics of olfactory receptor gene diversity in
humans (Mefford et al. 2001; Trask et al. 1998) and of carbon source utilization in
S. cerevisiae (Brown et al. 2010; Charron et al. 1989).

1.3 Epigenetics

The study of the epigenetics of subtelomeres exploded in the 1990s after the redis-
covery of position-effect variegation in yeast (Gottschling et al. 1990). A marker
inserted adjacent to a telomere exhibited variegated expression with some cells
in a clone expressing the gene and others not. The expression state was meta-
stable and would switch to the opposite state after several mitotic generations.
Ironically, this telomere position effect was found after deleting all the subtelom-
eric sequences from a specific chromosome end. This was done in order to solve
the problem of observing effects at a specific telomere without the complications
of noise from the shared repeats at other chromosome ends. Studies of the natu-
ral subtelomeres of yeast at the same time using the same marker did not observe
variegated expression when the marker was embedded in various subtelomeric
sequences (Louis and Haber 1990a, b). Eventually, this difference was reconciled
with the determination of the domains of transcriptional repression in yeast sub-
telomeres, which were limited in extent (Pryde and Louis 1999). Such repression
of gene expression near telomeres has now been observed in many organisms from
other fungi (Castano et al. 2005; De Las Penas et al. 2003) and parasites (Horn
and Barry 2005) to humans (Baur et al. 2001). It is clear though that the exquisite
control of gene expression used in some parasites is more than just TPE (Alsford
et al. 2007), and so there is still more to learn about the biology of the region.

1.4 Genomics

In the early days of genomics and whole-genome shotgun sequencing, the tel-
omere regions and subtelomeres were underrepresented in the genomic libraries
constructed (Becker et al. 2004), leaving gaps in the genome assemblies. Various
efforts have gone into filling those gaps, sometimes with a great deal of time and
effort beyond that of the rest of the genome. In some cases such as yeast, each
end can be uniquely marked facilitating the cloning and sequencing of individ-
ual subtelomeres (Louis and Borts 1995). Other efforts have gone into telomere
enrichment protocols that also enrich the adjacent subtelomeres. Even with
clones of the regions, there can be problems with assembly and with mapping
onto the existing contigs of individual chromosomes due to the repetitive nature
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of the regions [in T. brucei for example (Hertz-Fowler et al. 2008)]. This is still a
problem today with second-generation sequencing even though read depth for the
regions has improved.

A more problematic genomic issue is attributing phenotype to genetic variation in
complex traits. Depending on the organism and the deficiencies in knowledge of the
subtelomeric regions and diversity in populations and the trait of interest, the map-
ping of causal genetic variants in linkage studies or genome-wide association studies
will be hampered to a greater or lesser extent. In the example of yeast, where a pop-
ulation genomic survey of genetic diversity has been correlated with a large num-
ber of varying phenotypes, the mapping of quantitative trait loci (QTL) for a given
phenotype is incomplete. Approximately 8 % of any given yeast strain’s genome is
unassembled subtelomeric regions, which contain approximately 25 % of QTLs for
a given trait as the QTLs map beyond the last-known assembled sequences (Cubillos
et al. 2011; Liti and Louis 2012). This is likely to be a big unrecognized problem in
human disease studies as well as breeding programs for agriculture.

1.5 Conclusions and Outlook

The subtelomeric regions of linear chromosomes, wherever they are found, are
fascinating subjects for study, and over the past 30 years, their importance has
become increasingly brought to the attention of most biologists. They represent
the last frontier of individual genome projects and will become even more impor-
tant in the study of complex traits through their analysis in populations of indi-
viduals. The dynamics, evolution, and adaptive use of the regions will continue to
be the focus of study in many organisms. This collection provides an introduction
to the field, and some of the state-of-the-art studies currently being undertaken.
It is not all encompassing nor comprehensive; for example, there is only one par-
asite chapter; however, all the major groups are covered and the obvious omis-
sions, such as P. falciparum and other parasites, are covered well in recent reviews
(Barry et al. 2012; Guizetti and Scherf 2013; Hayashida et al. 2012; Moraes
Barros et al. 2012; Witmer et al. 2012). Despite the technical difficulties in study-
ing the region, the future is very promising for our continued understanding and
appreciation of subtelomeres and their importance to biology.

We start with the yeast S. cerevisiae, where much of the field got its start with
chapters on the subnuclear architecture of subtelomeres (and telomeres), which
addresses the functional consequences of specific localization of chromosome
ends (Chap. 2), and on the evolutionary consequences of generation of diver-
sity and recombination in subtelomeric gene families (Chap. 3). From here, we
move onto fungi starting with a plant pathogen, Magnaporthe oryzae (Chap. 4),
a human pathogen, Pneumocystis carinii (Chap. 5), and the Aspergillus species,
which comprise plant, human, and non-pathogens (Chap. 6). From here, we have
one example of a parasite, T brucei, and how antigenic variation and monoallelic
expression are under subtelomeric influence (Chap. 7). Human subtelomeres are
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dealt first in comparison with other primates (Chap. 8) and in association with
a particular disease, FSHD (Chap. 9). Plant subtelomeres are covered in rice
(Chap. 10) and in rye (Chap. 11). Insects are covered in the next two chapters, first
those without canonical telomeres, Drosophila and other diptera (Chap. 12), and
second those with telomerase-maintained telomeres, Bombyx mori and Tribolium
castaneum (Chap. 13). In the next chapter, the subtelomere dynamics of linear
chromosomes in the bacterium Streptomyces are discussed (Chap. 14). All of these
organisms have interesting subtelomere properties with species-specific interest
but also general properties that can inform subtelomere biology in other organ-
isms. The last chapter deals with the genomics of subtelomeres and the various
problems encountered with possible solutions (Chap. 15).
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Chapter 2
Subnuclear Architecture of Telomeres
and Subtelomeres in Yeast

Emmanuelle Fabre and Maya Spichal

Abstract Subtelomeres, upstream telomeres, have a very dynamic spatial
positioning along the cell cycle. During G1 phase of the mitotic cell growth, sub-
telomere localisation close to the nuclear periphery results from the so-called Rabl
chromosome configuration found in budding yeasts. In this chromosome configura-
tion, centromeres are found clustered at one pole of the cell and chromosome arms
lag behind. Subtelomere anchoring to the nuclear envelope relies on partly redundant
molecular pathways, involving nuclear envelope components and structural compo-
sition of chromosome ends themselves. Subtelomere positioning also depends on
chromosome arm length. Characteristic yeast subtelomere clustering thus results
from chromosome arm length and location of subtelomeres close to the nuclear edge.
During cell cycle progression, subtelomeres dynamics varies and subtelomeres local-
ize towards the nuclear interior. During meiosis, distinct subtelomere positioning
result from different spatial regulations. Dynamic spatial positioning of subtelomeres
emerges as an important feature for chromosome end regulation and function.

2.1 Introduction

The closed mitosis, found in many fungi and in the yeast Saccharomyces
cerevisiae, implies some basic rules in chromosome end positioning. During
closed mitosis, the nuclear envelope never disassembles and in S. cerevisiae the
mitotic organizing centre, i.e. the spindle pole body (SPB), sits in the double
membrane of the nuclear envelope all along the cell cycle. Rigid microtubules
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emanate from the SPB, and a single nuclear microtubule binds to each of the
kinetochores of the 16 chromosomes of S. cerevisiae. All chromosomes are thus
attached to the centrosome by their centromere—composed by one to three nucle-
osomes in budding yeast (Lawrimore et al. 2011)—implying a spatial arrangement
named Rabl configuration, after Carl Rabl (1885). This arrangement, which results
from the maintenance of chromosome orientation after telophase at the end of
mitotic cell division, is in part due to rapid cell cycle division, chromosome attach-
ment by their centromere to the SPB and telomeres anchoring at the nuclear enve-
lope. A rather Rabl-like chromosome configuration was however initially depicted
in yeast because centromere clustering is not only a consequence of the anaphase
movement of centromeres and the telomere—centromere polarization is moderately
relaxed (Jin et al. 2000).

Telomeres correspond to the most distal part of linear chromosomes; sub-
telomeres, as it is implicit by their denomination, encompass the region immedi-
ately upstream to telomeric extremities. The structural definition of subtelomeres,
described in detail in Chap. 3, remains a challenge since no clear barrier exists
to distinguish a subtelomere from a non-subtelomeric ‘“central” domain. Yet a
consensus in the field emerges which refers to subtelomeres as large chromosomal
regions in which few non-essential genes, separated by long AT-rich intergenic
regions are found. These genes in addition often belong to similar structural and
functional gene families involved in adaptive processes. Evolutionary studies in
most eukaryotic species demonstrate the large number of chromosomal rearrange-
ments that happen in these domains and converge to the idea that subtelomeres
may perform in a function of gene reservoir (next chapters). Understanding spatial
positioning of these regions is therefore particularly relevant for its possible role in
chromosome end regulation.

2.2 Yeast Chromosome Ends: A Structural Definition
of Telomeres and Subtelomeres

2.2.1 Yeast Telomere Structure

An important structural distinction exists between telomeres and subtelomeres.
Telomeres are repeated nucleoprotein TG-rich regions in which no genes are
encoded. In particular, telomeres permit to distinguish a chromosome extremity
from a double-strand break (DSB). The protective role of telomeres in chromo-
some degradation, fusion or recombination events has pushed important studies
for telomere—protein identification. Various techniques of biochemical fractiona-
tion including development of proteomics of isolated chromatin fragments (PICh)
help to delineate the particular composition of this unusual structural chromatin
cap (Wright et al. 1992; Dejardin and Kingston 2009). Indeed, telomere chro-
matin is not predominantly formed by nucleosomes, but rather by non-histone
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proteins including chromatin assembly factors, replication, repair and telomere
components (Enomoto et al. 1997). In addition to ~300-bp double-stranded TG;_3
repeats, yeast telomeric DNA shows a 12—14 bases 3’ overhang of a G-rich strand,
the G-tail. In vitro, G-tails can form G-quadruplexes that are four-stranded DNA
structures between four-stacked Guanines connected through stable non Watson—
Crick-based associations (Sundquist and Klug 1989). Because G-quadruplexes
are stable, DNA helicases, like Sgsl of the RecQ family or Pifl, are thought to
resolve G quartets by trapping single-stranded G-tails (Paeschke et al. 2011;
Huppert 2010). In vivo G-quadruplexes are potentially present at telomeres, but
also elsewhere in the genome (Capra et al. 2010). They could play a positive role
in telomere stability, but their role is yet incompletely solved and it remains to
determine to what extent these structures are present at each telomere (Smith et al.
2011).

At each replication cycle, a specific addition of the 3'G-rich overhang is
required to avoid telomere shortening that will inevitably lead to cell ageing and
cell death. G-tail addition happens through a specialized telomerase complex,
which in S. cerevisiae is constitutively expressed and composed by Estl, Est2—
the reverse transcriptase catalytic subunit—and the integral RNA component
TLCI. G-tail formation also involves Rapl, the essential repressor/activator pro-
tein 1, found both at ~5 % of polll-driven ribosomal promoters and at repeated
double-stranded telomeric DNA, the heterotrimer CST (Cdc13/Stnl/Tenl) that
binds the single-stranded G-rich overhang, the Ku heterodimer, the MRX com-
plex (Mrel1/Rad50/Xrs2) and many other proteins whose role is yet unclear (Lieb
et al. 2001). All these components are critical for a positive or negative access to
the telomerase. For instance, Rapl establishes a negative feedback loop on tel-
omere elongation, by recruiting two factors, Rifl and Rif2 through its C-terminal
domain (Levy and Blackburn 2004; Marcand et al. 1999). Increased binding of
Rifl and Rif2 inhibits Tell (ATM) binding at longer telomeres (Hirano et al.
2009). Since Tell is also required for telomerase recruitment, extension of long
telomeres is less efficient (Goudsouzian et al. 2006). Notably, telomere repeats
are not homogeneous among telomeres inside a single cell, and telomerase does
not act on every telomere in each cell cycle (Teixeira et al. 2004). The number of
repeats and therefore of Rapl molecules bound to it (see below) might intervene to
convert telomeres from closed non-extendible state to open-extendible configura-
tions which in turn influence telomere function (McEachern and Blackburn 1995;
Teixeira et al. 2004). For instance, 100-125 repeat length increases telomerase
processivity; ~30 bp are not enough for Rap1 to inhibit non-homologous end join-
ing (NHEJ) which ends in telomere fusion (Marcand et al. 1999). The dynamic
interplay of Rapl with each telomere repeat element together with the inherent
dynamics of each telomere is likely to influence the regulation of telomere func-
tion and localization.

Interestingly, telomeres are transcribed into specific transcripts, referred to
as telomeric repeat-containing RNA (TERRA). In metazoans where TERRA
have been discovered, these molecules are heterogeneous in size, are exclusively
nuclear and colocalize with telomeres (Azzalin et al. 2007; Schoeftner and Blasco
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2008). In budding yeast, TERRA are also produced. These molecules, larger than
the telomere repeats, contain subtelomeric-derived sequences and are degraded
by the 5’ to 3’ RNA exonuclease Ratl. In rar/-1 mutants, RNA accumulation is
linked to telomere shortening leading to the interesting possibility that DNA/RNA
or TERRA/TLCI hybrids inhibit telomerase (Luke et al. 2008). Telomere length
regulation occurs hence through multiple pathways.

2.2.2 Yeast Subtelomere Structure and the Sir Proteins

Subtelomeric sequences are also repeated in different complex forms. They contain X
elements, subtelomeric repeats (STR) and long tandem Y’ repeats which could origin
from transposable elements (Fourel et al. 1999). As described in detail in Chap. 3, one
to four copies of tandem Y’ sequences flanked by TG1-3 repeats are present on two-
thirds of yeast S288c subtelomeres. S288c is the first fully assembled and sequenced
S. cerevisiae strain (Goffeau et al. 1996). These elements are however highly variable
between strains and species (Liti et al. 2009). For instance, in W303 strain, a recent
cross between S288c and other recent lineages, the exact number of Y’ sequences
remains partly unknown because of the difficulty to assemble these repeats (Liti et al.
2009). The inherent variability of subtelomeres and of Y’ sequences, often used as a
probe for cytological subtelomere position studies, hence predicts some changeability
between the different S. cerevisiae backgrounds analysed.

Subtelomeres, contrary to telomeres, show a nucleosome composition. In addition
to subtelomeric histones however, a number of additional chromatin modifiers, includ-
ing the silencing insulator (Sir) proteins, are specifically enriched in there (Rusche et
al. 2003). Sir proteins were initially discovered as responsible for silencing of HML
and HMR mating-type cassettes each located at one subtelomere of chromosome 3
(Rine and Herskowitz 1987), but Sir-mediated silencing is also found at some other
subtelomeres and at the rDNA (Pryde and Louis 1999; Smith et al. 1998). Sir pro-
teins are recruited to silencer sequences at the mating-type loci, while at subtelomeres
Sir recruitment occurs through Rapl binding to double-stranded telomeric repeats
and ORC and Abf1 binding to the core X element (Pryde and Louis 1999). Sir3 binds
deacetylated amino-terminal residues of histones H3 and H4, and cooperative bind-
ing between histone deacetylase Sir2, Sir3 and Sir4 is thought to enable Sir spreading
through silenced regions (Hecht et al. 1995). Interestingly, Sir3 overproduction can
lead to subtelomeric clustering independently of Sir3 function in silencing, pointing
to the architectural role of this protein (see below and Ruault et al.2011). Note that
Rapl, as well as yKu, is also found by chromatin immunoprecipitation experiments
not only at double-stranded telomeric repeats, but also in several kb of subtelomeric
sequences, suggesting that the terminal region of the chromosome may fold into inter-
nal subtelomeric sequences (de Bruin et al. 2000; Marvin et al. 2009a).

Only Sir2 is required for silencing of polll-driven genes inserted into the rDNA
(Pryde and Louis 1999; Smith et al. 1998). At subtelomeres, all Sir proteins,
except Sirl, are recruited to silence similar reporter insertions. These reporters
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have allowed to distinguish silencing occurring at the so-called truncated ends, in
which subtelomeric sequences are deleted and silencing at native ends, in which
all subtelomeric sequences are maintained (Gottschling et al. 1990; Pryde and
Louis 1999). In the first case, Sir spreading can encompass several kb, while Sir
proteins occupancy at native ends is limited to regions of 1-2 kb peaking at X
elements and avoiding Y’ sequences (Pryde and Louis 1999). These last data are
in agreement with recent kinetic localization mapping by deep sequencing of an
overexpressed version of Sir3. A rapid binding covers ~2 kb (i.e. 6 to 10 nucle-
osomes) around silencers and a slower binding is constrained to subtelomeric PAU
genes and highly transcribed euchromatic sites, suggesting that Sir spreading is
rather spatially limited and Sir3 recruitment not restricted to subtelomeres (Lynch
and Rusche 2009; Radman-Livaja et al. 2011). This experimental evidence is
coherent with the extremely variable silencing detected among native ends (Pryde
and Louis 1999). Again, it points to a role for Sir proteins distinct to silencing
which could rather be architectural, for instance to avoid recombination with inter-
nal sequences (Marvin et al. 2009b; Pryde and Louis 1999).

2.2.3 Sir Structural Properties: In Vitro Consequences

The chromatin architectural Sir3 protein provides one of the key structural proper-
ties of the subtelomeric Sir complex. The structure of the amino-terminal bromo-
associated homology (BAH) domain is known (Hou et al. 2006). Even more,
the crystal structure of a BAH-mutated version is now solved at 3A resolution
in complex with a nucleosome (Armache et al. 2011). Crystal shows that BAH
significantly binds each of the four core histone proteins (Armache et al. 2011).
Although the BAH domain itself has weak self-associating properties, extensive
BAH binding to nucleosome might contribute to the compaction properties of
the full-length Sir3 protein. Indeed, Sir3 alone can compact nucleosomal arrays
in vitro and high levels of Sir3 proteins promote oligomeric structure formation
between individual nucleosomal arrays and Sir3 oligomers (McBryant et al. 2008).
Furthermore, in vitro reconstitution of the Sir complex shows that in these con-
ditions, Sir2, Sir3 and Sir4 maintain a 1:1:1 stoichiometry (Martino et al. 2009).
Sedimentation analyses of this reconstituted holocomplex with chromatin estimate
that one SIR complex binds two nucleosomes, arguing for a binding between two
neighbouring nucleosomes (Martino et al. 2009).

It is interesting to note that in vitro Rapl binds telomeric repeats at a fre-
quency of 1 per 18 bp, corresponding in theory to 14 to 20 Rapl-binding sites
per 250-350-bp-long telomere (Gilson et al. 1993). However, due to the intrinsic
heterogeneity of S. cerevisiae telomeres, the precise number of Rapl molecules
remains uncertain. It has been recently shown that in solution, Rapl binds mul-
tiple sites as a monomer and can bind multiple sites with a repeat array with-
out obvious cooperativity and regardless of binding site affinity (Williams et al.
2010). Interestingly, a correlation exists between the ability of telomeric repeats
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to regulate telomere length and in vitro Rap1 affinity to its binding sites (Williams
et al. 2010). Relationship between in vitro and in vivo experiments is lacking, but
these data suggest that multiple binding sites for Rapl do not by themselves pro-
mote formation of an energetically favourable complex (Williams et al. 2010).

2.2.4 Dynamic Assembly of Subtelomeric and Telomeric
Proteins

In normal conditions, telomere length changes rapidly among cells and in a few
generations, suggesting that assembly and disassembly of telomeric and subtelo-
meric proteins is a dynamic process all along the cell cycle and even during each
phase of the cell cycle. For instance, only 2 to 3 telomeres are bound by telomerase
per cell in S phase (Teixeira et al. 2004). A number of telomeric or subtelomeric
proteins like Rapl, Sir3, Sir4, Rifl and Rif2 change their occupancy over the cell
cycle. Lower at the G2/M phase, occupancy increases at G1 or S phase (Laroche
et al. 2000). The C-terminal Rapl domain interacts with Rifl, Rif2 and Sir proteins
(Wotton and Shore 1997). Rapl multiple partners raise the possibility that these pro-
teins compete for Rap1 binding either along the cell cycle or even between each sub-
telomere. Consistently these data point to the variability that exists not only in a cell
population but also between different chromosome ends in a single cell, lighting the
variable position of distinct chromosome ends. Yet, as it is now discussed, rules for
subtelomere positioning in the nuclear space are shared by many of them and are
probably driven by the intrinsic property of the chromatin fibre.

2.3 Subtelomeres: Intranuclear Positioning and Relative
Interactions

2.3.1 How to Define Subtelomere Position in the Nuclear Space

Deciphering telomere and subtelomere positions relative to the nuclear space has
been essentially tackled by examining dedicated subtelomeric and/or telomeric
DNA sequences or proteins, in fixed or living cells. Relative subtelomeric posi-
tions have furthermore benefited from recent outstanding progresses performed
to capture frequent interactions between DNA segments, namely the chromo-
some conformation capture 3C derivatives (Dekker et al. 2002). The technique
exists in many variations but can easily be understood as a process based on the
cross-linking of DNA followed by restriction enzyme cutting and intramolecular
ligation with an adaptor that allows the purification of the circularized DNA. By
sequencing the DNA circles, inter- and intrachromosomal interactions existing in
the nuclei at the moment of fixation can thus be identified. As this method requires
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a high number of cells, it is possible to determine the statistical significance of
given interactions. These frequencies are currently being used to model chromo-
some configurations through polymer physics-based models (Kalhor et al. 2012;
Lieberman-Aiden et al. 2009). Using Hi-C, one model for 3D organization of the
budding yeast genome, in an asynchronous population has been proposed, validat-
ing previous knowledge about subtelomere behaviour (Duan et al. 2010; Zimmer
and ravre 2011). A close Hi-C method has similarly been applied to the 3 chromo-
somes that fission yeast contains. Close spatial proximity between both chromo-
some ends of chromosomes 2 and 3 is uncovered, chromosome 1 being particular
as both of its subtelomeres carry rDNA sequences (Tanizawa et al. 2010).

Yet, it is still difficult to correlate frequencies with real distances. These
distances can be reached by single-cell observation of dedicated differently
labelled loci. A popular system consists to insert a number of bacterial operator
sequences, namely LacO or TetO sequences, respectively, 42 bp and 14 bp long, at
chosen positions. Subsequent binding by the respective repressors Lacl and TetR
fused to different variants of the green fluorescent protein allows locus labelling
and detection of a single spot with a good signal to noise ratio over the nucle-
oplas nic background (Robinett et al. 1996; Straight et al. 1997). Recently, a
new generation of fluorescent repressor/repeats operators has been constructed
allowing three-colour detection (Lassadi, I and Bystricky K, personal communica-
tion). Repressors bind their targets with a certain affinity; for instance, Lacl binds
its target with a Kd ~ 10~ mol/I and TetR with a Kd ~ 5 x 10~ mol/l—for com-
parison, streptavidin binds biotin with a Kd ~ 10~'> mol/l (Falcon and Matthews
1999). Therefore, it can be questioned whether this binding can affect global and/
or local chromosome biology. Cell cycling remains unchanged in the presence of
different repeat insertions bound or not bound by their respective repressors, argu-
ing for unchanged chromosome replication and segregation (Belmont 2001). If the
LacI hinge region is mutated, Lacl-binding affinity decreases by 500-fold in vitro,
i.e. the range of TetR constant affinity (Falcon and Matthews 1999). In vivo, this
mutation relieves cooperative Sir4 recruitment observed at silencers when lacO
arrays are inserted nearby (Dubarry et al. 2011). In the presence of silencers, it
might therefore be prudent to verify expression behaviour of neighbouring genes
after lacO repeats insertions. Yet, tetO and lacO insertions have been successfully
used to localize many subtelomeres, recapitulating initial observations with sub-
telomeric probes on fixed cells (Gotta et al. 1996; Hediger et al. 2002b).

To localize subtelomeres towards the nuclear periphery in living cells, a func-
tional GFP fusion of nuclear pore protein Nup49 is often chosen as a marker of the
nuclear envelope. Most of the subsequent images captured are then based on 3D
imaging, with a number of z stacks whose optimum is derived from the Nyquist
criterion (which itself depends on the microscope used). After focal plane selec-
tion, close to the equatorial Z stack, spot 2D localization towards the nuclear enve-
lope is defined. Gasser’s lab has taken advantage of the focal plane to define three
zones of similar surface and determine fluorescent spot distribution in either one
of the three zones. By counting ~ hundred cells, the subtelomere is determined as
being peripheral if preferentially found in the outmost zone, or randomly located
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if equally distributed between the three zones (33.3 % of the cells in each zone
(Hediger et al. 2002b).

Recently, to overcome limitations due to 2D localization, it has been proposed
to detect a second nuclear landmark, the nucleolus. In yeast, the nucleolus forms a
stable crescent structure at one pole of the cell, opposite to the spindle pole body
during interphase, allowing for segmentation and barycentre definition (Berger
et al. 2008). This additional landmark allows defining an axis joining the two cen-
tres of mass of the nucleoplasm and the nucleolus (Berger et al. 2008). Orientated
alignment of thousands of nuclei through this axis results in dimensional probabil-
ity maps of a given chromosomal locus (Berger et al. 2008; Therizols et al. 2010).
As discussed in the Chap. 3, the number of studies based on either methodology
has localized subtelomeres inside the nucleoplasmic space.

2.3.2 Subtelomere Position in the Nuclear Space

Subte omere positioning depends on various aspects, i.e. chromosome arm length,
cell cycle stage and telomere replication state. Subtelomere positioning also var-
ies between cell cycle stages during both vegetative and meiotic growth (see Sect.
2.2.4). As structural chromosome end variability anticipates, each chromosome
end has a particular behaviour that can in addition depend on the strain back-
ground (Table 2.1).

Rapl detection shows a limited number of spots at proximity of the nuclear
envelope when observed in G1 and S phases (Gotta et al. 1996; Hiraga et al. 2008;
Klein et al. 1992; Palladino et al. 1993; Schober et al. 2008), suggesting that if
Rapl signal reflects chromosome ends, they tend to cluster. After S phase, Rapl
signal is delocalized and subtelomeres randomly position in the nucleoplasm
(Laroche et al. 2000). Individual labelling of subtelomeres also detects subtelom-
eres close to the nuclear envelope during almost the entire cell cycle, except dur-
ing the G2/M phase (Bystricky et al. 2005; Hediger et al. 2002b, 2008; Schober
et al. 2008; Therizols et al. 2010).

Moreover, two-dimensional probability maps of number of individually
labelled subtelomeres show that they are non-randomly situated at the nuclear
periphery depending on the size of their corresponding chromosome arm
(Therizols et al. 2010). Interestingly, these probability maps based on the nucleo-
lus as nuclear landmark are similar when the SPB is chosen as a reference (unpub-
lished results). Subtelomeres on shorter chromosome arms are close to the SPB
with a gradually increasing distance to the SPB corresponding to increasing
chromosome arm size. Furthermore, the volume of the nucleolus influences sub-
telomere position. This region is largely avoided by all subtelomeres. Increase in
chromosome arm length does not influence the exclusion of subtelomeres in the
nucleolar area. Moreover, reducing the nucleolar mass by rapamycin extends the
space subtelomere occupy at nuclear periphery, suggesting that the nucleolus rep-
resents a physical barrier (Therizols et al. 2010).
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Fig. 2.1 Model for telomere and subtelomere nuclear architecture and links with molecular
components of the nuclear periphery (dashed lines)

2.3.3 How Subtelomeres are Anchored at the Nuclear Periphery

A number of molecular pathways, partly redundant, have been discovered which
are responsible for the transient anchoring of subtelomeres to the nuclear envelope
(Fig. 2.1). They involve both nuclear envelope components and structural compo-
sition of chromosome ends.

Initially, two pathways, Sir4 and Ku dependent, were shown to mediate tether-
ing of telomeres to the nuclear envelope (Hediger et al. 2002b; Laroche et al. 1998;
Taddei et al. 2004; Tham et al. 2001; Therizols et al. 2006). These two telomeric
proteins are evidently not integral membrane proteins, but they do transiently asso-
ciate with nuclear envelope partners, favouring telomere positioning. Sir4 binds to
Escl, to Mps3, but also to Ku80 (Ribes-Zamora et al. 2007; Taddei et al. 2004).
Escl (establishes silent chromatin) is a non-abundant acidic protein found in patches
on the nuclear membrane distinct from nuclear pores and is thought to associ-
ate with the nuclear envelope through post-translational modification of its car-
boxy terminus (Andrulis et al. 2002; Lewis et al. 2007; Taddei et al. 2004). Escl
deletion or yku70 mutant on their own has a modest effect on subtelomere 14L (L
stands for left, R for right) tethering but when combined, they lead to its defective
localization (Taddei et al. 2004). Mps3 is a Sad1/UNC-84 (SUN) domain integral
membrane protein essential in SPB duplication. However, simultaneous deletion
of MPS3 and the gene encoding the nuclear pore protein Pom152 and/or Nup157
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renders Mps3 redundant even in SPB duplication, implying that changes in the
lipid environment of the nuclear membrane can alleviate the lack of the nuclear
membrane protein Mps3 (Friederichs et al. 2011; Witkin et al. 2010). The dele-
tion of the nucleoplasmic N-terminal domain of Mps3 allows disconnecting Mps3
from its anchoring function without disturbing its influence on the SPB (Bupp et al.
2007). Ku70 mediates telomeric peripheral anchoring (Laroche et al. 1998). A Ku70
interaction partner could be the nuclear pore complex (Galy et al. 2000; Feuerbach
et al. 2002), in agreement with the observation when components of nuclear pore
complex are mutated, the Nup84 complex or peripheral Mlp1/2 proteins, subtelom-
eres are displaced towards the nucleoplasm (Galy et al. 2000; Therizols et al. 2006).
Yet the role of MIp1/2 proteins in subtelomere tethering has been called into ques-
tion (Hediger et al. 2002a). The fact that Mps3 was recently shown to bind not only
to Sir4 but also to the yKu70/yKu80 heterodimer and Estl (Bupp et al. 2007; Chan
et al. 2011; Schober et al. 2009) and the fact that Sir4 was also shown to interact
with to the cohibin complex (Lrs4/Csml) through the integral proteins Heh1/Nurl
(Chan et al. 2011) indicate the intricate multiplicity and dependence of these differ-
ent pathways. The observation that localization of different subtelomeres is differ-
ently compromised according to different mutated contexts additionally points to the
variable dependency of each of the 32 chromosome ends towards the nuclear enve-
lope, which is shown Table 2.1.

Chromosome end positioning is cell cycle regulated, mostly peripheral in G1/S
phase, and it is displaced towards the nucleoplasm G2/M. In G1, Sir4 seems to be
predominant in telomere anchoring in W303, but not in S288c (Table 2.1, Hediger
et al. 2002b; Hiraga et al. 2006; Tham et al. 2001). In S phase, Mps3 seems to
play a prominent role together with the telomerase and the Ku complex (Bupp
et al. 2007; Schober et al. 2009). However, the lack of clear correlation between tel-
omere length and localization behaviour and the fact that different cell cycle specifi-
cities are observed between mrell and fell mutants (see also Sect. 2.1.1), suggest
that telomerase might have a role in telomere anchoring distinct to telomere length
regulation (Hiraga et al. 2008). Yet, S-specific events are important for telomere
localization. Telomere dislodgement is delayed when S phase is delayed, suggest-
ing that anchoring is probably dependent on DNA replication. Once DNA is fully
replicated, telomeres are released (Ebrahimi and Donaldson 2008; Ferreira et al.
2011). This is coherent with the finding that Ctf18-RFC, a subunit of the replication
factor required for sister chromatid cohesion, is required for subtelomere position-
ing (Hiraga et al. 2006). Moreover, the number of proteins involved in chromatin
structure, particularly during DNA replication, is shown to be important in telomere
positioning (Hiraga et al. 2008). Asf1, the histone chaperone that stimulates acetyla-
tion of K56 of newly synthesized histone H3, is one of them (Hiraga et al. 2008).

Sumoylation might be critical in understanding how temporal regulation of
these different pathways happens. For instance, Ku80 and Sir4 are found to be
sumoylated, and their sumoylation occurs through the PIAS-like SUMO E3 ligase
Siz2 (Ferreira et al. 2011). In siz2A mutants, telomeres are randomly positioned
in both GI and S phases. The siz2ZA mutant phenotype can be antagonized by
deletion of the Pifl helicase, probably through the increase in telomere-bound
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telomerase. Since only telomeres that are elongated are detached from the nuclear
periphery, sumoylation acts as a negative regulator of telomere length, probably
through sumoylation of many telomere-bound proteins, as it was shown for Cdc13
(Ferreira et al. 2011; Hang et al. 2011). Interestingly, Cdc13 sumoylation is cell
cycle regulated (Hang et al. 2011). On the other hand, the SIx5/S1x8 SUMO-
dependent ubiquitin ligase is found at the nuclear pore complex in interaction with
the Nup84 complex; the SUMO-protease Ulpl is also associated with the NPC
(Collins et al. 2007; Palancade et al. 2007). Modification of the sumoylated status
of proteins that come in association with the NPC, including nuclear pore proteins
themselves, might participate in the regulation of telomere positioning as it was
proposed to regulate DNA break repair (Nagai et al. 2008; Therizols et al. 20006).

The strength of telomere anchoring to the nuclear periphery is also con-
trolled by the structural composition of the subtelomeric region, i.e. Y’ elements
or the STR repeats. Different tethering capacities are indeed related to the pres-
ence or absence of Y’ elements (Hediger et al. 2002b, 2006; Hediger and Gasser
2006; Tham et al. 2001). Upon STR repeat deletion, anchoring efficiency of
weakly attached telomeres increases. This could be attributed to the absence
of the STR-repeat-binding proteins Rebl and Tbfl (Hediger et al. 2002b; Lieb
et al. 2001). However, the increased anchoring cannot be explained by removal of
a Sird spreading barrier, as there is no link between the abundance of Sir proteins
and anchoring efficiency (Lieb et al. 2001). It rather seems that Rebl and Tbfl
are implicated in the conformation of telomeres that influences the silencing and
anchoring strength to the nuclear periphery (see Sect. 2.1.2).

2.3.4 Subtelomere Position During Meiosis

In contrast to the mitotic cell division, in which chromosomes are separated after
DNA replication, meiosis proceeds in two subsequent division processes, meiosis
I and II. During the first meiotic cell division, DNA is replicated in the diploid cell
and homologous chromosomes undergo recombination, resulting in two geneti-
cally unique diploid cells. In meiosis II, the two daughter cells undergo a second
division to produce four haploid cells, spores in yeast.

These unique cell cycle events, especially during meiosis I, also require distinctive
telomere and subtelomere behaviour. At the beginning of meiotic prophase I, between
the leptotene and zygotene transition, telomeres concentrate in a cluster at the cen-
tromeres, forming the so-called meiotic “bouquet” (Trelles-Sticken et al. 1999, 2005).
The structure is transient but seems to be important for the subsequent recombina-
tion, as mutants that are defective for bouquet formation also show malfunctioning
or altered steps in crossing over (Chua and Roeder 1997; Kosaka et al. 2008; Wanat
et al. 2008). At early zygotene stage, the bouquet formation dissolves through rapid
movements of dispersed telomeres (Conrad et al. 2008; Koszul et al. 2008).

The rapid telomere movement along the nuclear envelope in budding yeast
meiosis is mediated through a complex consisting of Mps3, Ndjl and Csm4.
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In meiosis, Mps3 is connected to both the actin cytoskeleton by Csm4, a pro-
tein that sits in the outer nuclear membrane and to telomeres through Ndjl,
a telomeric meiotic protein (Conrad et al. 1997, 2008). In support to an actin
skeleton-led telomere movement, actin cable extension occurs at a speed sim-
ilar to chromosome motion (ca. 0.3 pm/s; Yang and Pon 2002). Furthermore,
actin cytoskeleton and Csm4 mutants do not impede telomere attachment to the
nuclear periphery but rather impair directed rapid telomere movements (Conrad
et al. 1997, 2008). Although Mps3 also connects telomeres to the nuclear mem-
brane in interphase (see above), directed chromosome movements mediated by
Mps3 have yet only been observed during meiotic prophase. The role of such
a chromosome movement is still unclear, but it could help chromosome pairing
resolution of meiotic crossovers (Conrad et al. 2008; Koszul et al. 2008; Sonntag
Brown et al. 2011).

2.3.5 Subtelomeric Dynamics and Associations

Contrary to the rapid movements observed for telomeres during meiosis, telo-
meric movements observed during the G1 and S phases of the mitotic cycle are
much slower. Moreover, the dynamic behaviour observed for subtelomere 6R dur-
ing G1 is more constrained than centromere proximal autonomously replicating
origin (ARS) during the same cell cycle phase, with a mean speed of 98 nm/s
vs. 118 nm/s for the ARS (Heun et al. 2001). Each studied telomere had a dis-
tinct mobility, possibly depending on its chromosome arm size and compaction
(Bystricky et al. 2005). Subtelomere loci generally occupy a confinement radius
of 0.2-0.4 wm in the about 2-pm-diameter yeast nucleus, due to their attachment
to the nuclear periphery (Bressan et al. 2004; Bystricky et al. 2005; Heun et al.
2001; Rosa et al. 2006). For comparison, a 16 kb artificially generated chroma-
tin ring moves within a confinement radius of more than 0.8 wm (Gartenberg et
al. 2004). Accordingly, the subtelomere confinement radius increases to 0.5 pm in
sir4 mutants and to more than 0.6 pwm in yKu70 deficient cells (Bystricky et al.
2005; Hediger et al. 2002b). Note that movement measurements by locus detec-
tion methods are restricted to G1 phase of the cell cycle, as the replication of DNA
coincides with the presence of two fluorescent spots that can hardly be distin-
guished from one another.

Subtelomeres move with a speed of 0.1-0.5 pm/s meaning that regions pref-
erably occupied by a particular chromosome end are largely overlapping (Heun
et al. 2001; Marshall et al. 1997; Schober et al. 2008). Given that subtelomeres of
different chromosome arm lengths show similar probability maps of their localiza-
tion, it is not surprising to find that subtelomeres on similar chromosome arm sizes
interact more frequently, although very transiently (Therizols et al. 2010). Hence,
different subtelomere interactions detected in living cells as foci are direct con-
sequences of preferred subtelomere localizations (Schober et al. 2008; Therizols
et al. 2010; Zimmer and Fabre 2011).
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Subtelomeres rarely exceed a distance of 0.3 pm from the nuclear envelope,
in an oscillating movement suggesting reversible interactions with nuclear enve-
lope components (Bystricky et al. 2005; Hediger et al. 2002b; Heun et al. 2001;
Therizols et al. 2010). Large movements of over 0.5 pwm in a 10.5s interval take
place only once every 10 min in G1 phase for chromosome ends, in contrast to
other chromosomal loci that come to about 10 large movements in the same time
frame (Heun et al. 2001). These large telomere movements in G1 phase point
towards a certain directionality, although nature or function of the force that could
be responsible for them are missing. A higher temporal resolution is expected to
give more information on the nature of these movements (Hajjoul et al. 2009). Yet,
abolition of all movements by ATP depletion shows that chromosome movements
are not only randomly caused by diffusion (Heun et al. 2001).

2.4 Conclusions on Functional Implications
of Chromosome End Nuclear Architecture
from the Repair Point of View

Double-strand break (DSB) repair efficiency in haploid yeast depends on the chro-
mosomal region affected (Ricchetti et al. 2003). The closer the regions are to the
chromosomal ends, the higher the repair efficiency rate. This can be explained by
the fact that in yeast haploids G1 cells, central chromosome regions are repaired
by NHEJ, while chromosomal ends can also be repaired by other mechanisms
like telomere addition and break-induced replication (BIR) (Malkova et al. 1996;
Sandell and Zakian 1993). Moreover, subtelomeres position close to the nuclear
periphery is important, since mutations that release nuclear envelope tethering of
subtelomere 11L, decrease repair efficiency of DSBs induced in there (Therizols
et al. 2006). Persistent DNA DSBs are also shown to interact with Cdc13 and the
telomerase component Est2. These proteins anchor the slowly repaired or unre-
pairable DSBs to Mps3 at the nuclear periphery (Oza et al. 2009; Schober et al.
2009). The nuclear periphery thus appears to have evolved as a compartment that
helps uptake of these specific DNA DSBs.

Following S phase, DNA is replicated, and therefore, two identical homologues
exist for each chromosome allowing DNA repair by homologous recombination.
After S phase, telomeres are no longer anchored to the nuclear periphery. May be a
consequence of nuclear envelope positioning failure in S phase, a hyper-recombination
among telomeres has been observed in mutants for the telomere length maintenance
protein Tell (Schober et al. 2009). One reason why telomeres are no longer anchored
at the nuclear envelope could be that more efficient repair mechanisms make telomere
anchoring difficult.

Mechanisms for insulating chromosome ends could have been evolved in order
to distinguish chromosomal ends from DSBs. For instance, in budding yeast, dif-
ferent pathways to prevent chromosome fusion inhibit NHEJ. They involve at
least Rapl and Rif2 (Marcand et al. 2008). Sir4 also inhibits NHEJ through an
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unknown mechanism. Coexistence of several pathways is understandable to
ensure that chromosome ends will never fuse, unless they are too short (Pardo and
Marcand 2005). In agreement with such a negative role in telomere fusion, is the
Ku70-mediated fold-back structure, depicted between telomeres and subtelomeres
(Marvin et al. 2009b). Accordingly, telomeres are 1,000-fold less effective in DNA
damage response activation than DSBs (Lydall 2009). These mechanisms might
have evolved by taking advantage of the proteins enriched in there, as it is the case
for Rapl and Sir4. Therefore, nuclear architecture of telomeres appears to be a
major pathway to ensure genome stability, by avoiding chromosome end fusion.

On the other hand, subtelomere positioning in a restricted domain at the nuclear
periphery also ensures that breaks happening in there can efficiently be repaired
with other neighbouring subtelomeres. This could explain why, from an evolution-
ary point of view, subtelomeres could behave as gene reservoirs. Their improved
genome flexibility could also explain why linear chromosomes and therefore tel-
omeres and subtelomeres might have been evolved. In fact, cells seem to be very
adaptable with respect to chromosomal structure; telomeres do not seem to be nei-
ther specific to eukaryotes as there are examples of bacteria with linear chromo-
somes nor required to eukaryotes since yeast S. pombe potl mutants survive with
fused telomeres forming circular chromosomes (Baumann and Cech 2001; Jain et
al. 2010).

Nuclear architecture of yeast telomeres and subtelomeres in a Rabl-like chro-
mosome organization is a characteristic often associated with fast-dividing cells.
Many yeast mutants show that telomere attachment to the nuclear envelope is not
required for cell survival. It rather seems that the attachment helps to untangle and
sort chromosomes for different chromosome interactions and therefore faster cell
division, thus out competing less organized chromosome conformations.
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Chapter 3

Subtelomeric Regions Promote
Evolutionary Innovation of Gene Families
in Yeast

Tim Snoek, Karin Voordeckers and Kevin J. Verstrepen

Abstract Subtelomeres, the regions proximal to telomeres, are extremely
dynamic parts of eukaryotic genomes. Gene families that reside in subtelom-
eres differ profoundly from non-subtelomeric gene families: they show increased
recombination and duplication rates and often reflect the lifestyle of the organism
under study. In the baker’s yeast Saccharomyces cerevisiae, subtelomeric gene
families can be classified into three broad categories: genes involved in the uti-
lization of alternative substrates, adhesion genes, and lastly, poorly characterized
genes. Although the mechanisms shaping these gene families are not yet com-
pletely unraveled, studies on two typical subtelomeric gene families exemplify
how the dynamic nature of chromosome ends can be exploited to rapidly evolve
and diversify. Gene duplication has driven the evolution of the MAL gene families
and provided closely related yeast species with appropriate, environment-specific
alleles to metabolize various disaccharides. A second subtelomeric gene fam-
ily, the adhesion (FLO) genes, shows frequent intergenic recombination between
different FLO copies, thereby creating new FLO alleles with distinct adhesive
properties. Moreover, stochastic transcriptional silencing and desilencing of sub-
telomeric genes could allow cells to ‘test’ these newly evolved genes without
committing all cells in a population to the same fate.
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3.1 Introduction

Subtelomeres, the regions located right next to the telomeres on eukaryotic
chromosomes, are some of the most intriguing and mysterious parts of the
genome. Due to their high content of repetitive sequences, subtelomeric regions
are underrepresented in sequencing reads and also notoriously hard to assemble
(Eichler 2001; Eichler et al. 2004). Therefore, these regions are often lacking from
published whole-genome sequences. As more data become available, it becomes
clear that subtelomeres are highly variable and unstable regions that reflect an
organism’s lifestyle. More specifically, subtelomeric regions seem to serve as
breeding grounds and testing laboratories for novel genes, allowing rapid evolu-
tionary innovation and swift adaptation to new niches or changing environments.

The baker’s yeast Saccharomyces cerevisiae was the first eukaryotic species of
which the whole genome was sequenced (Goffeau et al. 1996). The S. cerevisiae
genome is arguably still the best eukaryotic genome sequence available, as it
consists of fully assembled chromosomes, including the complete subtelomeric
sequences. With the advent of new sequencing technologies, more and more other
genomes are being sequenced. Although these sequences mostly lack fully assem-
bled subtelomeres, the exponentially increasing number of genome sequences and
(partially assembled) subtelomeres has made it possible to study different sub-
telomeric regions. Comparing subtelomeric sequences of different species shows
that subtelomeres are highly unstable, displaying elevated levels of mutation and
recombination (Brown et al. 2010; Mefford and Trask 2002). This led to the con-
clusion that genomes generally consist of two domains: the stable majority on the
one hand and the plastic subtelomeric regions on the other hand (Pryde et al. 1997).

Although the DNA sequence of subtelomeres diverges rapidly, the overall
structure and properties of subtelomeres are remarkably similar (Flint et al. 1997).
In general, subtelomeres are characterized by low gene density, the absence of
essential genes and the presence of specific gene families, positional gene silenc-
ing, high sequence similarity between non-homologous chromosomes, and an
increased rate of recombination (Cohn et al. 2006; Linardopoulou et al. 2005). In
this chapter, these features of (yeast) subtelomeres will be discussed. In addition,
specific examples of how subtelomeric characteristics shape the rapid evolution of
gene families are given.

3.2 Subtelomeric Structure and Gene Families

3.2.1 How to Define a Subtelomeric Region?

In yeast, the telomere consists of ~300 bp of the imperfect repeat TGi_3, but
the length of this repeat varies both between chromosome ends and between
strains (Gatbonton et al. 2006; Shampay et al. 1984; Walmsley and Petes 1985).
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Fig. 3.1 Subtelomeric structure and location of subtelomeric gene families in Saccharomyces
cerevisiae. A typical S. cerevisiae chromosome end terminates in telomeric repeats and contains
a core X element. X element combinatorial repeats (XCR) are often found telomere-proximal to
these X elements. Some yeast subtelomeres also have 1-4 copies of a Y’ element and are hence
called X-Y’ subtelomeres. Many multigene families, such as the MAL and MEL genes, reside in
large blocks of homology located upstream of the X element. SUC and RTM genes on the other
hand are found between X and Y’ elements

Subtelomeres can be found adjacent to these telomeric repeats and, just like the
length of the telomere, the length of subtelomeric regions varies greatly between
species (Cohn et al. 2006; Mefford and Trask 2002). The lack of a rigid defi-
nition of what a subtelomere exactly is, makes it hard to delineate these regions.
Subtelomeres are often defined as the regions next to the telomere that show lower-
than-average gene densities and/or that do not contain essential genes (Brown et al.
2010; Pryde and Louis 1997; Teytelman et al. 2008). Using the first definition, yeast
subtelomeric regions have been described as varying between 20 and 50 kb from the
chromosome end, with 30 kb being the most accurate (Brown et al. 2010). Defining
subtelomeres as regions without essential genes causes even greater confusion, as it
is not always easy to classify a gene as essential or nonessential.

3.2.2 Subtelomeres Contain X and Y’ Elements

The recent availability of high quality, whole-genome sequences of different (but
often closely related) yeast species opened up the possibility to study the variation
in subtelomeric regions. One striking observation coming from these compara-
tive genomics studies is that subtelomeres are highly variable, while sharing com-
mon structural features. The most prominent elements of yeast chromosome ends
are the terminal telomeric repeats, the X elements and the Y’ elements (Fig. 3.1).
Every subtelomere harbors an X element, that lies either directly adjacent to the
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telomere, or is separated from it by one or more Y’ elements (Pryde and Louis
1997). Y’ elements are present at 17 of the 32 chromosome ends in yeast (Chan
and Tye 1983; Louis and Haber 1990b, 1992).

X elements show a variable structure, resulting in a total length that ranges
from 300 bp to 3 kb. Every X element contains a 473 bp core sequence, which
comprises an autonomously replicating sequence consensus sequence (ACS) and
usually a binding site for the general regulatory factor Abfl (Louis et al. 1994;
Pryde et al. 1995). At some subtelomeres, telomere-proximal of the core X ele-
ment, pseudo-repetitive sequences called X element combinatorial repeats (XCRs)
are located. There are four types of XCRs (A-D), and different combinations
can be found at different chromosome ends, affecting epigenetic silencing (as
discussed in Sect. 3.4).

Subtelomeric Y’ elements are either present as a single-copy or tandemly
repeated up to four copies, separated by telomeric repeats. Y’ elements exist in two
major size classes, long (6.7 kb) and short (5.2 kb), that differ from each other
by a series of small insertions/deletions. Several putative open reading frames
(ORFs) can be found within Y’ elements, most of which are thought to be non-
functional. Interestingly, some ORFs display weak sequence homology to viral
helicases (Yamada et al. 1998). Together with the presence of autonomous replica-
tion sequences, this suggests that Y’ elements originated from mobile genetic ele-
ments that integrated into terminal telomeric repeats (Horowitz and Haber 1985;
Louis and Haber 1992).

The function of X and Y’ elements is currently unknown. However, the compo-
sition of a subtelomeric region in terms of X and Y’ elements heavily affects posi-
tional silencing and nuclear tethering (see Sect. 3.4).

3.2.3 Gene Families Found at the Subtelomeres

Apart from common features such as X and Y’ elements, low gene density and
the lack of ‘essential’ genes, subtelomeres also share another remarkable char-
acteristic. Genes located within subtelomeres are often part of large families that
are somehow a telltale sign of the organism’s lifestyle (Brown et al. 2010). More
specifically, subtelomeres often contain a large number of genes needed to deal
with environmental changes. For example, in primates, the genes encoding olfac-
tory receptors are located subtelomerically (Hasin et al. 2008). This large family
of receptors allows primates to distinguish a wide variety of aromas and smells,
thereby allowing the detection of danger, like fire or rotten food. Similarly, many
virulence genes of eukaryotic parasites such as Plasmodium falciparum are
found near chromosome ends (Roberts et al. 1992). These genes encode many
different cell-surface proteins that allow the microbes to elude the host’s immune
system by constantly switching between different coat proteins (Verstrepen
and Fink 2009). Comparative genomics studies underscore the plasticity of
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Table 3.1 Subtelomeric gene families in S. cerevisiae

Present in S288c?
Category Name family Function (number of copies)

Carbohydrate MALR Regulators that Yes (4)
consumption induce MALR,
MALS and
MALT genes
MALT Maltose Yes (4)
transporters
MALS Maltases (maltose  Yes (7)
hydrolysis)
MEL Alpha- No (0)?
galactosidases
(melibiose
consumption)
suc Invertases (sucrose No (1)°
hydrolysis)
STA Glucoamylases No (0)¢
(starch
consumption)
Adhesion FLO Adhesins Yes (5)4
Others (poorly AAD Putative aryl- Yes (7)¢
character- alcohol
ized and/or dehydrogenase
strain-specific) RTM Resistance to No (0)
molasses
PAU Putative role Yes (24)
in cell-wall
remodeling
CcoS Unknown Yes (13)

MAL —

Representative examples of subtelomeric gene families and their copy number in the standard
laboratory strain S288c. Due to the dynamic nature of subtelomeres, some families are
completely absent from the S288c genome

4 MEL genes are present in some strains isolated from the wild (Naumov et al. 1995)

b $288c only contains SUC2, which is non-subtelomeric (Carlson and Botstein 1983)

¢ STA genes are found in S. cerevisiae var. diastaticus (Yamashita et al. 1985)

dFLO genes are inactive in S288c due to a mutation in the regulator FLOS (Liu et al. 1996)

¢ Distinct AAD homologs have been identified in the wine strain AWRI796 (Borneman et al.
2011)

subtelomeres, with a rapid turnover of genes and a remarkable copy number
variation in gene families between different species, and often even within one
species (Brown et al. 2010).

In the yeast S. cerevisiae, gene families located near the end of chromosomes
can be roughly divided in three categories: those involved in carbohydrate metabo-
lism, in adhesion, and gene families that are not yet fully characterized (Fig. 3.1;
Table 3.1).
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3.2.3.1 Gene Families Involved in Carbohydrate Utilization

The MAL gene family, encoding genes necessary for the utilization of the sugar
maltose, are found in all sequenced S. cerevisiae strains to date, but the exact
number of MAL genes varies greatly between strains. In fact, the MAL gene fam-
ily consists of three subfamilies: MALT, encoding transporters: MALS, encoding
enzymes that hydrolyze maltose (and other sugars); and the MALR gene family,
encoding transcriptional regulators. These gene families are discussed in more
detail in Sect. 3.3.1.1.

Species closely related to S. cerevisiae contain dispersed subtelomeric SUC loci
encoding invertases. These secreted enzymes allow Saccharomyces-like yeasts
to break down sucrose into glucose and fructose. All S. cerevisiae SUC genes are
located subtelomerically between X and Y’ elements (except for SUC2) (Fig. 3.1).
There is a huge variability in number and combinations of SUC genes present in dif-
ferent yeast strains (Carlson et al. 1985), with the commonly used laboratory strain
S288c only carrying non-subtelomerically located SUC2. Similarly, some strains lack
MEL genes and hence cannot grow on melibiose. Interestingly, wild strains that do
posses MEL genes often lack SUC genes and vice versa (Naumov et al. 1995, 1996).

Another gene family only present in some yeast strains is the STA family. The
STA genes encode secreted glucoamylases that allow S. cerevisiae var. diastaticus
to utilize starch as a carbon source; something that S. cerevisiae is unable to do
(Yamashita et al. 1985).

3.2.3.2 Gene Families Conferring Adhesion

Another subtelomeric gene family that has been the subject of many studies is the
FLO gene family, encoding adhesins that enable cells to adhere to each other and
to other (a) biotic surfaces. This gene family is extensively discussed in Sect. 3.5.

3.2.3.3 Poorly Characterized and Strain-Specific Gene Families

A large number of subtelomeric gene families are only partially characterized and
their function is mostly inferred based on sequence similarity to genes with known
functions. These gene families include COS genes (possibly conferring resist-
ance to salt stress) and PAU genes (seripauperins, with a putative role in cell-wall
remodeling) (Ai et al. 2002; Luo and van Vuuren 2009).

Some strain-specific ORFs were identified with the recent sequencing of feral
and industrial strains of S. cerevisiae. For example, the wine strain AWRI796
contains a specific subset of subtelomerically located aryl-alcohol dehydroge-
nase genes (Borneman et al. 2011). These enzymes could contribute significantly
to the volatile aromas produced during wine fermentation. Another example is
the RTM1 gene cluster found in strains used in beer production (Ness and Aigle
1995). Multiple copies of this gene confer resistance to an inhibitory substance in
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molasses, a commonly used substrate in the ethanol production industry. In addi-
tion, also the majority of species-specific genes (almost 70 %) are located near
telomeres (Kellis et al. 2003).

Taken together, these examples illustrate how subtelomeric gene content reflects
the lifestyle of the organism under study. The high degree of plasticity of these
genomic regions allows organisms to rapidly adapt to their environment. In the
next paragraphs, the different mechanisms that shape subtelomeric genes are dis-
cussed in more detail.

3.3 Genetic Mechanisms at the Subtelomeres
Driving Innovation

Subtelomeres are highly unstable, with increased frequency of gene duplication,
recombination, single nucleotide polymorphisms (SNPs), and the occurrence of
transposons and unstable repeat sequences. Whereas the first three have already
been shown to be statistically significantly enriched at subtelomeres (Brown et al.
2010; Marvin et al. 2009b; Rudd et al. 2007; Schacherer et al. 2009; Teytelman et al.
2008), the situation for transposons and repeat variation is less clear, with only some
anecdotal examples available. Below, we discuss these different forms of sequence
variability in more detail.

3.3.1 Increased Gene Duplication at Subtelomeres
and Its Evolutionary Significance

More than 40 years ago, Susumo Ohno pointed to the key importance of gene
duplications for evolutionary innovation (Ohno 1970). He suggested that dupli-
cated genes can provide the raw material needed for the emergence of novel (regu-
latory) functions in three distinct ways. First, gene duplication creates an extra,
dispensable gene copy that can be relieved from purifying selection for its origi-
nal, pre-duplication function. This copy can acquire mutations that might result in
a novel function (neofunctionalization), whereas the other paralog keeps perform-
ing the original function. Second, duplication can allow for a division-of-labor of
the different functions and/or regulatory patterns of a promiscuous pre-duplication
gene (subfunctionalization). This is particularly interesting for fine-tuning differ-
ent (conflicting) pre-duplication functions in separate, post-duplication copies.
Indeed, the specific molecular composition of an enzyme’s active site can prevent
optimization of multiple ancestral functions in one single enzyme. Duplication of
the ancestral gene can help resolve this adaptive conflict (see for example (Des
Marais and Rausher 2008) and the example of the MALS gene family discussed
below). Third, after duplication, the ancestral function can be preserved in both
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paralogs, introducing redundancy and/or increasing activity of the gene (gene
dosage effect).

Duplication events come in two distinct flavors: (1) whole-genome duplications
and (2) small-scale duplication events, such as segmental and single-gene duplica-
tions. Recent studies have indicated the evolutionary importance of whole-genome
duplications (Kellis et al. 2004; Wapinski et al. 2007; Wolfe and Shields 1997).
However, compared to segmental and single-gene duplications, such large-scale
duplications happen only rarely.

Interestingly, recent studies in yeast demonstrated that small-scale duplications
occur much more frequently in subtelomeric regions compared to other genomic
regions (Brown et al. 2010; Voordeckers et al. 2012). This elevated level of dupli-
cations at subtelomeres is also seen in other species: cytogenic studies have shown
that subtelomeres are strikingly polymorphic, with a high degree of copy number
variation (CNV) in humans and primates (Linardopoulou et al. 2005; Mefford and
Trask 2002; Trask et al. 1998).

Subtelomeric gene families differ significantly from non-subtelomeric gene families

Brown and co-workers showed that in yeast, subtelomeric families, i.e., gene
families that contain at least one gene located subtelomerically, show significantly
more duplication events than non-subtelomeric families ((Brown et al. 2010), see
also Fig. 3.2). As a result, subtelomeric families are on average much larger than
non-subtelomeric families, containing up to 2—4 times more genes per family.
Moreover, subtelomeric genes tend to cluster together in a small number of fami-
lies: within a specific species, there are far fewer subtelomeric gene families than
expected if subtelomeric and non-subtelomeric genes were randomly distributed
among families. Additionally, gene families containing a subtelomeric gene are far
more likely to contain multiple subtelomeric genes. Taken together, this suggests
that subtelomeric genes tend to duplicate frequently, thereby giving rise to addi-
tional subtelomeric genes.

Whereas increased duplication rates are observed for most subtelomeric gene fam-
ilies, the duplication events are often lineage-specific (i.e., duplications do not always
co-occur in all strains or species). If subtelomeric genes were independently ampli-
fied in specific lineages, as opposed to high ancestral copy numbers being lost in
many independent lineages, one would expect that subtelomeric members show more
sequence similarity to genes within the same species than to genes in other species.
Analysis shows that subtelomeric gene families indeed contain more closely related
proteins than non-subtelomeric gene families, indicative of recent duplication events.

Moreover, subtelomeric genes can also disappear again. Computational analy-
ses inferred global rates of gene gain and loss and demonstrated that subtelom-
eric gene families display rapid gene turnover (Brown et al. 2010). Together, these
observations portray subtelomeric gene families as large gene families displaying
high CNV between (and even within) species. One plausible explanation is the
elevated recombination frequencies observed for subtelomeric regions (Louis and
Haber 1990a; Louis et al. 1994; Marvin et al. 2009b) (discussed in Sect. 3.3.2).
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Fig. 3.2 Subtelomeric gene families differ significantly from non-subtelomeric gene families.
Every gene family is represented by a number of polygons (individual genes per gene family).
The color of each polygon indicates the closest distance to a chromosome end (‘relative dis-
tance’), ranging from pale yellow (>200 kb) to dark red (<33 kb). Each of the eight differently
shaped polygons represents one of the individual species (e.g., circle for Candida glabrata). a
The average composition of non-subtelomeric and subtelomeric gene families is represented by
two (artificial) clusters. These clusters depict the mean copy number and mean distance from
the chromosome end for non-subtelomeric and subtelomeric gene families. Subtelomeric gene
families show high copy number variation between species, are generally larger than non-
subtelomeric gene families, and have more members close to the chromosome end (especially
within 33 kb, indicated by the enrichment for red polygons). b Representative subtelomeric gene
families, together with their functional annotation. Shared characteristics for these gene families
include high copy number variation between species (for example, Pichia stipitis has many tran-
scription factors located subtelomerically, whereas S. cerevisiae has none) and multiple members
close to the nearest chromosome end. Figure from Brown et al. (2010)

Certain functional categories of genes, such as those involved in carbohydrate
utilization, genes involved in the response to stress and toxins and genes required
for the metabolism of a plethora of substrates are significantly enriched at sub-
telomeres (Brown et al. 2010; Liti and Louis 2005). On the other hand, typical
housekeeping genes, such as those responsible for cell cycle control and riboso-
mal function, are significantly depleted at subtelomeres. This raised the follow-
ing question: Is the observed increase in gene turnover and duplication rate for
subtelomeric genes an inherent property of their chromosomal location or is
it rather a property of the type of genes found at the subtelomeres and the func-
tional category they belong to? Comparing CNV and family size of non-subtelomeric
to subtelomeric families belonging to the same functional category clearly points
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to subtelomeric location as the driving force for increased duplication rates
(Brown et al. 2010).

Next to their increased duplication rates (and quite possibly a direct conse-
quence of it), subtelomeric genes also display increased expression divergence and
responsiveness (Brown et al. 2010). Together, this further demonstrates the rapid
divergence and evolutionary potential of subtelomeric genes. In keep with this
hypothesis, duplications of specific subtelomeric regions are commonly found in
yeast strains isolated from experimental evolution studies (Gresham et al. 2008).

What mechanism(s) underlie the increased duplication rates in subtelom-
eric regions? In humans, translocations between different chromosome ends
appear to be mainly the result of aberrant repair of double-strand breaks by non-
homologous end-joining (Linardopoulou et al. 2005). In this way, subtelomeric
blocks can become duplicated. After these translocation events, recombination
is possible between blocks on different chromosomal ends, leading to even more
variation and new combinations of sequence variants (Rudd et al. 2007) (see also
Sect. 3.3.2).

Although the exact mechanism for duplication of subtelomeric genes in
S. cerevisiae is still unknown, one very likely explanation is the high frequency of
ectopic (between copies at different genomic locations) recombination observed
in subtelomeric regions (Louis and Haber 1990a; Louis et al. 1994; Marvin et al.
2009a). This is further discussed in Sect. 3.3.2.

3.3.1.1 The MAL Gene Families Illustrate the Evolutionary Importance
of Subtelomeric Gene Duplications

A key example of subtelomeric duplication and divergence in S. cerevisiae are the
MAL gene families, involved in utilization of the alpha-glucoside maltose (Charron
et al. 1989). As will be discussed below, the name MAL is actually somewhat
misleading, since some of the genes do not respond to maltose at all (Teste et al.
2010).

Saccharomyces species contain three related MAL gene families, all located
subtelomerically and organized as multi-gene loci. The first family, MALT, con-
sists of transporters responsible for maltose uptake; the second family, MALS,
encodes enzymes that hydrolyze maltose into its two constituent glucose mole-
cules; and the third family, MALR, contains transcriptional regulators that induce
expression of MALT, MALS, and MALR genes when maltose is present (Charron
et al. 1989). Each of these gene families can be further subdivided into subfamilies
(clades) that group together based on sequence similarity (Brown et al. 2010).

These MAL families are typical subtelomeric gene families: they display an
extraordinary variability in copy number and chromosomal location between
different yeast species (Fig. 3.3). For example, the pathogenic yeast Candida
glabrata does not contain a single MAL locus and thus cannot use maltose as a
carbon source. The genome of the S. cerevisiae laboratory strain S288c, on the
other hand, encodes four MALT alleles, seven different MALS genes (MALI2,
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Fig. 3.3 Copy number variation of the different MAL gene families in Ascomycetes. The sub-
telomeric MAL gene families show extreme copy number variation in different yeast species.
Blocks to the right of each species name denote the number of MAL regulators (red), MAL trans-
porter genes (yellow) and MAL hydrolytic enzymes (blue). Figure was adapted from Brown
et al. (2010)

MAL32, and IMAI-5, each with a specific activity profile, see Fig. 3.4) and four
MALR alleles (Brown et al. 2010; Teste et al. 2010). Interestingly, fluctuations in
copy number are also seen within one species. The absence of one specific MALR
subfamily in the standard laboratory S. cerevisiae strain S288c compared to the
feral S. cerevisiae isolate RM11 explains the different ability of these strains to
grow on maltose. Comparing these fully sequenced S. cerevisiae strains also
reveals many instances of gene duplication and gene loss, as well as differences in
chromosomal location of different MAL gene family members (Brown et al. 2010).
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Fig. 3.4 MalS enzymes in S. cerevisiae have different substrate preferences. The standard S.
cerevisiae laboratory strain has seven different MalS alleles; Imal-5, Mall2 and Mal32 that
can hydrolyze different substrates. Activity toward a specific substrate is indicated by a solid-
colored square, white boxes with colored outlines indicate lack of activity for a specific substrate.
Mall2 and Mal32 show activity against maltose-like disaccharides often encountered in plant
exudates, fruits and cereals, like maltose, maltotriose, sucrose, and turanose (a signaling mol-
ecule in plants). Imal-5 on the other hand shows activity against isomaltose-like sugars includ-
ing palatinose (found in honey) and isomaltose (an abundant breakdown product of starch).
Me-a-glu = methyl-alpha-glucoside. Figure was adapted from Brown et al. (2010)

Duplications and functional divergence in MAL gene families

Interestingly, duplication and functional divergence of the different subtelom-
eric MAL gene families seems to underlie the capacity of different yeast species
to metabolize a broad spectrum of disaccharides found in plants and fruits. For
example, Saccharomyces paradoxus strains show amplification of MAL alleles that
can specifically utilize palatinose and turanose (Brown et al. 2010). These sucrose
isomers are commonly found in tree sap and exudates, from which S. paradoxus
is routinely isolated (Liti et al. 2009). These allele-specific amplifications can thus
allow strains to (more efficiently) use sugars found in their ecological niche.

Phylogenetic analyses showed that the common ancestor of the different yeast
species investigated contained only a few MAL genes (Brown et al. 2010). These
ancestral genes were completely lost in some lineages (e.g., in C. glabrata) and
expanded in others. For example, a single ancestral gene gave rise to the seven pre-
sent-day MALS alleles in the standard laboratory strain S288c through independent
duplication events (Voordeckers et al. 2012). These MalS enzymes show activity
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against a wide range of substrates, with some enzymes having no activity for malt-
ose but instead preferring other alpha-glucosides, such as isomaltose, found in plant
exudates (Fig. 3.4). Very recently duplicated alleles, such as Mall2 and Mal32,
show an almost identical activity. Here, dosage effects probably provide the neces-
sary selective pressure to preserve these two nearly identical copies in the genome.

Reconstructing the ancestral pre-duplication enzyme shows that this enzyme
was multifunctional, hydrolyzing primarily maltose-like substrates but with trace
activity for isomaltose-like substrates. Interestingly, the nature of this enzyme’s
binding pocket prevented optimization of these different activities in one single
protein. Homology modeling shows that changes that increase activity toward
one substrate class inadvertently compromise activity toward the other substrate
class (Voordeckers et al. 2012). Duplication and subsequent divergence allowed
optimization of each of these activities in different copies (subfunctionalization).
This eventually resulted in a present-day brewer’s yeast capable of hydrolyzing a
variety of alpha-glucosides much more efficiently than its ancestor. In this way,
these duplications may have allowed yeast to colonize new niches containing some
of the sugars hydrolyzed by the (novel) MalS alleles. This specific example again
illustrates the importance of subtelomeres as breeding grounds for (environment-
specific) gene functions.

3.3.2 Recombination at Subtelomeric Regions

3.3.2.1 Meiotic Recombination Rates are Low in Subtelomeric Regions

In S. cerevisiae, meiotic recombination rates vary over the length of a chromosome,
with recombination rates decreasing with increasing distance from the chromo-
some end (Barton et al. 2008, 2003; Goldman and Lichten 1996). However, little
crossing-over is observed in the endmost 10-20 kb of each chromosome. Adjacent
euchromatin regions on the other hand exhibit rates that are twofold higher than
the genome-wide average (Barton et al. 2008). These results fit with earlier obser-
vations that meiotic double-strand break formation is increased 50-100 kb from
chromosome ends, the so-called long-range telomere effect (Blitzblau et al. 2007).
Since crossovers near chromosome ends have been reported to interfere with
proper chromosome segregation (Ross et al. 1996; Su et al. 2000), the decreased
meiotic recombination rate observed at (sub) telomeric regions could help to
ensure proper chromosome segregation during cell division (Barton et al. 2003).

3.3.2.2 Mitotic Recombination Rates are Elevated Near
Chromosome Ends

Opposite to what is seen for meiotic recombination rates, rates of mitotic recom-
bination are higher in telomere-proximal regions compared to the average rate
observed for the entire yeast genome (Louis and Haber 1990a; Louis et al. 1994;
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Marvin et al. 2009b). Studies showed that, whereas the mitotic recombination rate
is similar across most of the genome (~1.5 x 10~/ events/mitosis), a significant
increase is observed near chromosome ends (Marvin et al. 2009b). For example,
recombination rates along the entire right arm of chromosome XV were compa-
rable to the genome average, except for the endmost 5 kb, where recombination
rates of up to four times the genome average were reported. It has been suggested
that these higher recombination rates are due to telomere clustering during the lep-
totene stage of the cell cycle, placing the different chromosomal ends in each oth-
er’s immediate vicinity (Trelles-Sticken et al. 1999).

As discussed earlier, subtelomeric regions in S. cerevisiae are all organized
in a similar manner (see also Fig. 3.1). A set of elegant experiments demon-
strated a high frequency of recombination between different Y’ elements (Louis
and Haber 1990a). These ectopic recombination events enable Y’ elements and
neighboring sequences to move to chromosome ends that previously did not pos-
sess this sequence (thus effectively duplicating this region). This could explain
the difference in both copy number and location of Y’ elements between different
S. cerevisiae strains (Louis and Haber 1990b). No homogenization is seen between
the different Y’ size classes, due to the non-random choice in interaction partner
for ectopic recombination: long Y’ elements preferentially interact with other long
Y’ elements and short Y’ elements opt for other short Y’ elements. The exact rea-
son for this is not yet known, but might be explained by proximity effects during
telomere clustering.

Unequal sister chromatid exchange is responsible for the expansion of a single
Y’ element into tandem arrays and can thus explain the observed inter-strain Y’
element CNV. This expansion depends on the (TG_3), sequences at the junction
between X and Y’ elements (Louis et al. 1994). When deprotected, telomeres are
recombination hotspots: cells lacking telomerase show increased recombination
between these (TG|_3), tracts and between Y’ elements.

Centromere-proximal sequences are strikingly more divergent than telomere-
proximal sequences and X elements have been suggested to act as a recombina-
tion barrier (Pryde et al. 1997). Nonetheless, recombination involving X elements
is thought to be responsible for the distribution of SUC genes in different yeast
strains (Carlson et al. 1985). A screen for mutants with increased homologous
recombination near telomeres identified yeast Ku proteins as important factors
preventing mitotic recombination at these regions (Marvin et al. 2009a, b). Studies
suggest that yKu proteins, via association with X elements, help to create a protec-
tive fold-back structure at chromosome ends (Marvin et al. 2009a, b). This in turn
could help protect these regions from deleterious events, such as aberrant recombi-
nation and chromosomal rearrangements.

The increased subtelomeric recombination rate is also evident from compara-
tive genomic studies: subtelomeric gene families, such as the FLO and MALS gene
families, show significant differences in order, number, and orientation between
different yeast species and strains (Brown et al. 2010; Van Mulders et al. 2010).
Moreover, the FLO gene family underwent extensive recombination (Christiaens
et al. 2012 and further discussed in Sect. 3.5).
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The increased mitotic recombination rate is not the sole explanation for why
subtelomeric sequences are more divergent, chromosome ends also display an
increased level of nucleotide divergence (Schacherer et al. 2009; Teytelman et al.
2008).

3.3.3 Increased SNP Frequency at Subtelomeric Regions

Several comparative genomics studies indicated that telomere-proximal sequences
are highly divergent between species and even between strains from the same spe-
cies (Schacherer et al. 2009). For example, loss and gain of stop codons by nucleo-
tide substitutions occur more frequently near chromosome ends (Kellis et al. 2003)
and subtelomerically located transcription factor binding sites are less conserved
between species (Francesconi et al. 2011).

Analysis of intergenic regions in Saccharomyces sensu stricto species showed
that (single-copy) subtelomeric regions display an increased SNP frequency
(Teytelman et al. 2008). This frequency decreases with increasing distance from
the chromosome end. Interestingly, this hyperdivergence appears to be a shared
characteristic of silenced regions and is more pronounced in constitutively
silenced regions compared to transiently silenced regions, with subtelomeric
regions being an example of the latter (see also Sect. 3.4).

Elevated SNP frequencies reflect the impact of both the strength of selection
and the rate of nucleotide exchange. Selection appears to play a negligible role,
since also synonymous coding positions in silenced regions display a higher SNP
frequency. Increased SNP frequencies could be due to a higher substitution rate
or could point to DNA repair issues. Although non-transcribed (and hence non-
expressed) genes are targeted less frequently by DNA repair machinery (Svejstrup
2002), no correlation was observed between expression and SNP frequency, indi-
cating that other mechanisms are at play here. One possibility requiring further
investigation is that silenced DNA might have a reduced replication fidelity.

What are the potential benefits of hyperdivergence of these genomic regions?
First, it is important to note that it remains unsure whether subtelomeres really
show elevated rates of mutation events. Subtelomeres have a low gene density
(Pryde et al. 1997), so substitutions could merely be tolerated here since chances
of hitting an (essential) gene are low. It is possible that non-subtelomeric regions
show similar mutation rates, but the mutations may be removed from the popu-
lation due to stronger negative (purifying) selection associated with the higher
density of active and essential genes. Although studies show variation in mutation
rates across the genome (Hawk et al. 2005; Ito-Harashima et al. 2002; Lang and
Murray 2011), a clear link between subtelomeres and (increased) mutation rate has
not been established yet.

Since subtelomeric regions are also hotspots for Ty5 transposon integration
(Kim et al. 1998) (see also Sect. 3.3.4), hyperdivergence could help inactivate
them after subtelomeric integration. Rapid sequence diversification can also inhibit
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potential detrimental recombination between chromosome ends. Lastly, given that
the type of genes residing at subtelomeres are important for a proper response to
changes in the environment (Brown et al. 2010; Liti and Louis 2005), creating
diversity at these regions could provide organisms with a significant advantage.

3.3.4 Transposable Elements Found at the Subtelomeres

Transposable elements can contribute significantly to genome evolution, for exam-
ple by promoting chromosomal rearrangements (Zou et al. 1996b). The S. cere-
visiae genome contains five different classes of retrotransposons (mobile genetic
elements that replicate through reverse transcription of an mRNA intermediate),
Tyl-5 (Kim et al. 1998; Voytas and Boeke 1992). Only the latter class is often
found near chromosome ends: characterization of endogenous Ty5 elements
mapped these elements to subtelomeres, and to silenced mating-type loci (Zou
et al. 1995). In fact, silenced chromatin appears to act as a ‘homing device’ for Ty5
integration: newly inserted Ty5 transposons preferentially insert in subtelomeric
regions or near silent mating loci (Zou et al. 1996a, b). Subsequent studies dem-
onstrated that Ty5 is recruited to these sites via its interaction with the Sir4 protein
(Zhu et al. 2003).

Noteworthy, subtelomeric Y’ elements have a possible mobile element origin
(Louis and Haber 1992). However, these elements have never been documented to
actually transpose. In the fruitfly Drosophila melanogaster, some type of transpo-
sons can actually serve as telomeres (Biessmann et al. 1990; Levis et al. 1993).

3.3.5 Repeat Variation

Tandem repeats represent another source of genetic variation. These unstable
genetic elements consist out of short DNA sequences (‘units’) repeated head-to-
tail (for a recent review, see (Gemayel et al. 2010)). Originally considered to be
mainly junk DNA, recent studies demonstrated the importance of tandem repeats
for rapid evolution (Verstrepen et al. 2005; Vinces et al. 2009). Changes in the
number of repeats occur frequently and are mainly due to strand-slippage replica-
tion and recombination.

Chromosome ends are prime examples of repeats, consisting of tracts of (Cj_3
A/TGj_3) repeats (Zakian 1996). Just like other repeats, these simple telomeric
repeats are dynamic, with the total length of each repeat tract varying between
different chromosomes and even between strains (Gatbonton et al. 2006; Walmsley
and Petes 1985). Despite this variability, a minimal length is required for genome
stability: telomeres protect chromosome ends from degradation and fusion. Cells
defective in telomere maintenance display a shortening of chromosomes and
subsequent senescence (Lundblad and Szostak 1989).
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A second type of repeats are found distal to these telomeric repeats and
comprise two major groups (also discussed in Sect. 3.2.2), X and Y’ sequences.
When Y’ minisatellites are excluded, genome-wide studies on tandem repeat vari-
ation did not identify subtelomeric regions as being enriched in tandem repeats
(Legendre M. personal communication).

Taken together, this enrichment of various types of mutations at the subtelom-
eres illustrates their extensive plasticity, underscoring the evolutionary potential
of these genomic regions. In addition to these genetic differences, also epigenetic
effects contribute to this.

3.4 Epigenetic Silencing of Subtelomeric Gene Families

Apart from the high degree of DNA sequence variation, another hallmark of sub-
telomeres is that genes residing in subtelomeres are often transcriptionally silenced
in a position-dependent manner (Gottschling et al. 1990; Pryde and Louis 1999;
Wyrick et al. 1999). In yeast, positional-silenced regions can be divided into three
categories: (1) ribosomal DNA tandem repeats, (2) silent mating-type loci, and (3)
subtelomeric regions and telomeric repeats (Sherman and Pillus 1997). The mecha-
nisms involved in silencing these spots are similar, although there are some pro-
nounced differences (extensively covered by Rusche et al. (2003)). Subtelomeric
silencing is unstable and seems to have a more stochastic nature: a silenced gene
can switch to an active state after a number of generations. Subtelomeric silencing,
also called ‘Telomere Position Effect’ (TPE), is discussed in more detail below.

3.4.1 Telomere Position Effect in Yeast

3.4.1.1 Telomere Position Effect at Truncated Ends Leads to Unstable
and Stochastic Expression

Positional silencing at the subtelomeres was first elucidated in S. cerevisiae by
Gottschling and colleagues (Gottschling et al. 1990). A reporter gene was inserted
at a chromosome end between the most distal gene and the telomeric repeats,
thereby deleting all native sequence in between (containing X and possibly Y’ ele-
ments). Three main observations were made. First, a reporter gene inserted near
telomeres is often transcriptionally repressed. Second, in a clonal population of
cells, silencing of the reporter gene is heterogeneous; some cells express the gene
and others do not. Third, the silencing of the marker gene is mitotically inherited,
but the gene can switch to an active state after a number of generations.

Later studies pointed out that also native subtelomeric genes display this sto-
chastic behavior. For example, FLOI1, a member of the subtelomeric floccu-
lin gene family (which is discussed in more detail in Sect. 3.5), shows variegated
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expression in a clonal population of diploid cells (Halme et al. 2004) (see Fig. 3.5).
Natural chromosome ends show some pronounced differences in TPE compared to
truncated chromosome termini.

3.4.1.2 TPE at Natural Chromosome Ends Shows a Pronounced
Silencing Pattern

In an elegant study, Pryde and Louis elucidated the extent of the TPE at native
yeast subtelomeres. Interestingly, they found that silencing at native subtelom-
eres is remarkably different from TPE at truncated chromosome ends. The
widely used marker gene URA3 (see Box 1) was inserted in various positions
at different chromosome ends, keeping all native subtelomeric elements intact
(Pryde and Louis 1999). Silencing was measured as the fraction of cells that
were both able to grow on plates containing 5-FOA and on medium lacking ura-
cil after subculturing (thereby only including cells that had reversibly silenced
URA3). The repressed region in a subtelomeric region is very limited, with the
highest level of repression in the proximity of the ARS consensus sequence in an
X element. Furthermore, the repression level dropped with increasing distance
from the chromosome end. On the other hand, Y’ elements were found to be
resistant to silencing (Pryde and Louis 1999) and, even more strikingly, at some
chromosome ends, no silencing was observed at all. These findings are in line
with observations that some subtelomeric genes are indeed transcribed (Pryde
and Louis 1997, 1999).

How is subtelomeric silencing established? Two mechanisms of subtelomeric
silencing are present in yeast, both involving histone deacetylation. The first one
is heavily dependent on Sir proteins and acts on regions close to the chromosome
termini, whereas the second one relies on Hdal and exerts its effect on more distal
regions.

Box 1 URA3 System

The URA3 system is a main driver of genetic studies in S. cerevisiae since
the same marker can be used to screen for gene activity and inactivity (posi-
tive and negative selection). Because URA3 encodes an enzyme involved in
the biosynthesis of pyrimidine ribonucleotides, the URA3 gene is essential
for yeast when uracil is not present in the growth medium, allowing selec-
tion for cells harboring active URA3. Since the same enzyme will convert
5-FOA to a toxic compound, only cells with an inactive URA3 gene will
survive on a medium supplemented with 5-FOA (Boeke et al. 1987).
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3.4.2 Sir-Dependent Silencing Acts Close to Chromosome Termini
and Establishes Silent but Dynamic Heterochromatin

The first mechanism depends on the histone deacetylase Sir2 and affects genes
located up to 6-8 kb from the telomere (Gottschling et al. 1990; Wyrick et al.
1999). Extensive biochemical studies have identified the key players that are
indispensable for Sir-mediated gene silencing in S. cerevisiae: Sir2, Sir3, and Sir4
(Aparicio et al. 1991); yKu70 and yKu80 (Boulton and Jackson 1998; Laroche et al.
1998); and the C-terminal domain of Rapl (Kyrion et al. 1992, 1993). TPE in
higher organisms is often driven by homologs of these factors, underscoring the
evolutionary importance of this mechanism (for a review, see (Ottaviani et al.
2008)). The current model describing Sir-mediated subtelomeric silencing consists
of two main steps: nucleation at the telomere followed by polymerization toward the
subtelomere.

In the nucleation step, Rapl binds the telomeric repeats directly (Shore
and Nasmyth 1987) and recruits Sir3 and Sir4 through its C-terminal domain
(Jeppesen 1997; Moretti et al. 1994; Wotton and Shore 1997). The Ku proteins
bind to the end of the telomeres and also recruit Sir4 (Bertuch and Lundblad 2003;
Tsukamoto et al. 1997). Bound Sir4 recruits the NAD-dependent histone deacet-
ylase Sir2. This protein deacetylates the N-terminal tails of histones H3 and H4.
The deacetylated histones are bound by the Sir3/Sir4 complex, which will recruit
new Sir2/Sir4, resulting in a continuous deacteylation and binding cyclus that
leads to spreading of the silencing complex in the direction of the subtelomeres
(polymerization).

TPE is counteracted by Sas2, a protein involved in acetylation of H4-K16
(Suka et al. 2002). In this way, a boundary between the silenced subtelomeric
region and the adjacent euchromatin is established (Kimura et al. 2002).

Although this silencing mechanism establishes a highly condensed structure,
yeast heterochromatin is quite dynamic. For instance, a variety of transcriptional
activators can still bind the DNA (Andrau et al. 2006; Chen and Widom 2005;
Sekinger and Gross 2001), and also base-pair substitutions can be found in these
regions (Teytelman et al. 2008). A recent study elucidated that this dynamic
nature can partly be ascribed to acetylation of H4K12, which suppresses abnormal
condensation of heterochromatin by Sir proteins (Zhou et al. 2011).

3.4.2.1 Some Subtelomeric Regions Escape Sir-Dependent Silencing

Y’ elements escape from this silencing cascade, whereas X elements undergo max-
imum silencing (Pryde and Louis 1999; Zhu and Gustafsson 2009). X elements
can actually serve as proto-silencers, which means they cannot induce silenc-
ing by themselves, but rather relay the silencing activity that originates from the
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telomeres. Binding of Sir2, Sir3, and Rapl is maximal at X elements and this
decreases in the direction of the centromere. In addition, XCRs, the composition
of which varies per chromosome end, can form chromatin domain boundaries
which protect Y/ elements from silencing. Physicochemical studies additionally
showed that telomeres fold on themselves, thereby bringing telomeres and sub-
telomeres in close contact and looping out Y’ elements (Strahl-Bolsinger et al.
1997). Since yeast subtelomeres vary in their composition of X and Y’ elements,
the degree of silencing at each subtelomere is different.

3.4.2.2 Subtelomeric Silencing is Influenced by Nuclear Architecture

Localization of the chromosome ends in the nucleus contributes to positional
silencing. The 32 telomeres of a haploid yeast cell are clustered into 3-8 foci,
involving Ku proteins to anchor telomeres to the nuclear envelope (Hediger et al.
2002; Taddei et al. 2004, 2009). It is thought that this clustering in space favors
silencing through an increase in the local concentration of Sir proteins. In addition,
clustering of silenced regions avoids Sir proteins from binding promiscuously to
other sites in the genome (Taddei et al. 2009). It has been argued that gene silenc-
ing might be a side-effect resulting from the sequences and proteins involved in
nuclear localization of the telomeres (Pryde and Louis 1999).

3.4.3 Distal Subtelomeric Regions are Silenced by Hdal

The second subtelomeric silencing mechanism acts independently from Sir2 and
affects regions that are located at ~10-25 kb from the telomere with a length
between ~4 and ~34 kb. These silenced regions are long continuous stretches
of chromatin that are acetylated upon deletion of the histone deacetylase Hdal
(Robyr et al. 2002), and therefore go by the name of Hdal-affected subtelomeric
(HAST) domains. In total, about 149 ORFs reside in HAST domains, including
the MAL genes and the majority of the FLO genes (see Sects. 3.2 and 3.5). A pro-
nounced difference with Sir-mediated subtelomeric silencing is that many HAST-
located genes become active when yeast encounters stress or alternative carbon
sources (Hughes et al. 2000; Robyr et al. 2002).

3.4.4 Subtelomeric Genes Can Be Regulated Dynamically

Although subtelomeric genes are generally silenced (Wyrick et al. 1999), some
genes can be activated by environmental cues. A range of stress conditions can cause
inactivation of Sir3, resulting in decreased subtelomeric silencing (Ai et al. 2002).
The resistance of cells to chlorpromazine (which stretches the plasma membrane)
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could be ascribed to the induction of subtelomeric PAU genes. Counting 24 mem-
bers, the PAU genes form the largest gene family in S. cerevisiae, yet not much is
known about their function (Luo and van Vuuren 2009). These genes are highly
induced during alcoholic fermentation (Marks et al. 2008; Rossignol et al. 2003) and
show homology to proteins involved in maintaining cell-wall integrity during stress
(Abramova et al. 2001; Alimardani et al. 2004).

Recent studies reported an enrichment of transcription factors localized to the
subtelomeres, some of which only bind these regions under particular conditions
(Mak et al. 2009; Smith et al. 2011). For instance, PAU genes were induced upon
oxidative stress, and this induction correlated with the recruitment of the transcrip-
tion factor Aft2 to upstream sequences of those genes (Mak et al. 2009).

Could there be any advantage in silencing subtelomeric genes? It has been
postulated that the high variability of subtelomeric gene sequences can partially
be explained by the fact that silenced genes are invisible to selection (Rando and
Verstrepen 2007). Under stress, by inactivating the Sir-silencing complex, cells
gain access to this reservoir of genetic variation, which can help to cope with a
changing environment. In addition, stochastic expression of a subtelomerically
located gene can allow a population to ‘bet-hedge,” which is nicely illustrated by
the FLO gene family, discussed in the next section.

3.5 Example of Variability in a Subtelomeric Gene Family:
FLO Genes

In S. cerevisiae, the FLO (‘flocculation’) genes encode adhesins that enable cells to
stick to other cells or to (a)biotic surfaces. They are one of the best-characterized
subtelomeric gene families [for reviews, see (Verstrepen and Fink 2009; Verstrepen
and Klis 2006; Verstrepen et al. 2004)]. Adhesion is an important trait for yeast
since it allows colonization of different niches and can protect cells from various
stresses (Palkova and Vachova 2006; Smukalla et al. 2008).

S. cerevisiae flocculins, like other fungal adhesins, have a basic modular struc-
ture with an N-terminal, lectin-like globular domain conferring adhesion to car-
bohydrates, a highly glycosylated repeat-rich middle domain that acts as a spacer
and a C-terminal domain that can be covalently linked to the cell wall via a GPI
anchor [reviewed by Verstrepen et al. (2004)]. The standard laboratory strain
S288c contains five FLO genes. FLOI, FLOS5, FLOY, and FLOI0 are located
within 40 kb from their respective telomere within a HAST domain (Robyr et al.
2002; Verstrepen et al. 2004), whereas FLOI1 resides at 46 kb from a chromo-
some end and is therefore sometimes considered not to be subtelomeric (Lo and
Dranginis 1996). Each Flo protein confers distinct adhesive properties (Govender
et al. 2010). For instance, FLO10 and FLO11 are important for both invasive growth
and flocculation, whereas FLO1 is only involved in flocculation (Guo et al. 2000).

Variability in these genes can be generated in various ways (Fig. 3.5). First,
FLO genes contain intragenic tandem repeats. Expansion and contraction of these
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Modular structure of Flo proteins
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Fig. 3.5 Sources of phenotypic variation in FLO gene family. Flo proteins show a modular struc-
ture, consisting of an N-terminal domain involved in adhesion, a repeat-rich middle domain that
serves as a spacer and a C-terminal domain that anchors the protein to the cell wall. Both varia-
tions in structure (a and b) and expression (¢) of FLO genes allow for quick changes in phenotype.
a Unstable intragenic tandem repeats in central domain. The central domain of FLO genes con-
tains unstable tandemly repeated DNA. The number of tandem repeats can change rapidly (repeat
expansion and repeat contraction), creating genetic and phenotypic variations. b Recombination
between FLO genes generates novel alleles with different characteristics. Recombination events
are observed frequently between different FLO genes. Recombination can shuffle the domains of
existing FLO genes and generate a new allele with different adhesive properties. ¢ Expression driven
by the FLOI1 promoter is variegated and acts as an epigenetic switch. Fluorescent marker genes
under control of the FLO11 promoter (Prz0;; in figure) show variegated expression. Octavio and co-
workers replaced FLO11 ORFs in diploid cells with two different fluorescent markers and visualized
expression. Four different expression states could be observed (OFF/OFF, ON/OFF, OFF/ON, and
ON/ON) in a clonal population of cells, demonstrating variegated expression. Microscopy pictures
were kindly provided by Narendra Maheshri and were previously published in Octavio et al. (2009)
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repeats is frequently observed and allows cells to rapidly adapt to changes in their
environment (Verstrepen et al. 2005). Second, recombination of FLO genes is
an important driver of variability (Christiaens et al. 2012). Third, epigenetic and
genetic regulation of the FLO genes allows cells to ‘bet-hedge’ and quickly adapt
to a changing environment.

3.5.1 Intragenic Tandem Repeats in FLO Genes Generate
Variability in Adhesion

Just like many other cell-wall (associated) proteins, FLO genes contain intragenic
tandem repeats. Originally thought of as mainly junk DNA, these tandem repeats
have proven to be important sources of genetic and phenotypic variability. Due to
recombination, repeat numbers can change rapidly, allowing swift adaptation. The
number of tandem repeats in FLO genes varies from strain to strain, and this can
have functional consequences. For example, increasing the number of repeats in
FLOI results in increased flocculation (Verstrepen et al. 2005).

3.5.2 Recombination of FLO Alleles Drives Innovation

Anecdotal examples already suggested recombination between different FLO
alleles. For instance, Saccharomyces pastorianus possesses the gene Lg-FLOI,
which probably resulted from recombination between the S288c alleles FLOS5 and
YALO65¢ (a pseudogene with homology to FLOI) (Kobayashi et al. 1999; Ogata
et al. 2008).

Analysis of different Saccharomyces sensu stricto yeasts revealed that
recombination between FLO alleles is indeed very common and appears to be
a shared characteristic of cell-surface proteins and subtelomerically located
genes (Christiaens et al. 2012). Zooming in on the regions where recombination
occurred showed that a sequence similarity of around ten nucleotides is sufficient
to drive this recombination. For the different FLO alleles examined, recombina-
tions were found across the central repeats, in the N-terminal region and in the
C-terminal part. Recombination between the N-terminal regions of two FLO
alleles, for example, can alter the sugar-binding properties and preference of this
domain. Indeed, wet laboratory experiments mimicking some of these recombi-
nation events demonstrated that recombining different FLO alleles results in new,
functional adhesins. These engineered proteins conferred adhesive properties to
cells that differed from those conferred by the parental alleles (Christiaens et al.
2012). Together with the increased variability generated by the intragenic tan-
dem repeats, these recombination events result in every S. cerevisiae strain carry-
ing a set of FLO alleles that differ from the five alleles described in the standard
laboratory strain S288c.
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The increased recombination rate is not limited to Saccharomyces adhesins,
but is also seen in the C. glabrata EPA gene family and the Candida albicans
ALS gene family, both located subtelomerically (Christiaens et al. manuscript in
preparation). Recombination shuffles the domains of existing copies and can thus
generate adhesins with novel functional properties. In this way, a relatively small
number of genes provides cells with ample raw material for adaptation to novel
conditions.

3.5.3 Epigenetic Regulation of FLO Genes Generates
Variability

Most FLO genes are silenced, yet it has been postulated that silent FLO genes
form a reservoir of cell-surface variation that can be accessed under particular con-
ditions (Halme et al. 2004). In the common laboratory strain S288c, all FLO genes
are silenced as a result of a mutation in FLOS, encoding a transcriptional regulator
of the FLO genes (Liu et al. 1996). Hence, most studies on FLO-controlled pheno-
types are carried out in a different genetic background, such as >1278b, where the
FLOS regulator is not inactivated.

3.5.3.1 FLOI11 Expression Drives a Developmental Switch

In a clonal population of > 1278b cells starved for nitrogen, FLOI1 shows a var-
iegated expression pattern, with only some cells expressing FLO1I (Halme et al.
2004). Just like genes subjected to TPE (see also Sect. 3.4), FLOII expression is
heritable and reversible: a single ON cell will give rise to a population of both ON
and OFF cells. Most importantly, there is a tight correlation between the presence
of Flol1p and the developmental fate of the cell. Cells expressing FLOI1 will
form pseudohyphal filaments, where cells remain attached to each other after divi-
sion (Lambrechts et al. 1996; Lo and Dranginis 1998). On the other hand, cells
that do not express FLOI1 will stay in the regular, planktonic form (Halme et al.
2004). For yeast, pseudohyphal growth is a strategy to invade the agar and to for-
age for nutrients (Gimeno et al. 1992). In this way, variegated FLOII expression
allows a clonal population to test two strategies without committing all cells to the
same developmental form.

Extensive research has been performed to characterize the signaling pathways
and regulatory proteins controlling FLOII expression. The FLOII promoter is
large (3.5 kb) and its regulation is very complex, involving many regulatory fac-
tors (Octavio et al. 2009). In addition, genetic studies pointed out that FLOI]
silencing is regulated both in a position-dependent and in a promoter-specific way.
In line with its genomic location, FLOI1 silencing is not mediated by TPE, but



3 Subtelomeric Regions Promote Evolutionary Innovation of Gene Familiesin Yeast 63

rather relies on specific recruitment of the histone deacetylase Hdal. Moreover,
both copies of the FLOI11 promoter in a diploid cell switch in a slow, random, and
independent fashion (see Fig. 3.5), which might be an additional mechanism to
generate variability in adhesion (Octavio et al. 2009).

3.5.3.2 Benefits of Stochastic Gene Expression

What advantage could stochastic silencing of subtelomeric genes have? Many
pathogens, like the malaria pathogen P. falciparum, have evolved mechanisms,
similar to FLO regulation in S. cerevisiae, to generate variety at their cell surface
to evade the host immune response (Roberts et al. 1992). Several modeling stud-
ies demonstrated that stochastic switching is preferred over transcriptional regula-
tion when the environment fluctuates randomly over timescales that are more or
less equal to the rate of the phenotypic switch (Jablonka et al. 1995; Kussell and
Leibler 2005; Wolf et al. 2005). In this way, cells can explore different lifestyles,
without committing the entire population to a specific developmental fate (Halme
et al. 2004).

3.6 Concluding Remarks

‘Exceptional regions underlie exceptional biology’: this phrase by Evan Eichler
perfectly captures the importance of subtelomeric regions (Eichler 2001).
Chromosome ends display numerous features that distinguish them from the rest
of the genome: subtelomeric gene families evolve more rapidly, driven by frequent
duplication events, elevated recombination and mutation rates, and stochastic tran-
scriptional silencing and desilencing (Brown et al. 2010).

Subtelomeric regions have been proposed to function as ‘gene nurseries’ or
‘gene laboratories’, where loci can diversify into novel genes and be further tink-
ered with (Linardopoulou et al. 2005). Most subtelomeric genes are (transiently)
silenced (Gottschling et al. 1990; Pryde and Louis 1999; Wyrick et al. 1999). This
positional silencing could prevent immediate expression of possible Frankenstein
genes and temporarily relieve genes of negative (purifying) selection, allowing the
accumulation of various mutations. Together with the low gene density, increased
genetic variation at the subtelomeres thus has fewer detrimental consequences
compared to other genomic regions. The stochastic nature of subtelomeric gene
silencing can allow cells to explore this hidden genetic variation, for example
under stressful conditions (Rando and Verstrepen 2007). This in turn can enable
cells to deal with changes in their environment.

In addition, subtelomeric genes show elevated expression divergence and
responsiveness (Brown et al. 2010). Although the evolution of gene expression
is relatively understudied compared to the divergence of coding regions, swift



64 T. Snoek et al.

divergence of the transcriptional regulation of duplicated subtelomeric genes
might be an additional mechanism generating variation (Tirosh et al. 2009).
Although some subtelomeric gene families have been intensively studied, they
represent only the tip of the iceberg. Most of the genes residing at chromosome
ends are poorly characterized. Studying these genes and their dynamics at the sub-
telomeres will help us to better understand these enigmatic regions of the genome.
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Chapter 4

Subtelomere Organization, Evolution,
and Dynamics in the Rice Blast Fungus
Magnaporthe oryzae

Mark Farman, Olga Novikova, John Starnes and David Thornbury

4.1 Introduction

Magnaporthe oryzae is a filamentous, ascomycete fungus best known as the
causal agent of a devastating disease of rice known as blast. In addition to being
a pathogen of rice, it also causes diseases on other important crops, including
wheat, millets, and forage grasses, and on turf grasses such as perennial ryegrass
and St. Augustinegrass. Despite the species’ broad host range, fungal isolates from
one host genus usually are unable to infect other host genera. Such specificity can
also be manifested at the subspecies level, such that an isolate from one rice culti-
var is often unable to infect other cultivars. Genetic analyses of numerous exam-
ples of host and cultivar specificity have revealed that these traits are inherited in
a simple Mendelian fashion (Murakami et al. 2000, 2003; Tosa et al. 2006), and
the subsequent cloning of several host- and cultivar-specificity genes has shown
that avirulence (the inability to infect) is the dominant trait (Farman and Leong
1998; Orbach et al. 2000; Sweigard et al. 1995). Most avirulence genes code for
small, secreted, effector proteins (Orbach et al. 2000; Peyyala and Farman 2006;
Sweigard et al. 1995) that are translocated into the host cell cytoplasm (Khang
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et al. 2010) where it is believed they interfere with plant metabolism to the benefit
of the pathogen. However, some plant genotypes are capable of recognizing these
foreign proteins and mount a powerful defense response that prevents infection.
The specificity conferred by AVR:R-gene interactions serves as the basis for
breeding disease resistance into rice. However, a major constraint to the durable
control of rice blast through the use of natural host resistance is that the fungus is
rapidly able to defeat resistant plants (Bonman 1992). This indicates that avirulence
genes are highly mutable and/or highly polymorphic within the rice pathogen popu-
lation. In contrast, most other loci that have been examined show very little poly-
morphism among rice-infecting isolates (Couch et al. 2005; Couch and Kohn 2002).
A possible explanation for the increased variation in Magnaporthe aviru-
lence genes is that a large proportion of them (~50 %) map very close to telom-
eres (Farman 2007). Indeed, one of the first avirulence genes to be cloned, the
highly mutable Avr-Pita gene, was located just 48 bp from the telomere repeats
(Kang et al. 2001; Orbach et al. 2000). An analysis of several spontaneous virulent
mutants revealed that they arose through chromosome truncations, point mutations,
and transposon insertions (Kang et al. 2001; Orbach et al. 2000). Parallel studies
of Magnaporthe telomeres and subtelomeres suggested that these chromosome
regions are highly variable and experience rearrangement at much higher frequen-
cies than internal chromosome regions (Farman and Kim 2005; Farman and Leong
1995; Gao et al. 2002). Here, we describe our current state of knowledge on the
molecular basis for subtelomere/subterminal chromosome variability in M. oryzae.

4.2 M. oryzae Strains from Perennial Ryegrass have
Hypervariable Chromosome Ends

DNA fingerprinting using various repeat sequences as probes has been widely
used to classify Magnaporthe strains from different host plants. These probes have
the power to distinguish among host-specific pathogen populations (Farman 2002)
and have even identified well over a hundred discrete genetic lineages within the
global population of rice-infecting strains (Levy et al. 1991). Rice-pathogenic iso-
lates that belong to the same lineage tend to have similar telomere fingerprints to
one another (Farman 2007). This is true even for isolates collected several years
apart and indicates that the chromosome ends of the rice pathogens are fairly
stable. In striking contrast, strains from perennial ryegrass (prg) usually have
completely different telomere profiles even when there is little or no detectable
polymorphism at internal repeat loci (Farman and Kim 2005). This suggests that
the telomeres of the prg pathogens are more unstable than their counterparts in the
rice-infecting strains.

As a formal test of this idea, we directly compared the stability of telomere pro-
files during growth in planta for a rice pathogen, 70-15, and a strain from prg,
LpKY97-1A (Starnes et al. 2012). First, the strains were genetically purified by
culturing isolates that had been single-spored. The resulting cultures were allowed



4 Subtelomere Organization, Evolution, and Dynamics in the Rice Blast Fungus 73

(a) single spore (b) single spore
isolates 0 isolates
)
0 >
0-24635_24681113151719
~ 1 3 5 a1 3 5 7 9 12 14 16 18 20

11—

5+

ity

__““u::‘::h.---..-..<

(]

. (pEgEEEE

Ll Ll -

A

- LT T —

Fig. 4.1 Telomere stability during growth in planta. M. oryzae isolates 70-15 and LpKY97-1A
were genetically purified by single-spore isolation and used to inoculate their respective hosts
(rice and prg). After two rounds of infection, single spores were collected and DNA was
extracted from the resulting cultures. Shown are phosphor images obtained from Southern blots
of Pstl-digested DNAs that were hybridized with a telomere probe. a shows the telomere pro-
files of the 70-15 starting culture and a subset of single-spore isolates. b telomere profiles of
LpKY97-1A and 19 single spores. Molecular sizes (in kb) are shown on the sides of each image.
The open arrowhead marks a highly stable telomere that was rarely rearranged. The closed
arrowhead marks the highly unstable rDNA telomere

to sporulate, and the new spores were used to inoculate the respective hosts (rice
and prg). After 7 days, spores were harvested from leaf lesions and used imme-
diately to inoculate a second batch of plants. Another 7 days later, spores were
collected from leaf lesions, subjected to single-spore isolation, and the telomere
profiles of 19 representative isolates were examined.

For 70-15, only one of the single-spore cultures (#5) exhibited a telomere profile
change (see Fig. 4.1a). This involved the appearance of a single novel, but weak,
hybridization signal, which most likely represented a telomere variant that emerged
in the culture as it was being grown for DNA extraction. In contrast, all the single-
spore cultures from LpKY97-1A exhibited telomere alterations, with the number
of visible changes per isolate ranging from one to eight (Fig. 4.1b). Spores sam-
pled immediately prior to the first round of inoculation exhibited very few rear-
rangements, suggesting that most of the alterations had occurred during in planta
growth. Furthermore, parallel culturing of an aliquot of the inoculum on agar plates
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yielded spores with few telomere alterations. Considering that plate-grown cultures
typically undergo many more rounds of nuclear division than do colonies in leaf
lesions, this suggests that in planta growth significantly enhances telomere change.

4.3 Rice and Prg Pathogens have Major Differences in the
Organization of their Chromosome Ends

4.3.1 Subtelomere Structure in 70-15

We surmised that the difference in telomeric restriction fragment (TRF) stability
was due to variation between 70-15 and LpKY97-1A in the sequence content and
organization of their subtelomere/subterminal regions. The former strain was the one
selected for the first Magnaporthe genome sequencing project (Dean et al. 2005).
Unfortunately, however, a systematic bias inherent in shotgun sequencing method-
ologies (Schwartz and Farman 2010) caused telomeres to be severely underrepre-
sented in fungal genome assemblies (Li et al. 2005), and in the case of M. oryzae,
the subtelomere regions were also poorly assembled. Consequently, it was necessary
to acquire the necessary sequence information from fosmid clones containing the
14 chromosome ends (Rehmeyer et al. 2006). Analysis of these sequences revealed
that 11 of the chromosome ends contain a highly conserved sequence consisting of a
telomere-linked helicase (TLH) gene flanked by numerous short, tandem, helicase-
associated repeat (HAR) motis [Fig. 4.2a; (Rehmeyer et al. 2006)]. Based on its
presence at multiple chromosome ends, this sequence qualifies as a canonical sub-
telomere, as defined by Pryde et al. 1997. In most cases, the subtelomere sequence
extended all the way to the telomere repeats, but it was truncated to various extents
at different chromosome ends and was often interrupted by transposon insertions
and other sequences (Fig. 4.2a). Three chromosome ends lacked the subtelomere
region—telomeres 2, 3, and 12. Telomere 3 is comprised of telomere repeats
attached to 28S ribosomal RNA gene sequences, which constitute the distal end of
the major rDNA repeat (Fig. 4.2b). Aside from a short stretch of sequence that is
duplicated near telomeres 2 and 12, the corresponding subterminal regions lack fea-
tures that differentiate them from generic chromosomal sequences (Fig. 4.2c).

The TLH genes are interesting because they are widespread in fungi and
intact gene copies are almost always located within a few kilobases of a telomere
(Novikova et al., in preparation). As such, they represent the only known example
of a gene family whose members’ chromosomal positions are conserved across an
entire kingdom. The reason for this telomere proximity is unknown, but one pos-
sibility is that it is important for their function (Rehmeyer et al. 2009). However,
herein lies a conundrum because if their function is so important that their chro-
mosomal position is conserved, then why are they present only in certain fungal
strains (see below)? One reason may be that they function only under certain con-
ditions; alternatively, perhaps they are mobilized to chromosome ends through
some kind of transposon activity.
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Fig. 4.2 Summary of subtelomere/subterminal organization. The figure shows the five basic
structures that have been identified to date. The telomeres are shown on the right-hand side and
are depicted as black boxes. a shows the canonical subtelomere region that is present in most
rice pathogens. Subtelomere sequences are enclosed in a gray box. The dotted lines to the left
represent chromosome-unique sequences. Three basic subtelomere forms have been identified:
(i) standard; (ii) extended; and (iii) subtelomere core separated from the telomere by a foreign
(internal) sequence. The green arrows represent telomere-linked helicase gene, and motifs A
through H denote helicase-associated repeats (HARs). RETRO6 and sine-A are retroelements
that occur within the conserved extended subtelomere domain. Arrowheads in (i) show points
where the subtelomere sequence is truncated at other chromosome ends. b shows the distal end
of the tandem rDNA array, which terminates in a telomere. In ¢, the telomere repeats are attached
to “normal” genomic sequences, which include genes and repeats that are neither telomere spe-
cific nor are they duplicated at different chromosome ends. d depicts MoTeRs embedded within
the telomere repeats. The arrows indicate the direction of MoTeR transcription, and the small
white boxes at the 5’ ends of each element represent the variant telomere repeats. e shows a tel-
omere repeat tract embedded in the subterminal region. These repeats are often present at mul-
tiple chromosome ends and therefore qualify as true subtelomeric sequences. The scale varies
between panels so that different features can be adequately highlighted
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Another interesting feature shown by 70-15 was the presence of a “foreign”
(i.e., non-subtelomeric) sequence between telomere 14 and its subtelomere region
(Rehmeyer et al. 2006). This sequence apparently was derived via duplication of
an internal region located ~500 kb from the telomere. Comparison between the
subtelomeric copy and its internal counterpart revealed that they diverge at the 5’
boundary of a truncated insertion of MGL, a non-LTR retroelement. Presumably,
MGL inserted in subtelomere 14 and then recombined with the MGL copy at the
internal locus, perhaps during the repair of a terminal truncation. The internal
sequence was then copied to the chromosome end and eventually capped with tel-
omere repeats, giving rise to the structure seen today. This particular chromosome
end illustrates the potential for chromosome ends to capture sequences from inter-
nal genomic locations, possibly allowing for accelerated evolution of the captured
sequences.

4.3.2 Subterminal Structure in LpKY97-1A

Gao and coworkers’ (2002) surveyed TLH gene distribution among different host-
specific forms of Magnaporthe and showed them to be restricted to rice-patho-
genic isolates and absent from other host-specific populations. This told us that the
other host-specific forms must have a different subtelomeric composition. To gain
insight into the alternative organization of chromosome ends in LpKY97-1A, we
sequenced TRFs that were cloned either by screening telomere-enriched random
mini-libraries (Arkhipova and Morrison 2001) or by targeted cloning of specific
telomeric fragments (Farman 2011). This revealed that most of the telomeres in
LpKY97-1A contain insertions of two related non-LTR retrotransposons (NLRs),
which are wholly contained within the TTAGGG repeats (Fig. 4.2d). Southern
hybridization studies using probes from these elements indicated that intact cop-
ies occur almost exclusively in telomeres, while truncated copies tend also to be
found at internal chromosome locations (see Sect. 4.7).

The first transposon is ~5 kb in length and codes for a putative reverse tran-
scriptase (RT) with N-terminal zinc finger motifs and a C-terminal restriction
enzyme-like (REL) endonuclease domain (Fig. 4.3a). The second element is only
1.7 kb long and has ~800 bp from the 5’ terminus and ~80 bp from the 3’ terminus
in common with the larger element. It is distinguished from the larger element by
~800 bp of unique sequence in the middle, which potentially codes for a 232 amino
acid protein (Fig. 4.3b). We have named these elements MoTeR1 and MoTeR2,
respectively (for M. oryzae telomeric retrotransposons). Some telomeres contained
single insertions of MoTeR1 or MoTeR2 in full-length or truncated form, while
others contained tandem arrays in which adjacent MoTeR copies are separated by
short tracts of telomere repeats. Interestingly, intact copies of both elements have
variant telomere repeats at their 5’ ends with the consensus sequence, 5'-(CCCG
AA)(CCCAAA)§CCCGAA-3’ (Fig. 4.3c). We believe these variant repeats to be
instrumental in the insertion of full-length elements (Starnes et al. 2012).



4 Subtelomere Organization, Evolution, and Dynamics in the Rice Blast Fungus 77

a
@ AB CDEFG H

MoTeR1 [I T T reverse transcriptase

PD..D
(b) AB CDEF LM NO
MoTeR2 [ [T I 1
500 bp
© 35 3 5 3
u‘ MoTeR1 I . tMoTeR1 I u‘ MoTeR2 I‘ 4//

(CCCTAA),, . (CCCGAA),(CCCAAA), CCCTAA  CCCTAA(CCCGAA), (CCCAAA), . CCOTAA

Fig. 4.3 MoTeR1 and MoTeR2 organization. Putative coding regions are depicted with dark
gray arrows. Blocks of tandem repeats are shown as medium gray boxes. Light gray shading
connecting the termini of MoTeR1 and MoTeR2 shows regions of significant sequence identity
between the two elements. The positions of the restriction enzyme-like endonuclease (REL-endo)
domains are shown

BLASTXx searches indicated that the MoTeRs are most closely related to hypo-
thetical proteins in the filamentous fungi Nectria haematococca, Cryptococcus neo-
formans, Cryptococcus gattii, and Fusarium oxyxporum. Further investigation proved
these hypothetical proteins also to be encoded by telomeric NLRs, although in some
instances, the elements no longer resided at chromosome ends. The C. neoformans
NLR corresponds to the previously described Cnll element, which was reported as
inserting into copies of itself (Goodwin and Poulter 2001). Closer inspection revealed
that Cnl1, in fact, inserts into telomeres in the same manner as the MoTeRs.

A phylogenetic analysis of the RT protein placed MoTeR1 in a clade along
with the SLACS, CZAR, and CRE] retrotransposons found in various protozoan
parasites (Aksoy et al. 1990; Gabriel et al. 1990; Peacock et al. 2007; Teng et al.
1995; Villanueva et al. 1991). These elements belong to the oldest known group of
non-LTR retrotransposons and are unusual because, rather than inserting at ran-
dom genomic locations, they target specific chromosomal sequences, namely the
spliced leader RNA genes. It is believed that these elements recognize and cleave
their targets using a REL endonuclease present in the C-terminus of their respec-
tive RT proteins (Mcclure et al. 2002). Based on the phylogenetic placement of
the MoTeR1 RT and the presence of the REL endodomain, it seems likely that the
MoTeRs are site-specific transposons that target telomere repeats. Interestingly,
however, the MoTeRs are only distantly related to other transposons that insert in
telomeric sequences, which include TRAS and SART from the silkworm Bombyx
mori (Okazaki et al. 1995; Takahashi et al. 1997) and Penelope-like elements pre-
sent in animals, plants, and fungi (Gladyshev and Arkhipova 2007).

Clearly, the presence of transposons inserted in the telomere repeats presents
a major structural difference between the telomeres of LpKY97-1A and those of
70-15. Likewise, the absence of TLH genes—as revealed by Southern hybridiza-
tion—pointed to a major departure in subtelomere organization. This was confirmed
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by sequencing a number of cosmids containing LpKY97-1A sequences that were
homologous to specific 70-15 chromosome ends. Alignment of the homologous
ends suggested that TLH gene absence in the prg pathogen chromosomes was due to
terminal truncations that occurred at positions proximal to where the subtelomeres
started in the rice pathogen homologues (Starnes et al. 2012). These comparative
analyses also revealed that, unlike their 70-15 counterparts, the chromosome ends
of the prg pathogens have very few insertions of other types of transposons. Indeed,
aside from the MoTeRs, there were no additional sequence features that could
explain the enhanced instability of the prg pathogen telomeres. In addition, there
was no evidence of any kind of conserved subtelomere sequence, although some of
the telomere-adjacent sequences were duplicated at non-telomeric locations.

4.4 MoTeR Insertions Promote Telomere Instability

It was tempting to speculate that the MoTeRs somehow contribute to the frequent
rearrangements of terminal fragments in Magnaporthe strains from prg. However,
we also considered the possibility that the genetic background of the prg pathogens
predisposes them to telomere instability. For example, they might possess an ineffi-
cient telomerase enzyme, leading to frequent telomere “uncapping” and subsequent
rearrangements. To distinguish between these competing hypotheses, we crossed
FH—a prg pathogen with unstable, MoTeR-containing telomeres—with 2539 a
laboratory strain whose telomeres are comparatively stable. Progeny were collected,
and their telomere profiles were examined for stability over several generations
of vegetative growth. All progeny exhibited instability at multiple telomeres (rep-
resentative examples are shown in Fig. 4.4), essentially ruling out the possibility
that telomere instability was determined by a simple Mendelian factor and pointing
instead to multiple dominant factors. In this regard, it was significant that all of the
progeny inherited several MoTeR copies, which is consistent with the idea that the
MoTeRs cause instability. Further evidence in support of this hypothesis came from
the observation that instability was restricted almost entirely to the telomeres con-
taining MoTeR insertions (Fig. 4.4 and Starnes et al. 2012). Most of the telomeric
fragments that were inherited from 2539 were faithfully transmitted through several
generations of vegetative growth. The only exceptions were a telomere that contains
MoTeR insertions (something we discovered after the fact) and the rDNA telomere,
which, as discussed below, tends to be inherently unstable in itself.

4.5 The Molecular Basis for Telomere Rearrangements in
MoTeR-Containing Strains

To gain insight into the molecular events underlying the frequent MoTeR-induced
telomere rearrangements, we used chromosome-unique, telomere-adjacent
probes to follow alterations at specific chromosome ends. The altered telomeric
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Fig. 4.4 Telomere instability
in progeny from a cross
between perennial ryegrass
pathogen FH and rice
pathogen 2539. Ascospores
were collected and used

to start plate cultures that
were serially transferred

to fresh plates a total of 5
times. DNA was extracted
from “generations” 1 and

5, digested with Pstl,
fractioned by agarose gel
electrophoresis, blotted to
membranes, and hybridized
with a telomere probe. The
figure shows the resulting
phosphor image. DNA from
parent FH is on the left-hand
lane, and 2539 DNA is on the
right. Note that all progeny
show telomere instability, as
evidenced by alterations in
telomere profiles between
generations 1 and 5. Note
also that telomeres inherited
from 2539 were unaltered,
yet those from FH were
frequently rearranged
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fragments were then cloned using a targeted cloning method (Farman 2011), fol-
lowed by restriction mapping and end-sequencing to identify the natures of the

rearrangements.

4.5.1 MoTeR Array Expansion and Contraction Caused by
Breaks Within Internal Telomere Repeat Tracts

The use of chromosome-unique probes and subsequent telomere cloning showed
that many chromosome ends experienced simple expansions and contractions of
MoTeR arrays. LpKY97-1A TEL4 is a good example because it showed remark-
able instability. Among the 19 single spores isolated from leaf lesions, four dif-
ferent variants of the TEL4 TRF were detected (Fig. 4.5b). Furthermore, most of
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Fig. 4.5 Recurrent rearrangements at an individual chromosome end. DNA samples from
single-spore isolates of strain LpKY97-1A were digested with Pstl, fractioned by agarose gel
electrophoresis, blotted to membranes, and hybridized with a telomere probe and b a chromo-
some-unique (CU) probe derived from a terminal Pstl fragment carrying a telomeric MoTeR2
array. DNA from the LpKY97-1A starting culture is loaded in the left-hand lane. Four different
variants of the telomere were detected in panel (b) (labeled 7, 2, 3, and 4). Note that all cul-
tures containing longer telomere variants also possess some copies of the truncated versions
(open arrowheads). b Structures of variant telomeres identified in panel (a). Three different tel-
omere variants (i, ii, and iii) were cloned, and their structures were determined by sequencing
and restriction mapping. x and y show the sequences of the internal telomere tracts separating the
MoTeR2 copies depicted in ¢

the spore cultures contained more than one variant (one culture even had signals
from all four), indicating that rearrangement is extremely frequent and an ongoing
process. The sizes of the telomeric variants differed by multiples of ~1.7 kb, which
corresponds to the unit length of MoTeR2. Therefore, it appeared that this particu-
lar telomere underwent rearrangements involving simple expansions and contrac-
tions of a MoTeR2 array.

Cloning and characterization of the highly unstable LpKYTEL4 revealed
that the original telomere (the one in the starting culture) contained two full-
length MoTeR2 insertions and a drastically truncated copy which was positioned
immediately adjacent to the chromosome-unique sequence (Fig. 4.5¢). Two new
variants—one shorter and one longer—also were characterized. The shorter one
contained a single MoTeR2 distal to the truncated copy, while the longer one con-
tained three intact distal MoTeR2s (Fig. 4.5c). The organization of these clones
confirmed our suspicion that the observed rearrangements were due to MoTeR
array expansions and contractions. Moreover, the truncation points corresponded
precisely to the positions of internal telomere tracts.
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In theory, it should have been possible for the array to be contracted further to
versions containing the single truncated element or zero elements, yet such vari-
ants were not observed, nor were there faint hybridization signals of the appropri-
ate sizes. A possible explanation is that the telomere tracts flanking the truncated
MoTeR on both sides consist of only one TTAGGG repeat, while the other inter-
stitial tracts are longer—(TTTGGG)3(TTAGGG)2TTTAGGG(TTAGGG), and
(TTTGGG)3(TTAGGG); (Fig. 4.5¢). We propose that the longer tracts experience
frequent breakage, resulting in deprotected ends that terminate in short tracts of
telomeric sequence. Repair by telomere addition would produce truncations, while
ectopic recombination with MoTeRs at other chromosome ends could produce
array truncations or expansions, depending on the organization of the donor array
and the recombination point. It is worth noting that internal telomere repeats pro-
mote chromosome breaks in fungi, humans, and plants (Itzhaki et al. 1992; Nelson
et al. 2011; Wu et al. 2009; Yu et al. 2006), although in these cases, the normal
route to repair appears to be capping with telomere repeats.

The Magnaporthe strains with the longer MoTeR arrays always exhibited
faint signals from shorter variants (Fig. 4.5b), such that, in any given culture, an
estimated one in five nuclei contained a truncated version. This indicates that
breakage of internal arrays is an extremely frequent event. In striking contrast,
the shortest variant of the MoTeR array appears to be very stable. Single-spore
cultures that inherited this variant showed no hybridization signals from longer
arrays, and no segregation was observed upon further single-spore isolation. This
demonstrates that the MoTeR sequences themselves are not prone to breakage and
that the terminal repeats rarely become deprotected.

4.5.2 MoTeR Terminal Truncations

Cloning of additional TRFs and their rearranged derivatives identified a number of
terminal truncations in which the 5’ end of a MoTeR was missing and the remain-
ing sequence was capped with a canonical telomere minus the variant repeats
(Fig. 4.6a.iii). Most of our data suggest that the telomere proper is not easily com-
promised so it seems unlikely that these truncated elements arose through ero-
sion of terminal sequences. In one case, we have evidence that a chromosome end
acquired a truncated MoTeR that was already present (at a different end) in the
starting culture. It is also possible that some of these instances result from de novo
transposition of 5’ truncated elements.

4.5.3 MAGGY Insertions

Sequencing of two newly arisen TRFs identified copies of the MAGGY LTR retro-
transposon (Farman et al. 1996) inserted in the middle of MoTeR1. MAGGY con-
tains the PstI recognition sequence in each of its long terminal repeats, so insertion
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Fig. 4.6 Schematics of telomere rearrangement types detected in MoTeR-containing strains.
Types of rearrangements were determined by cloning novel telomere fragments and character-
izing their inserts by restriction mapping and sequencing. a MoTeR array alterations. (i) shows
an representative telomeric MoTeR array; (ii) through (v) show various rearranged versions. Note
the truncated MoTeR in (v) is shown in parentheses because, although we suspect that the inter-
nal sequence was captured following MoTeR array breakage/truncation, we have no direct evi-
dence to support this. b MoTeR transposition events; ¢ rDNA truncation. Open circles represent
canonical telomere repeats, and closed circles represent variant repeats. The lengths of telomere
repeats are not drawn to scale. P Pstl restriction site

of this element effectively introduces sites within the MoTeR array, resulting in a
shortening of the corresponding TRF (Fig. 4.6a.iv). To determine how frequently
MAGGY promoted TRF changes, we developed a diagnostic Southern blot test
for de novo insertions. This revealed that most of the newly formed TRFs less than
5 kb in length were caused by MAGGY insertions, occurring in either orientation.
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The MAGGY integrase protein contains a chromodomain which directs inte-
gration to heterochromatin (Gao et al. 2008) and is essential for efficient transposi-
tion (Nakayashiki et al. 2005). Their frequent acquisition of MAGGY insertions
suggests that the MoTeR arrays are rich in heterochromatin, possibly the result of
a telomere position effect.

4.5.4 Capture/Duplication of an Internal Sequence

One of the newly formed TRFs that was cloned had the telomere attached to a
sequence that was non-telomeric in the progenitor strain. Furthermore, the origi-
nal, non-telomeric locus was still present. This appears to be another example of
the capture and duplication of an internal sequence by a chromosome end, as was
previously observed at 70-15 telomere 14 (see Fig. 4.2a.iii). The duplication junc-
tion has not been characterized so the catalyst for this rearrangement is unknown.
However, as depicted in Fig. 4.6a.v, we speculate that an inter-MoTeR breakage
was possibly involved. Alternatively, a MAGGY insertion may have precipitated a
subsequent ectopic recombination event.

4.5.5 MoTeR Transposition

To date, we have detected two instances in which “naked” telomeres lacking
MoTeR insertions spontaneously gained MoTeR1 sequences (see Fig. 4.6b).
In a third case, a telomere containing only MoTeR1 gained a truncated copy of
MoTeR2 (not shown). For two of these putative transposition events, there are
fairly long tracts of telomeric sequence (6 and 9 TTAGGGs) proximal to the
MoTeR 3’ end. Thus, it is possible that the MoTeR sequences were acquired
during recombinational repair of telomeres that somehow became deprotected.
However, considering our evidence that terminal telomere repeats are resistant to
loss of integrity, we favor the transposition hypothesis. The third putative trans-
position event cannot easily be explained by recombination because the newly
acquired MoTeR was separated from the chromosome-unique sequence by just
two TTAGGG repeats, which presumably is too short a substrate for homologous
recombination. Current experiments are focused on the development of a retro-
transposition assay to confirm MoTeR1 and MoTeR2 mobility.

4.5.6 Ribosomal Array Truncations

In the LpKY97-1A progenitor strain, the rDNA telomere lacks MoTeR inser-
tions, and yet, it is highly unstable. Indeed, throughout our studies, we have identi-
fied many single-spore isolates in which the 1.9-kb rDNA fragment is absent (for
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example, see Fig. 4.1b). As in many fungi, the M. oryzae ribosomal RNA genes
occur in a large (~2 Mb) tandem array, which in M. oryzae strain 70-15 occupies a
single locus on chromosome 2. At least four of the Magnaporthe strains that we have
studied have the rDNA array extending all the way to the chromosome end where it
is capped by telomeric repeats. Cloning of a number of rearranged rDNA telomere
fragments suggests that the majority arise through simple truncation and recapping
(Fig. 4.6¢), although we cannot rule out the possibility that expansions also occur.

Instability of the rDNA telomere was also detected when analyzing the raw
sequence data generated in the 70-15 genome sequencing project. Most of the
sequence reads derived from TEL3 contained TTAGGG repeats attached at posi-
tion 7,807 in the rDNA array. However, there were six singleton traces repre-
senting variously truncated versions of the chromosome end, with the telomere
attached at rDNA positions 46, 999, 1,817, 1,908, 4,391, and 8,105. Thus, it
appears that neighboring ribosomal sequences somehow compromise the tel-
omere’s protective function.

Telomere-healed breaks have been documented in the rDNA of other organisms,
including Giardia lamblia (Arkhipova and Morrison 2001) and Neurospora crassa
(Butler 1992). In the latter case, the breaks were apparently due to the particular
strain being a partial diploid, which carried two copies of the rDNA locus. More
recently, however, we identified truncated rDNA telomere variants in the N. crassa
genome sequence data (Wu et al. 2009), indicating that truncations also occur in
haploid cells. Expansion and contraction of the rDNA array is one of the most
common causes of chromosome length polymorphisms in fungi (Zolan 1995). In
S. cerevisiae, the major mechanisms underlying size changes in the rDNA are gene
conversion (Gangloff et al. 1996) and unequal crossing-over (Petes 1980). Our
results indicate that truncation of rDNA arrays may also be a major contributor to
rDNA size variation, in organisms where the array occupies a terminal location.

In summary, the MoTeRs promote terminal rearrangements in three basic ways:
through their initial insertion into telomeres; by generating extended and, hence,
unstable interstitial telomeres upon integration; and by altering the chromatin
environment of the regions in which they reside. Some of the rearrangements that
occur have major impacts on genome organization, including duplication of inter-
nal sequences at termini and, presumably, the attendant movement of subterminal
sequence to the interior. As such, it is clear that the MoTeRs have major impacts
on M. oryzae genome organization.

4.6 Subtelomere/Subterminal Organization in Other
Host-Specific Forms of Magnaporthe

The organization of the chromosome ends in 70-15 appears to be representative of
subtelomere structure in the rice pathogen population as a whole because previous
Southern hybridization studies showed the TLH genes to be widely present among
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Magnaporthe strains from rice, although their copy numbers varied widely among
isolates (Gao et al. 2002). In addition, sequencing of representative cosmids from
other rice pathogens identified canonical, TLH-containing subtelomeres (see Sect.
4.9.1). TLH genes are almost universally absent from non-rice pathogens (Gao
et al. 2002).

Equivalent studies using MoTeR probes showed the MoTeR1 RT sequence to
be present at a high copy number in all of the prg, wheat and millet pathogens
examined, intermediate copy number in isolates from goosegrass, single copy in
the St. Augustinegrass pathogens and only sporadically present among isolates
from rice and foxtails. RT sequences were universally absent from the crabgrass
pathogens (Magnaporthe grisea). When present, the RT sequence was usually
located on a TRF and was, therefore, probably telomeric. MoTeR2 tended to occur
at a lower copy number than MoTeR1 in all of the populations analyzed and was
frequently absent.

Considering that TLH genes are present only in rice pathogens and the MoTeRs
were largely restricted to the prg, wheat and Eleusine (millets and goosegrass)
pathogen populations, this begged the question as to what the subtelomeres/sub-
terminal regions of the other host-specific forms look like. Do they have simple,
generic ends, or are there other types of conserved subtelomere sequences? We
have started addressing this question using a combination of telomere cloning and
genome sequence analysis.

4.6.1 Foxtail Pathogens

Sequencing of several cloned TRFs from a strain collected in Lexington, KY
(Arcadia 2), revealed no evidence of TLH-associated subtelomere sequences
or MoTeR sequences in the telomeres. Of the nine chromosome ends that were
sequenced, one contained rDNA sequence adjacent to the telomere repeats, two
had “generic” (i.e., non-telomeric) transposon sequences next to the telomere, and
five contained novel sequence with no matches to the 70-15 genome. Interestingly,
three of the Arcadia telomeric clones contained telomere tracts in the subterminal
regions. These tracts, which contained 4, 5, and 25 TTAGGG repeats, are highly
unusual because telomeric sequences with more than two repeats have not been
found at internal genome locations in any of the other Magnaporthe genomes that
have been sequenced.

4.6.2 Crabgrass Pathogens

Magnaporthe isolates from crabgrasses belong to a separate species, M. gri-
sea (Couch and Kohn 2002). Characterization of 13 telomeric clones from strain
217DC showed that the telomeres were comprised of uninterrupted TTAGGG
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tracts and, therefore, lacked MoTeR insertions. The subterminal regions in clones
1 and 11 had similar sequences to one another, as did the corresponding regions
in clones 4 and 13. However, in both cases, the positions of the telomere repeats
varied. Although this organization is reminiscent of the subtelomeres in the rice
pathogen 70-15, there was no sequence match. This suggests that 217DC might
have one or more novel subtelomeric sequences that differ from the one found in
the rice pathogens.

In general, the non-TLH- and non-MoTeR-containing strains had generic
chromosomal sequences immediately adjacent to the telomere repeats. This was
true also for the foxtail pathogens. However, these strains were unique in having
extended interstitial telomere in the subterminal regions. Formation of extended
internal tracts is a common response to telomerase deletion in M. oryzae (B. Wang,
B. Peppers, and M. Farman, in preparation). Thus, we propose that the interstitial
telomeres in the foxtail pathogens are generated via occasional failure of the tel-
omere maintenance machinery.

4.7 Internal MoTeR Relics are Widely Present
in Magnaporthe

Occasionally, the MoTeR RT probe hybridized to restriction fragments that were
non-telomeric. In an effort to characterize these loci, we used inverse PCR to
amplify a number of 3’ insertion junctions. Unexpectedly, in one strain, we ampli-
fied more junctions than there were hybridization signals. This implied the pres-
ence of elements with severe 5’ truncations—a suspicion that was confirmed by
using a 3’ MoTeR1 probe to reprobe the DNA samples from all of the host-specific
forms. The majority of Magnaporthe strains analyzed were found to contain short
MoTeR relics, indicating that these elements were present in the common ancestor
to M. grisea and M. oryzae and have experienced recurrent losses from the various
host-specialized populations.

In contrast to the full-length elements detected with the RT probe, most of the
truncated elements were not telomeric. Searches of genome sequences for isolates
from rice, wheat, prg, and crabgrass identified over 50 severely truncated MoTeR
3’ ends at internal genome locations. All these internal relics had intact 3’ ends,
which were separated from the adjacent chromosomal sequences by short tel-
omere repeat tracts. Considering the evidence that MoTeRs insert into telomeres,
this suggested that the relics are vestiges of formerly telomeric insertions that have
become internalized. Evidence in support of this hypothesis comes from an inter-
nal MoTeR relic in a foxtail pathogen. The vestigial telomere repeat at the 3’ inser-
tion junction of this particular relic corresponds to a true telomere identified in
a rice pathogen. This discovery of former telomeres at internal genome locations
points to a flow of genetic information from the chromosome tips to the rest of the
genome, thus reciprocating the movement of internal sequences to telomeric loca-
tions described above.
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Table 4.1 Frequency of telomere rearrangement in Magnaporthe strains isolated from different
host plants

Number of Number spore  Total number of Average # new

Host plant strains cultures novel telomeres®  telomeres/culture
Rice 10 89 14 0.16

Perennial ryegrass 7 141 75 0.53

Annual ryegrass 1 10 2 0.2

Foxtail 8 79 115 1.46

Crabgrass 3 30 9 0.3

St. Augustinegrass 1 5 7 1.4

Ginger 1 10 0 0

Para grass 1 10 1 0.1

Chinese Sprangletop 1 10 13 1.3

4 Total number of novel telomere fragments in all single-spore isolates analyzed. Faint hybridiza-
tion signals corresponding to “incipient” novel telomeres were counted. Similar-sized fragments
present in more than one isolate were counted only once

4.8 Telomere Instability in Different Host-Specialized
Isolates of Magnaporthe

Our current data suggest that the telomere instability exhibited by LpKY97-1A
largely is due to breakage of internal telomere repeat tracts that are generated as
a consequence of MoTeR insertion. This leads to the prediction that strains with
high MoTeR copy numbers should possess unstable telomeres, while those lacking
MoTeRs should have relatively stable ones (with the possible exception of the rDNA
telomere). To test this, we have explored relative telomere stability in a collection
of strains, including additional ones from rice and prg as well as representatives of
other host-specialized forms. Because the earlier in planta growth experiments had
proved to be technically challenging, for these further investigations, we simply cul-
tured the single-spored strains on oatmeal agar plates before sampling from the sub-
sequent spore generation. The results are summarized in Table 4.1.

4.8.1 Rice Pathogens

In general, the strains from rice had quite stable telomeres. Of the 10 strains ana-
lyzed, two showed no obvious variation in telomere profile among the single-spore
cultures, five had only one band change, and three had two or more changes (over-
all average = 0.16 changes/culture). In strains with a single telomere alteration,
the rDNA telomere was most likely the culprit. Note that we could not use an
rDNA probe to test this directly because the single telomeric signal tends to be
obscured by smearing of the signal from the more than 100 tandemly arranged
rDNA copies. Interestingly, the strain experiencing the most band changes (5) was
2539 a recombinant laboratory strain with MoTeR insertions in three telomeres.
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4.8.2 Prg Pathogens

All the strains from prg and the relative annual ryegrass (arg) showed telomere altera-
tions during vegetative growth, although the frequency of rearrangement varied con-
siderably, ranging from just two changes among 10 spore cultures in strain PL1-1
(arg) to 32 changes in 28 cultures of LpKY97-1A (overall average = 0.53 changes/
culture). We suspect that this wide variation in stability is because some strains lack the
extended internal telomere tracts known to be present in LpKY97-1A. Interestingly,
separate cultures of LpKY97-1A maintained by different laboratory personnel exhib-
ited significant differences in telomere stability. Most likely, this difference arose
because the repair of unstable, internal telomere tracts had resulted in the formation of
stable arrays, either through shortening or terminalization of interstitial telomere tracts.

4.8.3 Foxtail Pathogens

All strains analyzed experienced multiple rearrangements, with three yielding an
average of more than 2 novel telomeres per single-spore isolate. This was surpris-
ing because the majority of foxtail pathogens lack MoTeRs and even those that
have them possess just one copy. A possible clue to the rampant telomere altera-
tions in these strains is held by the Arcadia2 subterminal sequences, which con-
tained at least one very long internal telomere tract. According to our data, this
sequence should make the corresponding chromosome end prone to frequent
breakage, followed by healing or rearrangement.

4.8.4 Pathogens of St. Augustinegrass and Chinese
Sprangletop

Analysis of single spores from strains infecting these two hosts revealed several
novel telomeric fragments. However, in most cases, the new hybridization signals
were very faint, which suggests that the rate of telomere rearrangements is low or
that counterselection prevented nuclei with rearranged variants from gaining abun-
dant representation within the colony.

4.8.5 Pathogens of Crabgrass, Para Grass, and Ginger

Three strains from crabgrass were analyzed, one of which produced single-spore
cultures showing several faint hybridization signals from novel telomeric frag-
ments. The remaining strain, along with a single representative each from para
grass and ginger, yielded just two, one, and zero novel TRFs among 10, 10, and 8
single spores, respectively.
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4.8.6 Wheat Pathogens

Unfortunately, strict regulations governing culturing and manipulation of the
exotic wheat blast pathogen on US soil prevented us from working with live cul-
tures. Therefore, we were unable to monitor telomere stability in the wheat-
infecting strains. However, an analysis of telomere segregation in a cross between
Magnaporthe isolates from wheat and Setaria performed by a Japanese group found
frequent non-Mendelian segregation of the wheat telomere “alleles,” with three out
of 12 visible TRFs exhibiting rearrangements in just five tetrads (Chuma et al. 2011).

In summary, with the exception of the foxtail pathogens, it appears that
Magnaporthe strains with abundant MoTeRs tend to have more unstable TRFs than
the strains with one or fewer copies. Not counting the strains from foxtails, the
MoTeR-containing prg and arg pathogens experienced TRF alterations approxi-
mately four times more frequently than other strains. Along with strains from
Chinese sprangletop and St. Augustinegrass, the M. oryzae foxtail pathogens were the
champions of telomere instability. Intriguingly, the foxtail strains with the most unsta-
ble telomere profiles had many more than 14 telomeric hybridization signals, and
several of the signals were unusually intense. Based on telomere organization in the
Arcadia2 strain, we suspect that this reflects an abundance of long, interstitial telom-
eres in the subterminal regions of the foxtail pathogens. As noted above, we believe
that these to be created through occasional failure of the telomere maintenance
machinery. Given the potential for internal breaks to generate terminal rearrange-
ments, this raises the intriguing possibility that there is an adaptive advantage to such
failure and, furthermore, that it is genetically programmed. Indeed, this may be an
explicit example of “adaptive telomere failure”—a phenomenon that had been postu-
lated to exist (McEachern 2007), but, until now, there have been no known examples.

4.9 Comparative Analysis of Subtelomere/Subterminal
Regions

Based on our limited sequencing, it appears that Magnaporthe has at least six dis-
tinct telomere/subtelomere/subterminal structures: (1) Rice-infecting strains are
unique in having a conserved subtelomere sequence containing a telomere-linked
helicase gene; (2) strains from perennial ryegrass, wheat, weeping lovegrass, and
millets have numerous MoTeR insertions within their telomeres; (3) the foxtail
pathogen Arcadia? has extensive telomere tracts in its subterminal regions; (4)
the crabgrass pathogen 217DC possesses novel subtelomere sequences; (5) sev-
eral strains have rDNA sequences in the subterminal regions; and (6) all strains
examined had one or more telomeres that adjoined generic chromosomal sequence
lacking notable features. To gain insight into how these various structures may
have evolved, we have started to compare homologous chromosome segments
among the various host-specific forms.
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Fig. 4.7 Evolution of telomeres 2 and 12. A probe derived from sequences immediately adja-
cent to telomere 2 of 70-15 was used to screen a cosmid library of Guyl1 genomic DNA. This
resulted in the identification of subtelomere 8, which contains a copy of the sequence adjacent
to telomere 2 (Farman and Leong 1995). Subtelomere 2 of strain ML33 was identified in a cos-
mid library by screening with a TLH gene probe. The telomeric ends of each clone are on the
right. Regions of sequence identity are connected with gray shading. Single and low copy genes
are depicted as white arrows. Repetitive elements are represented by colored boxes. Boxes with
inverted arrowheads are inverted repeat transposons, while those bound by small boxes contain-
ing arrowheads are LTR retrotransposons. Small boxes with arrowheads represent solo LTRs.
Boxes lacking arrowheads or tails represent truncated elements. Yellow RETROG6, blue Pot2/
Pot4, orange MGL, brown Pyret, red MAGGY

4.9.1 “Generic” Chromosome Ends in 70-15

The origin of the generic telomeres in 70-15 was illuminated by cloning homolo-
gous chromosome ends from two other rice pathogens, Guyl1l and ML33. Guyl1
was a recurrent parent in the backcrossing scheme that produced 70-15 (Chao and
Ellingboe 1991) and contributed at least 10 telomeres to the latter strain, includ-
ing telomere 2. In Guyl1, the sequence adjacent to telomere 2 is duplicated near
telomere 8. To understand the nature of this duplication, we cloned the corre-
sponding region from a cosmid library of Guyl1 DNA. Interestingly, in the dupli-
cated region, the sequence found adjacent to telomere 2 in 70-15 was bordered
by a canonical subtelomere (Fig. 4.7)—an organization that was mirrored in a
subtelomere-containing cosmid clone from a third strain, ML33 (Fig. 4.7). From
this, we conclude that telomere 2 in Guyl1 and 70-15 was derived via truncation
of a chromosome end that once possessed a canonical subtelomere. Interestingly,
Guyl1 subtelomere 8 also contained the sequence that occurs immediately adja-
cent to 70-15 telomere 12, albeit in an inverted orientation (Fig. 4.7). Thus, it
appears that the subtelomere region capped by telomere 12 in 70-15 could also be
a truncated derivative of a chromosome end that once contained a TLH gene.

On reflection, it is not surprising to find that subtelomeres 2 and 12 arose
through terminal truncations because the general organization of the 70-15
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subtelomeres indicates an evolutionary history replete with such events. One
would expect recurrent truncations eventually to cause TLH gene elimination.
However, losses of terminal sequence appear to be counterbalanced by the occa-
sional duplication of entire chromosome ends, as reflected by 70-15 subtelomeres
5 and 10, which have identical organizations, right down to the specific nucleotide
position where the telomere repeats are attached (Rehmeyer et al. 2006). The pres-
ence of doubly and triply, etc. intense TLH gene hybridization signals in Southern
blots of DNAs from numerous rice-infecting strains (Gao et al. 2002) points to
similar duplication events.

4.9.2 Evolution of the Conserved Subtelomere Domain
Found in Rice Pathogens

Gao and coworkers have previously shown that TLH gene sequences are restricted
to Magnaporthe isolates from rice (Gao et al. 2002). These findings were based on
Southern hybridization analysis using a probe containing only a part of the TLH
open reading frame (ORF). Consequently, it was not known whether the TLH
gene alone has a limited distribution, or whether the entire subtelomere region
is specific to rice-infecting isolates. To address this question, we used the com-
plete subtelomere sequence to search genome assemblies of M. oryzae isolates
from wheat (2 isolates), perennial ryegrass (2 isolates) and annual ryegrass (1 iso-
late), and a single isolate of M. grisea (crabgrass). The proximal region of sub-
telomere region II (II-A) was not found in any of the genomes analyzed, nor was
the distal portion of region I (I-B) (Fig. 4.8). In contrast, various portions of the
sequence between the RETROG6-1 insertion and the TLH gene were identified, but
they were not contiguous in the other genomes. For example, sequences present
in II-A and II-B were identified in most of the genomes that were examined but
were never found adjacent to one another (Fig. 4.8). Region A occurred at a copy
number of up to three in any given genome, and in all instances, the RETRO6-1
insertion was missing. In contrast, the homologous loci did possess an Mg-SINE
insertion at the expected location, but the element was intact, whereas the one in
the 70-15 subtelomere is 5’-truncated. All the “non-rice pathogen” genomes con-
tained sequences matching region II-B, but these sequences were not bounded by
Mg-SINE or HARs repeats. Furthermore, the newly identified sequences appear
to represent an ancestral II-B locus structure because all of them could be aligned
well beyond the points where the Mg-SINE and HARs are located in the 70-15
subtelomeres (Fig. 4.8).

Most of the genomes analyzed lacked HAR sequences, except for the M. gri-
sea isolate (from crabgrass) and two M. oryzae genomes. In these cases, a single
abbreviated HAR-DEF array was identified upstream of a very short segment from
the 5’ end of the TLH ORF. Similarly-truncated TLH sequences were identified
in all but one of the remaining genomes, but, in these cases, they were unlinked
to any other subtelomere-related motifs. Only one non-rice pathogen—an isolate
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Fig. 4.8 Distribution and organization of subtelomere sequences in Magnaporthe. The sub-
telomere sequence from strain 70-15 was used to search genome sequences of Magnaporthe
isolates infecting other host species. These isolates were as follows: M. oryzae: TaKY11 and
wbss—wheat; LpKY97-1A and FH—perennial ryegrass; and PL3-1—annual ryegrass. M. gri-
sea: v0107—crabgrass. Notable sequence features are colored: green TLH sequences, yellow
RETROG6 retrotransposon, brown RETRO7 LTR, yellow, blue, lilac, and red HAR-C, HAR-D,
HAR-E, and HAR-F, respectively. Regions with significant sequence identity are connected with
gray shading. Regions having no matches to any of the other chromosome segments in the figure
are not connected with shading. Sequences that are unique to a specific isolate are marked with
exclamation marks

from wheat—appeared to contain an almost intact TLH ORF (possibly lack-
ing its 3’ end), but the corresponding sequences were contained on several very
short contigs, and consequently, their positions relative to the sequences shown in
Fig. 4.8 (and to one another) are unknown. Based on these data, it appears that
the conserved subtelomere sequence found at multiple chromosome ends in the
rice pathogens is actually a mosaic of much shorter sequences derived from sev-
eral internal chromosome regions, with transposons and HARs repeats defining
the fusion points between the different segments.

The different host-specific forms of Magnaporthe exhibited significant struc-
tural variation at the loci containing TLH gene relics (Fig. 4.8). The homolo-
gous loci differed in transposon insertion/excision patterns and showed evidence
of having underdone a number of translocations. So, while these relics appear to
be no longer located near telomeres, the abundance of rearrangements is prob-
ably a reflection of their past residence in the highly dynamic terminal regions.
Interestingly, the distribution patterns of the TLH genes/relics are strikingly simi-
lar to those of the MoTeRs. Specifically, full-length genes are widely present and
occur at high copy numbers only in certain pathogen populations (in this case,
the rice pathogens). Intact genes can be found in other host-specialized forms but
are extremely rare, whereas truncated forms (in this case, 3’ truncated copies) are
almost ubiquitously present within Magnaporthe but are found at internal genome
locations.
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4.9.3 Subtelomeres as Regions of Genome Innovation

Although we were able to identify portions of TLH regions in other host-spe-
cific forms of Magnaporthe, these sequences did not appear to be linked to tel-
omeres. Likewise, analysis of 39 telomeres in strains from crabgrass, foxtail,
wheat, and perennial ryegrass (7 strains total) provided no evidence for the exist-
ence of TLH-related sequences in the associated subtelomere regions. This sug-
gested that the subtelomeres of non-rice strains have an entirely different origin
and structure. Further insight into the organization and evolution of TLH-lacking
subtelomeres was gained first by utilizing genome data to expand the available
information on the telomere-linked sequences, followed by the use of BLAST to
identify the corresponding regions in the 70-15 genome. This revealed that only
23 of the 39 newly identified subtelomere regions had matches in 70-15, and
among this subset, only 11 matched a genomic location that was within 100 kb
of a 70-15 telomere. Indeed, many of the sequences that were subtelomeric in the
non-rice pathogens were firmly embedded in the middle of a 70-15 chromosome
(Table 4.2). Although it was not possible to perform a complete analysis in the
reciprocal direction due to incomplete genome assemblies for the non-rice patho-
gens, a number of the sequences that are subterminal in 70-15 were located in the
middle of large sequence contigs in the other strains (data not shown).

The discovery of so many apparent subterminus <—— internal region trans-
locations was surprising because genetic mapping studies show that, in general,
the genomes of different host-specialized forms of M. oryzae tend to be co-lin-
ear. The chromosome regions in question were usually comprised of single-copy
sequences, making it unlikely that asymmetric duplications are responsible for this
discrepancy. Instead, it would appear that subterminal sequences frequently insert
themselves at internal genome locations, with destroying regional organization. It
is important to note, however, that we cannot rule out the existence of sequence
duplications that were “collapsed” during sequence assembly.

For 29 of the newly identified subterminal sequences, the sequences imme-
diately adjacent to the telomere repeats had no matches to the 70-15 genome.
The lengths of the novel sequences ranged from 70 bp to more than 30 kb (aver-
age = 16 kb) (Table 4.2). Likewise, the distal portions of 12 subtelomeres in 70-15
lacked matches in the other strains, although, not surprisingly, most of the non-
matching segments involved portions of the TLH region. Nevertheless, at least one
subterminal region in 70-15 contains almost 14 kb of sequence that was not found
in any of the other strains analyzed.

Gene finding programs predicted that many of the longer novel DNA seg-
ments have protein-coding potential. BLASTx and BLASTp searches of the NCBI
nr protein database failed to identify any putative functions for the correspond-
ing proteins. Interestingly, however, the top matches in the database were usually
Magnaporthe proteins encoded by the 70-15 genome. So, although the novel sub-
terminal sequence regions had no obvious similarity to the reference genome at
the nucleotide level, protein similarity was retained. This suggests that the novel
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Table 4.2 Comparative analysis of telomere-adjacent sequences in different Magnaporthe

strains
Matching scaffold in Distance from 70-15 Length of unique
Host strain 70-15% telomere® sequence
M. oryzae
Foxtail
Arcadia 2
1 - - >285 bp
2 7.5¢ 1.2 Mb -
3 - - >1.3 kb
4 7.4b 135 kb -
5 7.4b 139 kb 1.85 kb
6 _ _
7 7.4e 9 kb -
8 _ —
9 7.7e 759 kb -
Prg
LpKY97-1
1 rDNA - -
2 7.3b 44.9 kb -
3 7.5b 26.5 kb 1.2 kb
4 - - 8 kb
5 7.1b 2.8 Mb 2.6 kb
6 7.4b 30.5kb 2.6 kb
7 7.4b 135 kb >21 kb
8 7.2e 153 kb 9.6 kb
9 7.8¢ ? 1.3 kb
FH
2 - 140 bp 9.1kb
3 rDNA - -
5 7.3e 17.9 kb -
8 7.6e 19.6 kb -
11 7.5b 26.5 kb 1.2 kb
Wheat
WHTQ
1 - >3.2 kb
2 - >233 bp
WBSS
1 - - 19.8 kb
TaKY11
1 7.1e 2.5 Mb 34 kb
2 7.5b 83 kb 22.5kb
M. grisea
Crabgrass
Dc217
1 - - 70 bp
2 7.5b 70 kb >300 bp
3 7.1b 2.75 Mb >1.4 kb

(continued)
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Table 4.2 (continued)

Matching scaffold in Distance from 70-15 Length of unique
Host strain 70-152 telomere® sequence
4 - - ~10.7 kb
5 - - ~8 kb
6 7.6e 20.9 kb 1.4 kb
7 - - 2.6 kb
8 7.5 1.3 Mb -
9 - - >8.3 kb
10 - -
11 - - 2.6 kb
4 b match is nearest to the beginning of scaffold; e match is nearest to the end; “~” no match;

poor match or repeated sequence
b Indicates position of query sequence relative to the nearest telomere in 70-15. “?” distance to
telomere unknown

subterminal sequences are actually highly diverged copies of internal genome
regions. Closer examination of these presumed duplications points to a complex
origin because separate genes that are closely linked in the novel chromosomal
segments appear to have been derived from multiple, dispersed genome locations.
The same properties were exhibited by the telomere-adjacent sequences at the
chromosome ends of the related fungus N. crassa (Wu et al. 2009). Thus, it may
prove to be a common phenomenon that fungal chromosome ends are repositories
for novel sequences generated via terminal duplication and subsequent divergence
of internal chromosome regions.

The above comparative studies highlight the dynamic nature of the subtelom-
eric/subterminal regions. Specifically, we find that sequences found near to the tel-
omeres in one strain of the fungus are rarely subterminal/subtelomeric in another.
This implies the frequent shuttling of sequences back and forth between the chro-
mosome ends and the rest of the genome. Such movement is often coupled with
the duplication of the sequences involved. The net effect is to generate subterminal
sequences that are often mosaics of highly diverged copies of dispersed regions
from the genome interior.

4.10 Conclusion

Here, we show that the chromosome ends of certain M. oryzae strains experience
alterations at an extremely high frequency. Indeed, in some cases, it appears that
occasional failure of the telomere maintenance may be genetically programmed as
a means to generate terminal sequence diversity. As noted above, the subterminal
regions of the M. oryzae chromosomes harbor avirulence genes that tend to trigger
host defense responses—a situation paralleling the variant surface glycoproteins
of Trypanosoma brucei (Berriman et al. 2005) and the variant surface antigens of
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Plasmodium falciparum (Hernandez-Rivas et al. 1997). In the latter pathogens,
telomere proximity is believed to be instrumental in antigenic switching, wherein
the expression of the variant surface proteins is continually changed (Horn and
Barry 2005), allowing the pathogens to evade the host’s immune system. Clearly,
the events we have documented at the M. oryzae telomeres have the potential to
alter gene expression, be it through gene deletion, translocation, or repression/
activation. Consequently, the observed telomere dynamics may serve to switch
avirulence gene expression in M. oryzae. This would be beneficial to the fungus
because it would allow M. oryzae to alter its secreted profile to avoid recognition
by the plant’s surveillance system, in turn expanding the potential host range.

It is worth pointing out that the majority of avirulence genes identified to date
have been discovered in rice blast pathogens. One might question the advantage
of these genes residing near to telomeres that are relatively stable. However, while
we observed stability over the short term, the structures of the rice pathogen sub-
telomeres point to histories replete with terminal truncations, and the subtermi-
nal regions bear the hallmarks of numerous deletions of chromosome segments
between transposon insertions (Rehmeyer et al. 2006). Thus, a potential for aviru-
lence gene deletion remains, albeit at a slower rate than what would be expected
for strains containing MoTeRs, or interstitial telomeres.

The M. oryzae genome codes for upward of 500 small, secreted proteins
(SSPs), many of which are translocated into the host cell along with the effectors
that confer avirulence. Only a very small proportion of the SSP genes map near
to telomeres (Rehmeyer et al. 2006). It is, therefore, highly significant that the
ones with avirulence activity (i.e., host defense triggering capability) and, hence,
experiencing the strongest negative selection, are found so often in subterminal
locations. This situation implies that SSP genes with avirulence activity are some-
how able to migrate to the chromosome ends. Our studies of telomere dynam-
ics have uncovered plausible mechanisms by which this could be accomplished.
Specifically, we have shown that telomeres are capable of capturing internal
sequences, presumably in response to terminal damage. Conversely, mechanisms
exist by which terminal sequences can be relegated to internal chromosome posi-
tions. Acting together, these processes could allow fungi to take maximal advan-
tage of the dynamic telomere environment by accelerating the evolution of genes
with critical ecological roles.
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Chapter 5
Pneumocystis carinii Subtelomeres

James R. Stringer

Abstract Pneumocystis carinii is a yeast-like fungus that dwells exclusively in
rats, where it is subjected to the host immune response. Immune pressure is coun-
tered by three subtelomeric gene families that generate antigenic diversity in popu-
lations of P. carinii. Members of the three gene families are grouped together in
tandem arrays that appear to have been generated by recombination and modified
by further recombination events after array formation. One of these gene families,
MSG, encodes various forms of a major surface glycoprotein. In a given P. carinii
organism, all but one of the members of the MSG gene family appear to be tran-
scriptionally silent. The expressed MSG gene is adjacent to a unique locus (the
expression site). Different MSG genes can occupy the expression site, suggesting
that recombination can take a gene from a pool of silent donors and install it at
the expression site, thereby extinguishing transcription of the previous expression
site resident, activating transcription of the newly installed MSG gene, and chang-
ing the surface of the microbe. Switching at the expression site is probably facili-
tated by the subtelomeric locations of expressed and silent MSG genes. A second
subtelomeric gene family, MSR, is not strictly regulated at the transcriptional
level, but may contribute to phenotypic diversity via high-frequency frameshifting
caused by coding poly(G) tracts in some MSR genes.

5.1 P. carinii and Other Species in the Genus Pneumocystis

Pneumocystis carinii is a yeast-like member of the fungal phylum ascomycota,
which includes the well-studied yeasts Candida albicans, Saccharomyces
cerevisiae, and Schizosaccharomyces pombe (Eriksson 1994; Redhead et al. 2006;
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Liu et al. 2009). However, unlike these three yeasts, which are ubiquitous in the
environment, proliferate robustly in culture, and are amenable to study using
both genetics and biochemistry, P. carinii has been found only in the lungs of
Norwegian rats and proliferates little in culture (Stringer 2002; Keely et al. 2003;
Cushion and Stringer 2010). Consequently, P. carinii is relatively difficult to
study.

Members of the genus Pneumocystis have been seen in numerous other mam-
malian species. DNA sequences suggest that each species of mammal carries
at least one species of Pneumocystis. Four additional species have been named
so far. P. jirovecii is found in humans, laboratory mice can carry P. murina,
and rabbits are routinely colonized by P. oryctolagi (Stringer et al. 2002, 2009;
Keely et al. 2004; Cushion and Stringer 2005; Dei-Cas et al. 2006; Brubaker
et al. 2009). Another species, P. wakefieldiae, occurs in Norwegian rats, some-
times concurrently with P. carinii (Cushion et al. 2004, 2005). Although
some early studies reported that Pneumocystis from humans can proliferate in
mice, these reports appeared before it was possible to discriminate one spe-
cies of Pneumocystis from another (Sethi 1992). It has since been shown that
Pneumocystis species are host specific (Gigliotti et al. 1993; Durand-Joly et al.
2002; Aliouat-Denis et al. 2008).

Pneumocystis species are famous for causing pneumonia in immunodeficient/
immunocompromised mammals. For example, P. jirovecii causes lethal pneumo-
nia in immunocompromised individuals, such as victims of AIDS (Smulian et al.
1994; Keely et al. 1996; Miller 1999; Huang et al. 2011). However, the natural
habitat of Pneumocystis species is the airway of immunocompetent mammals,
where they are subjected to immune attack (Cushion et al. 2010). Such attacks
can lead to the elimination of the fungus from an individual host. Though lim-
ited, the survival time in an immunocompetent individual tends to be sufficient
to allow transmission to a new individual. This situation appears to have devel-
oped in rats millions of years ago, and similar relationships were formed between
other Pneumocystis and mammalian species (Keely et al. 2004; Keely and Stringer
2005; Fischer et al. 2006).

5.2 Surface Variation Via Restricted Expression
of a Subtelomeric Gene Family

Complete dependence on the Norwegian rat makes P. carinii an obligate parasitic
fungus. Microbes that depend upon proliferation in immunocompetent hosts tend to
have mechanisms that work to delay destruction by the immune response, thereby
raising the probability of transmission to a new host (Deitsch et al. 2009). One such
mechanism is rapid surface variation caused by differential expression of one or
more gene families encoding different forms of proteins found on the surface of the
microbe. These gene families are often located subtelomerically, a location that can
facilitate DNA recombination, which is a mechanism that can be used to control
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the expression of gene families in a digital fashion, whereby activating the expres-
sion of one gene or genes automatically inactivates the expression of others.

In P. carinii, the MSG gene family resides at subtelomeres and encodes dif-
ferent isoforms of a major surface glycoprotein (Stringer et al. 1991; Sunkin and
Stringer 1996; Stringer and Keely 2001; Stringer 2003, 2007; Keely et al. 2005;
Keely and Stringer 2009). Different cells in a population of P. carinii can express
different MSG isoforms (Wada et al. 1995; Sunkin and Stringer 1996, 1997).
Expression of the MSG gene family appears to be controlled by recombination
(Fig. 5.1). The MSG gene that is adjacent to a unique expression site is expressed,
while all other MSG genes remain untranscribed, but can be moved to the expres-
sion site (Sunkin and Stringer 1996, 1997; Stringer and Keely 2001). Installation
of a new MSG gene at the expression stops transcription of the formerly expressed
gene and simultaneously activates transcription of the newly installed gene. The
model would allow the expression of only one MSG gene at a time in a haploid
cell, and the vast majority of the cells in a population of P. carinii are haploid.

The lack of a method to produce clonally derived populations of P. carinii
has precluded direct tests of the hypothesis that MSG expression is completely
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transcription ?
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— | MSG A —«@l® Expressed gene
X
— MSG B |—«@l®» Donor gene
! ! Recombine at X to switch MSG B on and MSG A off
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transcription -:l MSGB I ARARAAR

Fig. 5.1 The expression site model of MSG gene transcription. The expression site is a unique
locus at the end of one of the 17 chromosomes in the P. carinii genome. This site contains the
only genomic copy of the sequence encoding the upstream conserved sequence (UCS), which is
found at the beginning of mRNAs encoding diverse MSGs, because the UCS is transcribed along
with the adjacent MSG gene. When the expression site is occupied by the MSG A gene, MSG A
mRNA is produced. (Translation starts in the UCS, and the UCS-encoded peptide functions to
send the protein into the ER, where it is processed and modified for deposition on the cell sur-
face.) The MSG gene that resides at the expression site can be changed via recombination. In the
example shown, recombination occurs between the expression site and a donor MSG gene called
MSG B. Thus, recombination would turn MSG A transcription off and turn MSG B transcription
on (the genome of P. carinii contains approximately 73 donor MSG genes, most of which have
been seen at the expression site). The recombination event shown occurs between copies of a
25-bp sequence known as the conserved recombination junction element (CRJE). Every MSG
gene begins with a copy of the CRJE, and a copy of the CRIJE is located between the UCS and
adjacent MSG gene. However, there is no direct evidence for CRJE x CRIJE recombination, and
recombination could occur within MSG coding sequences. Filled ovals represent telomeres
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dependent on linkage to the expression site. Nevertheless, three lines of evidence
strongly support the expression site model depicted in Fig. 5.1. (1) The expres-
sion site contains the upstream conserved sequence (UCS), which encodes the
RNA sequence found at the 5" ends of transcripts encoding diverse MSGs (Wada
et al. 1995; Edman et al. 1996). No transcript encoding an MSG and lacking the
UCS has been described. (2) If P. carinii were to make UCS-less MSG transcripts,
these would probably not be efficiently translated because MSG genes lack
canonical translational initiation sites. By contrast, the UCS encodes such a site,
and the first amino acids in MSG precursor proteins are UCS-encoded. In addi-
tion, the UCS leader peptide appears to be required to send an MSG preprotein
into the endoplasmic reticulum, where it is glycosylated, trimmed off its leader
peptide, and then deposited on the cell surface (Sunkin et al. 1998). (3) Studies
employing monoclonal antibodies have supported the hypothesis that linkage of
an MSG gene to the expression site occurs in cells that have the protein encoded
by the UCS-linked gene on their surface. In these studies, antibodies were used
to identify and quantify the fraction of P. carinii cells that expressed the MSG
isoform that contained an epitope unique to that isoform (the C11 epitope), and
PCR was used to determine the fraction of P. carinii cells that had a UCS-linked
MSG gene encoding the C11 epitope. Populations of P. carinii from different rats
were observed to differ by up to tenfold in both respects. The fraction of cells
that expressed the C11 epitope expression correlated with the fraction of cells
where the UCS was linked to the MSG gene encoding this epitope (Schaffzin and
Stringer 2004).

The MSG gene family has been seen in six Pneumocystis species (Stringer et
al. 1993; Garbe and Stringer 1994; Wright et al. 1994, 1995a, b; Haidaris et al.
1998; Schaffzin et al. 1999a; Schaffzin and Stringer 2000; Keely et al. 2007).
However, P. carinii is the only species in which subtelomeres have been studied
in detail. These data offer insights into the origin and function of MSG genes and
other gene families in this species.

5.3 P. carinii Subtelomeres

Underwood et al. (1996) were the first to describe a cloned P. carinii subtelomere,
which they obtained by using a S. cerevisiae artificial chromosome vector in
S. cerevisiae. One clone contained an 8.3-kb segment that ended with tandem cop-
ies of TTAGGG, the telomere repeat usually found in organisms from the animal
and fungal kingdoms, but not at S. cerevisiae telomeres. Copies of the TTAGGG
repeat were shown to be present in all P. carinii chromosomes and to be hypersen-
sitive to Bal31 exonuclease digestion, indicating that they are located at chromo-
some ends (Underwood et al. 1996).

The subtelomeric region in the DNA segment studied by Underwood et al.
contained part of a member of the MSG gene family. It had been shown that the
expression of the MSG gene family involves a unique expression site that contains
a sequence present in the 5’ ends of messenger RNA molecules encoding different
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isoforms of MSG (Fig. 5.1). This sequence came to be known as the UCS. The
UCS is located near a telomere because this locus was rapidly degraded when
chromosomes were treated with Bal31 exonuclease (Sunkin and Stringer 1996;
Wada and Nakamura 1996). In addition, a second cloned P. carinii subtelomere
contained the UCS, which was adjacent to an MSG gene, which was followed
by subtelomeric repetitive sequences and telomere-specific tandem repeats of
TTAGGG (Wada et al. 1996).

Later studies employed two-dimensional pulsed-field gel electrophoresis to
show that many MSG genes lie within 60 kb of telomeres (Cornillot et al. 2002).
These data suggested that it might be possible to clone complete subtelomeric
gene arrays by using a cosmid vector and screening for cosmids that contain both
an MSG gene and a telomere repeat. In addition, other data had shown that P. cari-
nii MSG genes tend to be linked to members of two other gene families, PRT1 and
MSR (Wada and Nakamura 1994; Lugli et al. 1997; Russian et al. 1999; Schaffzin
et al. 1999b; Ambrose et al. 2004).

A pWEB cosmid library was screened for hybridization to probes for MSG,
MSR, PRT1, and a conserved sequence known to reside between protein-cod-
ing genes and the telomere repeat. This approach yielded 60 candidate clones.
Analysis of these clones identified three clones that contained the UCS, at least
one MSG gene and copies of the telomere repeat and seven that contained DNA
segments that lacked the UCS, but included at least one MSG gene, and at least
one MSR genes. PRT1 genes were present in six of these clones (Keely et al.
2005).

The inserts in the UCS clones were partially sequenced, and the inserts in the
seven cosmids carrying MSGs not linked to the UCS were completely sequenced.
The inserts in two cosmids that lacked the UCS, 11H12, and 1B2 came from the
same subtelomere, but started and ended in different locations. These data were
combined to produce contig 11H12 4 1B2. Therefore, cosmid cloning produced
six different subtelomeres containing MSG genes that were not at the UCS (i.e.,
donor MSG genes, see Fig. 5.2).

5.3.1 UCS Subtelomere Structures

The three clones that contained the UCS resembled a lambda clone previously
described (Wada and Nakamura 1996) and contained a single UCS-linked MSG
gene, followed by subtelomeric and telomeric repeats. Three previously character-
ized UCS clones had the same structure (Sunkin and Stringer 1996). However, previ-
ous studies had described three clones that contained the UCS followed by more than
one MSG gene, showing that the region between the UCS and the telomere can con-
tain more than one gene (Sunkin and Stringer 1996). The number and types of genes
downstream of the UCS-linked MSG gene are of interest when considering possible
recombination events that could be used to move a gene from a donor subtelomere to
the UCS locus, especially in light of the organization of donor MSG genes.
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Fig. 5.2 Structures of six subtelomeric gene arrays. Arrows are open reading
frames (ORFs) and point in the direction of transcription. Crosshatched arrows
are ORFs that are present in one copy in the P. carinii genome. Solid arrows are
members of the PRT1 (black), MSR (white), and MSG (gray), gene families.
Rectangles with vertical lines represent noncoding DNA. Filled circles represent
telomeres. All features except the telomere are drawn to scale. 5'F and 3'F indicate
ORFs corresponding to the 5’ and 3’ ends, respectively, of either an MSG (gray
arrow) or an MSR (white arrow) gene. G12, G18, and G20 indicate MSR genes
that contain a coding poly G mononucleotide tract containing 12, 18, and 20 Gs,
respectively. The dashed-line boxes enclose regions that were identical

5.3.2 Structures of Subtelomeres Carrying Donor
MSG Genes

Figure 5.2 shows maps produced from sequencing cloned subtelomeric gene
arrays (Keely et al. 2005). The maps were produced by assembling shotgun
sequence reads from each insert. The accuracy of the maps produced from assem-
bled sequence reads was confirmed by the analysis of cosmid DNA with restric-
tion endonucleases.

One end of each subtelomeric segment begins with a sequence that is not
repeated in the P. carinii genome. The uniqueness of these sequences was shown
by Southern blot hybridization to P. carinii chromosomes that had been sepa-
rated by pulsed-field gel electrophoresis. These experiments also mapped these
unique sequences to five of the 17 P. carinii chromosomes, thereby allowing each
repeated gene array to be assigned to a chromosome (Keely et al. 2005).
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In all but one case, 22C8, the other end of the sequence contains copies of the
telomere repeat. There is a complex repeat between the last MSG gene and the tel-
omere repeat. The complex repeat regions in the six subtelomeres are all different,
but resemble each other and those described previously (Underwood et al. 1996;
Wada and Nakamura 1996).

The cloned donor gene arrays contain genes from different gene families, and
all such genes point in the same direction. This situation has implications for evo-
lution and expression of all three gene families.

5.3.3 Evolution of Gene Families in P. carinii

Often, the mechanism of gene family expansion can be inferred from the locations
and orientations of family members. For example, it is known that when there are
two adjacent copies of a sequence, this allows unequal reciprocal homologous
recombination, usually involving sister chromatids, to produce additional copies
of that sequence. Expansion via this mechanism produces identical copies that are
located next to one another and pointed in the same direction (a tandem array).

The P. carinii subtelomeres shown in Fig. 5.2 feature tandem arrays of genes
that are all pointed in the same direction, consistent with the hypothesis that une-
qual reciprocal homologous recombination contributed to the formation of these
arrays. The structure PRTI-MSR-MSG occurs seven times. In addition to the
seven perfect copies of PRT1-MSR-MSG, the 11H12 + 1B2 subtelomeric gene
array has what appears to be a degenerate PRT1-MSR-MSG repeat because there
is a fragment of an MSR gene (Fig. 5.2, 3’F) between the terminal PRT1 and MSG
genes. Apparent fragments of MSG/MSR genes also occur in other arrays (17D7
and 3G5). Tandem arrays can be imperfect because mutational events can occur
after duplication. The prevalence of the PRT1-MSR-MSG motif suggests that this
three-gene unit expanded in number to generate all three gene families.

All of the PRT genes were followed by a 600-bp element that is 90 % identi-
cal to the 5’end of the P. carinii thioredoxin reductase gene, which is also located
downstream of one PRT1 gene (Kutty et al. 2003). These data indicate that the
evolution of the PRT1 gene family involved co-amplification of a part of the
thioredoxin reductase gene along with the upstream PRT1 gene. It is not known
whether the PRT1 gene that resides upstream of the complete P. carinii thiore-
doxin reductase gene is located in a subtelomere, or wheather there are MSG or
MSR genes nearby. In any event, it is clear that the gene amplification events that
generated the P. carinii PRT1 gene family included part of the thioredoxin gene.

It is interesting to note that other species of Pneumocystis do not contain mul-
tiple copies of the PRT1 gene. There is single copy of this gene (called Kex1) in
both P. murina and P. jirovecii (Kutty and Kovacs 2003). Given the evidence that
the PRT1 family formed in concert with the formation of the MSG gene family in
P. carinii, the lack of a PRT1 family in other species suggests that the P. carinii
gene families formed after P. carinii diverged from the last common ancestor of the
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Pneumocystis species that have been studied. The alternative view that other species
have lost the additional copies of the PRT1 gene is very unlikely given that PRT1
genes are interdigitated with MSG genes in P. carinii. It is not known whether MSR
genes exist in other species, but if they do not, this would further illustrate the dra-
matic genomic difference between P. carinii and other members of the genus. Such
genomic differences are difficult to reconcile with the view that Prneumocystis con-
tains a single species (Cushion and Stringer 2005; Stringer et al. 2006).

The absence of the PRT1 gene family from other Pneumocystis species seems
even more remarkable given that other species have multiple MSG genes that
occur in clusters and rely on the attachment to a unique transcriptional expression
site. It seems possible that each species has developed its own MSG gene family
independently. In keeping with this speculation, each species has a UCS locus, but
UCS loci vary considerably among species (Keely et al. 2007).

While the prevalence of the PRT-MSR-MSG motif in P. carinii is striking,
and suggests a role for this motif in the amplification of all three gene families,
other data indicate that other types of recombination events must have contributed
extensively to forming the gene arrays seen today. When a gene array expands
via unequal reciprocal homologous recombination, the new copy or copies of the
gene are identical to the older copies. Mutation can occur thereafter, but still, one
might expect to find the MSG genes within an array to be more similar to one
another than to MSG gene in other arrays. However, this is not the case (Keely
et al. 2005). The MSG genes within an array are not more closely related. It is
possible that this situation reflects rapid change post duplication, which would be
possible if selection for variation among MSG gene sequences was occurring, as
seems to the case. However, variation also occurred in ways that did not influence
the sequence of the encoded protein, suggesting that divergence of adjacent MSG
gene was not solely driven by selection at the protein level. Nevertheless, analysis
of intergenic regions, which would not be expected to be subjected to such selec-
tion, showed that these regions were less diverged than the MSG genes, support-
ing the hypothesis that the arrays were formed by duplication events, followed by
diversification due to homologous recombination events that cause MSG genes to
move to locations remote from their birthplace (Keely et al. 2005). The conserva-
tion in intergenic regions would facilitate such movement.

Recombination presumably created the situation seen when the arrays 22C8
and 11H12 + 1B2 are compared. These two subtelomeres share a 15.4-kb cen-
tral segment, but regions flanking this shared segment are different, and the unique
genes in the two inserts mapped to different chromosomes. The presence of the
same 15.4-kb segment of DNA in two different gene arrays can be explained as
being the result of homologous recombination, because the junctions that define
the boundaries of the two 15.4-kb segments lie in gene family members.

Homologous recombination can also cause deletions, and it is possible that
MSG gene arrays that are uninterrupted by PRT1 and MSR genes were formed by
such events. In addition, recombination between MSG and MSR genes would be
expected to occur because MSR genes are similar to MSG genes. One such event
appears to have produced the MSR gene in array 18A9. The 5’ half of this gene has
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a sequence closely related to that of MSR genes and contains the intron character-
istic of MSR genes. However, the sequence of the 3’ half of this gene is more simi-
lar to an MSG gene than an MSR gene. Such a gene could have been formed by
homologous recombination between an MSR and an MSG gene (Keely et al. 2005).

5.3.4 P. carinii Subtelomeric Tandem Gene Array
Organization Holds Implications for the Expression
Site Model

All of the gene arrays end with an MSG gene, and in three arrays, all MSG genes
are terminal. The fact that there are no other genes between the telomere and an
MSG gene is of interest because such an arrangement would allow the terminal
MSG gene to move via a single reciprocal recombination event (telomere swap-
ping), without moving any other gene in the process. Seven of ten cloned cop-
ies of the UCS subtelomere contain a single MSG gene between the UCS and the
telomere. However, not all MSG genes in the subtelomeric gene arrays are termi-
nal, suggesting that telomere swapping is probably not the only mechanism that
installs new MSG genes at the expression site (Sunkin and Stringer 1996).

Nevertheless, telomere swapping might contribute to the large number of dif-
ferent karyotypes exhibited by P. carinii. Pulsed-field gel studies have identified
more than a dozen different P. carinii karyotypes, each of which features between
13 and 15 bands (Rebholz and Cushion 2001). Band intensities suggest that two
bands in the 15-band karyotype contain a pair of co-migrating chromosomes, sug-
gesting that there are 17 chromosomes, and hence 34 subtelomeres in the P. carinii
genome. The different karyotypes appeared in different rat colonies, suggesting
that different strains of P. carinii exist in different populations of rats (Cushion
1998). Whereas karyotypic variation is common among P. carinii populations,
DNA sequence variation is rare, suggesting that events that change the length of
one or more chromosomes occur much more frequently than does point mutation.
Given the evidence for recombination involving MSG genes, it seems reasonable
to suggest that such events have contributed to karyotypic diversity.

The role of subtelomeric gene array length variation due to either telomere
swapping or homologous recombination events that expand or shrink a gene array
has not been thoroughly explored, but the identification of unique genes adjacent
to subtelomeric gene arrays makes it possible to begin looking into this issue. To
illustrate, my laboratory used one of the unique genes (NMP in Fig. 5.2) at the
beginning of array 3GS5 to determine whether variation in the length occurs at
the NMP end of the chromosome, which is the smallest in the genome and var-
ies by as much as 30 kb in karyotypes exhibited by nine independent P. carinii
populations. The sequence of the 3GS5 array insert revealed that the Apall restric-
tion enzyme would cut in the NMP gene, but not cut the DNA between the end of
that gene and the telomere. Therefore, Apall was employed in two-dimensional
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pulsed-field gel electrophoresis analysis, where the DNA fragment released from
the end of the chromosome by ApalLl cleavage in the NMP gene was detected
by preparing a Southern blot and probing it with DNA made from the NMP gene
region that is telomeric to the ApaLl site. Surprisingly, all nine karyotypes pro-
duced a band that migrated at approximately 35 kb. All of these bands co-migrated
under conditions that would have separated fragments that differed by as little as
5 kb. These data showed that most if not all of the chromosome size variation was
not due to changes in the size of the gene array located at the NMP end of the
chromosome. Additional studies are needed to determine whether variation in the
gene array at the other end of this chromosome might account for some or all of
the variation in the size of this chromosome. However, the probability of a change
occurring at the same end in all nine populations of P. carinii studied would be
0.002, unless the NMP-linked gene array is much more stable than the gene array
that is presumably at the other end of this chromosome.

All of the gene family members in the subtelomeric gene arrays are pointed in
the same direction, with 3’ ends pointed toward the telomere. This arrangement
raises a challenge to the expression site model (Fig. 5.1) because there are PRT
and MSR genes upstream of MSG genes. Both of these gene families are known
to express independently of the UCS, and multiple family members are transcribed
in a given P. carinii nucleus (Schaffzin et al. 1999b; Keely and Stringer 2003;
Ambrose et al. 2004). It would seem possible that an MSG gene located down-
stream of an MSR gene could be transcribed by the same RNA polymerase that
initiated transcription of the upstream MSR gene. Nevertheless, no read-through
transcripts have been reported, and the role of the UCS in producing an MSG pro-
tein and sending it to the cell surface suggests that read-through transcription is
not an important mechanism, if it occurs at all. In addition, read-through transcrip-
tion of protein coding genes is the exception in eukaryotes, where transcriptional
termination is tightly tied to polyadenylation, a nearly universal modification of
eukaryotic messenger RNAs. PRT1 and MSR genes contain polyadenylation sig-
nal sequences, and mRNAs encoding PRT1 and MSR are polyadenylated (Huang
et al. 1999; Keely et al. 1999; Schaffzin et al. 1999b).

The presence of MSR and PRT1 genes near MSG genes argues against the
idea that donor MSG gene arrays might be silenced by regional chromatin modi-
fications, because many MSR and PRT1 genes are simultaneously expressed, sug-
gesting that expression of these gene families occurs in subtelomeres that are not
expressing MSG genes.

5.4 MSR Genes Exhibit Structural Variation that Could
Contribute to Surface Diversity in the Absence of
Restricted Expression of the Gene Family

MSR genes resemble MSG genes at the sequence level, but the two gene families
differ with respect to both structure and function (Schaffzin et al. 1999b; Keely et
al. 2003; Ambrose et al. 2004). A major structural difference is that while MSG
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genes contain no introns, all MSR genes contain an intron near their 5 ends. The
lack of introns in the MSG gene family deviates from the norm in this species.
The vast majority of P. carinii genes contain introns (Stringer 1994; Stringer et
al. 1998; Thomas et al. 1999; Smulian et al. 2001; Cushion et al. 2007). The two
exons that flank the MSR intron are very different in size. Exon 1 encodes only
about 28 amino acids, while exon 2 encodes more than 300. MSR and MSG genes
differ even more profoundly when it comes to transcription. Unlike MSG genes,
MSR genes are not found adjacent to the UCS, transcripts from many MSR genes
have been detected in populations of P. carinii that express very few MSG gene
family members, and none of these transcripts carry a copy of the UCS, which
is present on all MSG mRNAs (Schaffzin et al. 1999b; Ambrose et al. 2004).
Therefore, it appears that the entire MSR gene family may be transcribed at the
same time, rather than expressed one at a time.

Despite the promiscuous expression of the MSR gene family, MSR genes vary
in a manner that suggests that they can contribute to surface variation without
being subjected to strict transcriptional control. Three classes of MSR genes (L, G,
and S) have been identified (Keely et al. 2005). Class L genes have a second exon
of ~2.4 kb that includes a 1-kb segment lacking in Class S genes. Class G genes
are similar to Class L but have a poly(G) tract in the middle of the second exon.

The poly(G) tracts in class G MSR genes do not appear to be a chance occur-
rence. The P. carinii genome is rich in adenosine and thymidine. Poly(G) tracts
may play a role in antigenic variation, because as the simplest of simple sequence
repeats, these tracts are inherently unstable and spontaneously change in length,
most often by either adding or deleting one G residue (DePrimo et al. 1998; Hersh
et al. 2002). Such events cause frameshifts. Other microbes exploit this property
of simple sequence repeats to generate stochastic variation in the production of a
surface protein (Deitsch et al. 2009).

All three of the class G genes in the arrays shown in Fig. 5.2 would produce
mRNAs that cannot be translated beyond the stop codon located 13 codons down-
stream of the poly(G) tract. However, the sequence downstream of this stop codon
contains a reading frame that encodes a peptide corresponding to the last half of
the peptide encoded by the single ORF in second exons of class L MSR genes.
Therefore, a frameshift mutation in the poly(G) tract would lead to the production
of a full-length class L MSR protein. Although all three of the MSR genes found
in these gene arrays were in the wrong frame to allow production of an L MSR
protein, three other MSR genes with poly(G) tracts can be inferred to exist from
cDNA data, and all of these have a 2.4-kb exon 2 ORF (Huang et al. 1999).

5.5 Summary

P. carinii subtelomeric gene families appear to have evolved in order to cope
with attacks by the rat immune system. Recombination played a central role in
forming the subtelomeric gene families, and recombination also appears to create
antigenic variation by exerting strict control over MSG gene family transcription.
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Subtelomeric gene arrays include MSR genes that contain coding poly(G) tracts,
which undergo high-frequency length changes, causing frame shifting, which
would generate phenotypic diversity from MSR genes, even though this family is
promiscuously transcribed.

Similar subtelomeric gene arrays occur in bacteria and protozoa that must face
the full onslaught of the host immune response (Barry et al. 2003; Deitsch et al.
2009). These gene arrays allow a population of microbes to produce antigenic
variants that survive this onslaught, thereby postponing clearance. The position-
ing of gene family members in telomeric clusters facilitates antigenic variation
because this location fosters recombination, which has two advantageous effects.
Recombination both provides a mechanism to change antigen expression and fos-
ters expansion and evolution of gene copies.

P. carinii appears to be completely dependent on Norwegian rats, where it even-
tually encounters the host immune response. In the laboratory, this response is
capable of completely eliminating the fungus from a rat. However, there is reason
to suspect that P. carinii is more or less a constant resident in individual rats, kept at
low levels, but typically not eliminated by the immune response, thanks to pheno-
typic variation conferred by the gene families that reside at P. carinii subtelomeres.
These families are complex and structurally prone to change. The combination of
selection for phenotypic change and structural fluidity of genes that confer variation
presumably drove the evolution of subtelomeres in Prneumocystis species and pro-
duced the complicated gene arrays and expression systems we see today.
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Chapter 6
Subtelomeres of Aspergillus Species

Elaine M. Bignell

Abstract Understanding of Aspergillus subtelomere biology remains in its
infancy but has recently come under closer scrutiny due to possible involvement in
plant, human and animal virulence, and natural product biosynthesis. Comparative
genomics of pathogenic and non-pathogenic Aspergillus species has indicated
that subtelomeres are hotbeds of genetic variation, thereby fuelling the search for
virulence determinants in these regions. This chapter draws upon the recent avail-
ability of multiple Aspergillus genome sequences, and transcriptome analyses to
summarise extant knowledge on Aspergillus subtelomeres, their organisation and
gene content and regulatory influences upon subtelomeric gene expression. In
particular, the entire subtelomeric gene inventory of the major mould pathogen of
humans, Aspergillus fumigatus, is functionally categorised here by chromosome,
and the evidence that Aspergillus subtelomeric genes mediate rapid responses to
challenging environmental niches is assessed.

6.1 Introduction

The genus Aspergillus includes an estimated two hundred moulds. (Baker and
Bennet 2008; Bennet 2010). Conidiophores are the morphological feature upon
which Aspergillus taxonomy is defined, and constitute the stalk-like structures
which bear asexual Aspergillus spores. Aspergillus species are ubiquitous in the
natural environment and perform important roles in natural ecosystems as well
as being highly significant to the human economy. As such the Aspergilli are the
single most significant fungal genus to man.

The first domestication of Aspergillus species for food production is reported
as occurring some 2,000 years ago when Chinese food fermentation processes,
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collectively referred to as Koji processes, originated (Baker and Bennet 2008;
Bennet 2010). Many different industrial processes use members of the genus, for
example, in production of acidification agents (citric acid), hydrolytic enzymes
(such as amylase used for hydrolysis of starch in bread and beer), invertase (used
in manufacture of confectionary), and pectinases (for fruit juice and wine produc-
tion). Aspergillus oryzae is widely used for the production of traditional fermented
foods and beverages in Japan. As a toxin non-producing species, it is considered,
alongside Aspergillus niger, to be an organism which is safe for use in human food
production, in fact over half all bread production in the USA is thought to utilise
A. oryzae proteases to liberate amino acids required for yeast growth and respira-
tion (Bigelis 1992). A. niger has risen to prominence in industrial biotechnology as
a highly efficient producer of polysaccharide-degrading enzymes (amylases, pecti-
nases and xylanases) and organic acids (Andersen et al. 2011; Pel et al. 2007). The
world market for such enzymes has an estimated worth of US$ 5 billion (in 2009)
of which production in filamentous fungi accounts for one half of all production
(Lubertozzi and Keasling 2009).

Statins, first derived as lovastatin from Aspergillus terreus, are a class of
super drugs which reduce human cholesterol levels by competitively inhibiting
3-hydroxy 3-methylglutaryl CoA (HMG-CoA), the rate-limiting enzyme in cho-
lesterol biosynthesis. Widespread use of such drugs has had a dramatic impact
upon incidence of coronary artery diseases as well as having proven efficacy in
prevention of stroke and peripheral vascular disease. Statins have also been impli-
cated as beneficial for the treatment of Alzheimer’s disease, cancer, dementia,
Parkinson’s disease, multiple sclerosis and rheumatoid arthritis (Ginter and Simko
2009).

Some Aspergillus species are harmful or pathogenic to man and animals.
Aspergillus clavatus is thought to be the causative agent of extrinsic allergic alve-
olitis (EAA), also known as malt worker’s lung. It has also been implicated as the
cause of mycotoxin-mediated neurotoxicosis in farm animals, resulting from feed-
ing upon infected grain (Kellerman et al. 1976). Similarly, aflatoxin production by
the opportunistic plant pathogen Aspergillus flavus can result in human mycotoxi-
coses, since aflatoxin is the most potent of known carcinogenic natural compounds
and is often found as a contaminant of corn and peanuts. Food spoilage due to
aflatoxin contamination costs hundreds of millions of US dollars annually (Yu
et al. 2005).

A range of human mycoses, of varying severity, result from inhalation of
Aspergillus spores. The most frequent pathogen of the genus is Aspergillus
fumigatus which accounts for more than 90 % of human infections (Latge 1999).
Human aspergilloses include a range of allergic, chronic and life-threatening con-
ditions, the most severe of which is invasive pulmonary aspergillosis (IPA). IPA
results from fungal colonisation of the pulmonary cavity often leading to invasive
and/or disseminated tissue involvement. Poor diagnostic capabilities and subop-
timal efficacies of existing antifungal regimens contribute to the high mortality
observed among IPA patients, which is typically over 50 % and can be up to 90 %
among patients suffering from haematological malignancies. Immune dysfunction
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among organ and stem cell transplantees is the major risk factor for IPA, and the
usefulness of immunosuppressive therapies has lead to measurably increased
incidences of aspergillosis in recent decades. Reports of IPA among hospital-
ised critical care patients are on the rise but, paradoxically, diagnostic shortcom-
ings prevent accurate predictions IPA incidence, which is therefore thought to be
greater than epidemiological studies suggest.

As in most eukaryotes, Aspergillus telomeres consist of tandem arrays of
direct nucleotide repeats, presumably, although not yet proven, to house tel-
omere-capping proteins which ensure chromosomal end integrity. Early indica-
tions are that chromatin remodelling enzymes and gene-silencing mechanisms
are operative in the Aspergilli and, moreover, have profound effects upon the
expression of genes. Often, this affects genes and gene clusters implicit in the
very pathways exploited by man for the harvest of biologically active com-
pounds, and those exploited by the fungus to survive in punishing environments
such as the human host. An exhaustive commentary on telomere biology of all,
perhaps any, Aspergillus species is not possible at the current time, however, the
available knowledge provides an intriguing backdrop against which to examine
the organisation and gene content of some important species. Providing, as it
does, compelling evidence for the importance of Aspergillus subtelomeres in
supporting adaptation to challenging environments, the subtelomeric gene con-
tent of the major mould pathogen of humans, A. fumigatus, will be extensively
considered in this chapter.

6.1.1 Aspergillus Telomere Structure and Organisation

6.1.1.1 Information from Early Molecular Studies

As with most other eukaryotes, Aspergillus telomeres, due to their repetitive nature
and tertiary structure, have proven difficult to map genetically and also to iden-
tify in genome-wide sequence programs. As defining components of chromosomal
extremities, the earlier, descriptive, studies of Aspergillus telomere sequences have
proven to be important for anchoring the sequence contigs obtained from more
recent genome-scale sequencing. The model organism for the Aspergillus genus is
Aspergillus nidulans. Due to genetic tractability of A. nidulans, a highly detailed
physical map (Clutterbuck 1997) has been established over generations of classical
genetic study and the association between sequenced and physical genome struc-
tures have become particularly well established for this species.

The cloning and sequencing of A. nidulans telomeres were reported in 1997
(Bhattacharyya and Blackburn 1997). The study identified three classes of chro-
mosomal ends having a telomeric repeat, TTAGGG, identical to that of humans
and multiple other eukaryotes. A. nidulans telomeric tracts were noted as being
short (4-22 repeats) as well as remarkably stable in different cell types and at
altered growth temperatures, suggesting a highly regulated mechanism for length
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Table 6.1 Telomeric repeat sequence units of selected Aspergilli and other fungal species

Species Telomeric repeat Source

Aspergillus clavatus TTAGGG Broad Institute®

Aspergillus flavus TTAGGGTCAACA Chang et al. (2005)
Aspergillus fumigatus TTAGGG Broad Institute

Aspergillus nidulans TTAGGG Bhattacharyya and Blackburn (1997)
Aspergillus oryzae TTAGGGTCAACA Kusumoto et al. ( 2003)
Fusarium oxysporum TTAGGG Powell and Kistler (1990)
Histoplasma capsulatum TTAGGG Broad Institute
Magnaporthe grisea TTAGGG Farman and Leong (1995)
Ustilago maydis TTAGGG Guzman and Sanchez (1994)
Neurospora crassa TTAGGG Schechtman (1990)

Modified after Chang et al. (2010). * From the fungal genome database at Broad Institute
(http://www.broadinstitute.org/science/data#

control. In fact this finding, notwithstanding difficulties pertaining to accurate
estimation of telomere length, appears to be true of all characterised Aspergillus
species, although the telomeric repeat sequences (Table 6.1) have been found to
vary slightly. A. nidulans telomeres were initially characterised by construction of
a library of telomeric clones. This was constructed by treatment of total genomic
DNA with T4 DNA polymerase to produce blunt ends, ligation to a linearised vec-
tor, restriction enzyme digestion and ligation. The library was screened by colony
blotting using a radiolabelled (TTAGGG)4 oligonucleotide probe and positive
clones were sequenced. Among ten sequences hybridising to the probe, one was
found to be 7-8 times higher in signal intensity leading to the conclusion that all
16 chromosome ends could be accounted for by the analysis. All sequenced clones
contained a tract of 4-22 telomeric repeats composed of the basic TTAGGG repeat
unit. The clones most frequently obtained contained 15-20 repeats, and the G-rich
repeat strand was orientated as 5’ to 3’ towards the telomere sequence. Exploiting
the preferential sensitivity of telomere sequences to Bal31 exonuclease a Bal31
time-series digestion experiment, coupled with Southern blot analysis detected
sequential size reductions of detectable DNA fragments and eventual disappear-
ance relative to an 18 s DNA marker. At the time of near disappearance, there was
little size difference from time zero suggesting that native telomeres are indeed
short. The authors observed a striking uniformity of telomere fragment lengths,
as evidenced by well-defined, non-smearing, DNA detection signals thereby
suggesting a tight regulation of telomeric length. Assessment of differing devel-
opmental states using asexual spores and hyphae revealed no differences in tel-
omere length in dormant versus vegetative cells; thus, in contrast to studies in
C. albicans, which had demonstrated variance of telomere length in response to
temperature shift, no effect on telomere length was observed for A. nidulans at
temperatures of 30, 37 and 42 °C. The A. nidulans telomeres are therefore dra-
matically different from vertebrate telomeres in one respect, namely length of tel-
omere tract. A similar approach to telomere sequencing in A. oryzae captured the
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unique dodeca-nucleotide sequence (TTAGGGTCAAACA) with a tract length of
114-136 bp (Kusumoto et al. 2003). The same telomeric repeat has been identified
for A. flavus isolates.

6.1.1.2 Information from Genetic and Physical Mapping

Despite the advances in genome sequencing technologies, the subtelomeric
sequences of some important genus members remain to be validated at the time of
writing and mark notable omissions from Table 6.1. The assembly and annotation
of several sequenced Aspergillus genomes is still in progress and despite the exist-
ence of easily accessible sequence, telomere sequences remain to be appended.
Physical maps of certain genomes have proven highly facilitative when it comes
to anchoring contig sequences to telomere sequences, in particular for A. nidulans
where the scorable phenotypes of hundreds of different mutants have been used to
calculate recombination frequencies between markers (Clutterbuck 1997).

At the time of sequence release, the published Broad Institute A. nidulans
genome was comprised of 173 contigs linked by BAC-end sequences and fosmid
bridges into 16 scaffolds. 152 mapped genetic markers were used to anchor the
genome sequence to the genetic linkage map, with 75 contigs remaining unas-
signed. Noting a paucity of telomeric sequences (only four of the scaffolds had
typical telomeric sequence repeats, and a fifth was present but remained unan-
chored), Clutterbuck and Farman (2008) searched the NCBI sequence trace
archive identifying a large number of candidate telomere reads which had not been
used in the genome assembly. Using the TERMINUS (Li et al. 2005a) software
to mine for telomere sequences in unassembled sequence databases, 11 contigs
were constructed which ended in telomeric repeats and ranged in size from 973
to 1,055 bp. Five of these corresponded to the five already present in the sequence
assembly.

A lack of overlap with established sequence assemblies prevented the appenda-
tion of these contigs to existing reads, and further effort was required to access
the mate-pair sequences derived from the subtelomeric ends of the relevant clones.
De novo BLAST and TRUMATCH post-processing analyses (Li et al. 2005b),
combining the validation of matches with positional information, allowed ten new
telomeres to be unequivocally positioned relative to the genome assembly and
identified the genomic contigs that occupy terminal chromosomal locations. The
authors have made the contigs used to map these telomeres available from a speci-
fied URL (Clutterbuck and Farman 2008).

One aspect of A. nidulans telomere architecture which was revealed by this
specialised additional analysis was the widespread occurrence of distinct sub-
telomere domains consisting of sequences which are duplicated at multiple chro-
mosome ends. The A. nidulans subtelomere domain was estimated by BLAST
analyses to be 16.5 kb in length. Furthermore, the alignments between different
subtelomere domains were observed to be discontinuous, the initial assumption
being that insertion of transposable elements was responsible. However, although
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transposons were found to be present, and often immediately adjacent to the
subtelomeres, there were no transposon insertions in the subtelomere domains.
Divergences of up to 15 % at the level of nucleotide sequence typified by large
numbers of G to A and C to T transition mutations are suggestive of the activity of
a RIP-like process upon A. nidulans telomeres.

6.1.1.3 Information from Whole-Genome Sequencing: Intra- and
Interspecies Variation

Comparative analyses of the A. nidulans genome sequence with those of A. fumiga-
tus and A. oryzae, performed by Galagan and co-workers, revealed the occurrence of
large regions which lack long (evolutionary)-range synteny. The scrutiny of regions
which differ between these evolutionarily distant species revealed multiple repeats
and subtelomeric sequences. This finding is believed to have significant implications
for Aspergillus biology, as subtelomeric regions in Aspergillus species are enriched
for secondary metabolite gene clusters, which are thought to facilitate niche adapta-
tion and virulence. The authors of this study proposed that rapid rearrangement of
these regions might explain their species-specific evolution (Galagan et al. 2005).

A. flavus and A. oryzae are two highly related Aspergillus species, the genetic
distinctions between which have been a source of much debate in recent years.
Prior to availability of the genomes for these species, the distinctions were
made predominantly upon the basis of aflatoxin productivity. In 2007, Rokas et
al. concluded, on the basis of sequence similarities and relative numbers of spe-
cies-specific genes, that A. oryzae is not a distinct species but more likely to be
a distinct ‘ecotype’ Rokas et al. (2007). The divergence of A. flavus and A. ory-
zae isolates highlights the importance of telomeric regions as focal regions of
intra- and interspecies diversity. Deletions of the subtelomeric aflatoxin gene
cluster had been repeatedly reported among non-toxigenic A. flavus isolates har-
vested from various sources including food, feed and soils (Chang et al. 2005;
Criseo et al. 2001). A subset of these isolates was found to harbour a breakpoint
in homology to aflatoxigenic strains at the 5’ UTR of the verl gene of the clus-
ter. Sequence upstream and adjacent to the breakpoint is also found in A. oryzae
SRRC2098 (ATCC11493), an isolate from soybean—wheat flour mixture in Japan
and in SRRC2103 (ATCC10196). Closer scrutiny of the breakpoint by sequencing
analyses (Tominaga et al. 2006) found approximately half of the 7.8-kb sequence
to be of unknown origin, encoding a monooxygenase, while half was found to be
identical to the subtelomeric region of A. flavus NRRL335. In the latter A. flavus
isolate, an inverse telomeric repeat was hypothesised to be causative of chromo-
somal instability in the region. Carbone et al. assessing the ordering and cluster-
ing of genes in the aflatoxin biosynthetic gene cluster across multiple sequenced
Aspergillus species (Carbone et al. 2007a, b) concluded that, during the course of
evolution, recombination and balancing selection must have played a role in the
organisation of the aflatoxin gene cluster.
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These results support the case for subtelomeres as regions of high genetic
diversity prone to recombination, inversions, deletions, translocations and other
genomic rearrangements. As such, Chang and Ehrlich proposed them as ideal
for the nurture of new synthetic machinery under the constraints of co-regu-
lation (Chang and Ehrlich 2010). The same authors refer to telomeric repeat
sequences and retrotransposons as a tool to aid the distinction between very
closely related Aspergillus species. Such observations are upheld by our com-
parative analyses of LINE-1 retrotransposon insertions in the two sequenced
A. fumigatus genomes (Huber and Bignell, unpublished). Strain-specific sec-
ondary metabolism genes have also been identified in distinct A. niger isolates
during comparative genome analysis of citric acid and enzyme-producing iso-
lates (Andersen et al. 2011) where the presence of telomere sequences in the
analysed genome data confirmed an inversion of the complete right arm of
chromosome VI.

Other comparative genome studies have aimed to maximise the resolution of
genome comparisons using Aspergillus species and isolates having minimal evo-
lutionary separation. Comparing the genomes of two A. fumigatus clinical isolates
with those of the closely related but rarely pathogenic species Neosartorya fisheri
and Aspergillus clavatus (Fedorova et al. 2008) identified the extent of species-
specific gene content for each of A. fumigatus, N. fisheri and A. clavatus to be 8.5,
13.5, and 12.6 % of total genome content, respectively. Species-specific genes
were found to be smaller than conserved genes, to contain fewer exons and to be
non-randomly distributed, with a precedent for biased subtelomeric location. Most
of them were found to cluster, comprising 13 groups, or ‘gene islands’ enriched
for pseudogenes, transposons and other repetitive elements.

6.1.2 Subtelomeres of A. fumigatus: Gene Content and
Organisation

A. fumigatus accounts for the majority of Aspergillus-related human disease.
Currently, the molecular basis of such predominance over other Aspergillus spe-
cies is unknown. Physical properties of A. fumigatus spores might contribute to
the observed incidence, as A. fumigatus spores are smaller and lighter than those
of closely related species. This promotes the aerosolisation of spores, and sub-
sequent entry into human pulmonary cavities, but the abundance of Aspergillus
spores in the airborne microflora would not indicate that a quantitative difference
in airborne spore abundance is responsible (Latge 1999). The upheld view is that
virulence is multifactorial, and that A. fumigatus possesses specific genetic traits
which facilitate pathogenesis. Recently therefore, genome cohorts of lineage-spe-
cific genes have been catalogued and are under further scrutiny since they might
disclose the basis of phenotypic differences among species, including virulence
and niche occupation.
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Fig. 6.1 Functional inventory of A. fumigatus subtelomeric genes, chromosomes 1 and 2
(Af293) derived from the AspGD (http://www.aspgd.org/) database and plotted as a function of

distance (kb) from sequenced chromosome ends

During analysis of the isolate-specific genomic islands identified in the
A. fumigatus genome, Fedorova et al. noted that A. fumigatus chromosomes
encode gene functions which have been commonly associated with other fungal
telomeres, including transposons, telomere-linked helicases, clusters of second-
ary metabolite genes, cytochrome oxidases, hydrolases and molecular transporters
(Fedorova et al. 2008). Isolate-specific islands were found to be composed of clus-
tered blocks ranging in size from 10 to 400 kb. They appear to contain numerous
pseudogenes and repeat elements. Moreover, supporting a model of gene duplica-
tion and diversification, 46 % of A. fumigatus genes with paralogs were reported

as being telomere-proximal.

For the purposes of more thoroughly cataloguing the genes housed in A. fumig-
atus subtelomeres, genes identified by interrogation of the A. fumigatus Af293
genome (accessed via AspGD: http://www.aspgd.org/) are plotted as a function
of distance from sequenced chromosome ends in Figs. 6.1, 6.2, 6.3, 6.4. This
accounts for a total of 1,015 predicted protein-encoding genes housed within
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Fig. 6.4 Functional inventory of A. fumigatus subtelomeric genes, chromosomes 7 and 8
(Af293) derived from the AspGD (http://www.aspgd.org/) database and plotted as a function of
distance (kb) from sequenced chromosome ends

200 kb of the 16 sequenced A. fumigatus chromosomal termini. The most densely
populated subtelomere is the left arm of chromosome 2 (78 predicted genes) and
the least populated is the left arm of chromosome 7 (37 predicted genes). 11 out of
22 predicted A. fumigatus secondary metabolism gene clusters as predicted from
in silico analyses are represented among 7 subtelomeric regions (Table 6.2).

Telomere-linked helicase (TLH) genes

Numerous cooperatively acting factors maintain the fidelity of chromosome repli-
cation, repair and segregation. These are critical house-keeping functions and have
been highly conserved throughout evolution. The notable similarity between a
chromosomal end and a double-stranded DNA break, for example, must be distin-
guishable at a cellular level to prevent catastrophic non-homologous end rejoining.
Helicases of the RecQ family which unwind dsDNA, and promote strand anneal-
ing and fork regression, are crucial for chromosomal stability, and mutations in a
human RecQ gene cause premature ageing (Brosh and Bohr 2007). Fungal RecQ
helicases have been commonly found as associated with chromosome ends which
would support a role for them in telomere maintenance.

A. fumigatus subtelomeres 1L, 2L, 2R, 3R, 5R, 6R (n = 2), 7L and 7R house
a total of 9 predicted telomere helicase-encoding genes positioned between 2,025
and 199,230 kb from sequenced chromosome ends (Figs. 6.1-6.4). BLAST anal-
ysis reveals significant identity between predicted open reading frames of those
which are most closely situated near telomeres (Afu2gl8100, Afu3gl5395,
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Afu5g15150 (395), Afu7g00090 for Afu2g0090). Only one of these, Afu2g18100
(851 amino acid residues) appears to be full-length.

Secondary metabolism gene clusters

During interstrain comparative genomic analysis, Fedorova et al. (2008) noted
that only 10 % of secondary metabolism genes have orthologs in all sequenced
Aspergilli. In A. fumigatus, only 30 % of secondary metabolism genes are shared
with A. fisheri and A. clavatus. The three species also vary with respect to the
numbers of enzymes which catalyse first steps in secondary metabolite biosynthe-
sis such as non-ribosomal peptide synthases (NRPS), polyketide synthases (PKS)
and dimethylallyl tryptophan synthases (DMAT). The A. fisheri genome actually
contains the highest number of secondary metabolism genes.

A. fumigatus subtelomere 2R (chromosome 2, right arm) contains two second-
ary metabolite gene clusters, which encode the biosynthetic apparatus required for
DHN melanin synthesis (Afu2gl17510-Afu2g17600) and ergot alkaloid synthesis
(Afu2g17960-Afu2g18070). At the time of its discovery, the dihydroxynapthalene
(DHN) melanin gene cluster was the largest cluster of fungal biosynthetic genes to
be reported as required for pigment synthesis. Gene deletion mutants lacking any
of the six open reading frames including those encoding a polyketide synthase,
scytalone dehydratase and HN reductase lacked the typical blue-green spore pig-
mentation characteristic of A. fumigatus, and regulation of gene expression was
observed to be developmentally linked to sporulation (Tsai et al. 1999). Disruption
of the scytalone dehydrogenase-encoding arp/ gene results in the production of
reddish-pink conidia and significantly increases the ability of the human comple-
ment component C3 to bind to these conidia thereby likely impacting upon the
efficacy of phagocytosis of mutant spores (Tsai et al. 1997). The albl polyketide
synthase is required for full virulence in a murine model of aspergillosis (Tsai
et al. 1997). Thus, conidial pigment biosynthesis in A. fumigatus appears to be an
important virulence factor in the establishment of infection.

The ergot alkaloid biosynthetic gene cluster encodes the genetic machinery for
at least four ergot alkaloids which share a variously modified four-member ergo-
line ring (Panaccione and Coyle 2005). Ergot alkaloids are mycotoxins which
have been shown to negatively impact multiple physiological systems of exposed
humans and animals and are an abundant component of A. fumigatus spores.
Currently, the role of this gene cluster in virulence of A. fumigatus is unknown.

Subtelomere 3R contains two predicted (Perrin et al. 2007) secondary metabo-
lism gene clusters, Afu3g15200-Afu3g15340 and Afu3gl14560-Afu3gl4760, for
neither of which the biosynthetic products are known. The former of the two gene
clusters contains a polyketide synthase-encoding gene designated pes3 which has
recently been shown to affect murine virulence and insect virulence (O’Hanlon
et al. 2011). A Pes3 null mutant was found to be increased for fungal burden in
corticosteroid-treated mice at 5 days post-infection, a phenotype which was
accompanied by a more rapid germination of spores within murine lung tissues
and a reduction in proinflammatory cytokine release from macrophages exposed to
Apes3 mutants, relative to wild type, in vitro.
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Subtelomeres 4L, 4R, 5L and 7L collectively accommodate five gene-predicted
(Perrin et al. 2007) secondary metabolism gene clusters, the biosynthetic products
of which are currently unknown.

Subtelomere 8R is exceptional, as it encodes genes for predominantly second-
ary metabolism (n = 61), including 2 polyketide synthases (Afu8g00370 and
Afu8g00890), a hybrid polyketide synthase/NRPS encoding gene (Afu8g00540)
and a further NRPS (Afu8g00170). Sheppard et al. (2005) noted the presence of
genes which are known to be required for sterigmatocystin/aflatoxin biosynthesis,
as well as genes required for ergot alkaloid synthesis in this region. Intriguingly,
this combination of secondary metabolism genes is not found in other Aspergillus
species. Previous gene deletion studies by Turner and colleagues have defined
the biosynthetic products of some sub clusters within this supercluster on chro-
mosome 8, including the pseurotin A gene cluster (Maiya et al. 2007) and the
fumitremorgin gene cluster (Maiya et al. 2006), and work in my laboratory is cur-
rently addressing the role of such metabolites in murine virulence. Indications
to date are that loss of at least one of the metabolites whose biosynthesis is
directed by genes resident in the chromosome 8 supercluster can impact viru-
lence at whole animal level (Bignell, unpublished). However, our recent analy-
ses indicate only a partial requirement for these metabolites during infection, as
strain-dependent variability is observed when similar mutants are constructed in
different genetic backgrounds. Thus, further characterisation is required before
firm conclusions on the role of the metabolites encoded by genes in this region
can be conclusively ascertained. A further crucial point is that the combinatorial
activity of A. fumigatus secondary metabolites is a possibility thus far remaining
unexplored. It is highly feasible that certain secondary metabolites act in concert
to disable residual host immune defences. The construction of mutants lacking
multiple biosynthetic properties is therefore required to address this important
question.

With respect to the importance of chromosomal context and regulation of sec-
ondary metabolism genes, Keller and Palmer offer the view that SM clusters are
located in regions of facultative heterochromatin, described as genomic regions
which can be silenced and activated by both canonical and novel chromatin-medi-
ated mechanisms (Palmer and Keller 2010). Returning to the aforementioned ver/
aflatoxin biosynthesis gene, this time in A. parasiticus, localisation of the gene
was found to be fundamentally important for gene expression, whereby misplace-
ment of the gene outside of the cluster boundaries resulted in a 500-fold reduction
in expression (Liang et al. 1997).

6.1.2.1 Expression of Subtelomeric Genes in A. fumigatus

Novel views on the roles and regulation of subtelomeric genes are beginning to
emerge from whole-genome transcriptome analyses. With respect to A. fumigatus
gene expression, genomic context has been afforded considerable scrutiny with
intriguing results.
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Sheppard et al. (2005) while studying the regulon of the A. fumigatus APSES
transcription factor StuA during acquisition of developmental competence noted
the StuA-dependent developmentally regulated expression of multiple genes of the
subtelomere 8L supercluster (Fig. 6.4; Table 6.2). Aspergillus species are multi-
cellular organisms and undergo distinct developmental cycles according to nutri-
ent availability and external environmental cues. Following an initial period of
isotropic (non-responsive) growth hyphae are considered to become developmen-
tally competent and responsive to external stimuli governing morphological transi-
tions. To assess the role of StuA in regulation of morphogenetic genes, Sheppard
et al. compared the transcriptome of wild-type and AszuA isolates in pre- and post-
competent hyphae. Time-series analysis of the wild-type transcriptome (8, 24, and
30 h) revealed upregulation of multiple genes located in subtelomere 8L at 24 and
30 h of submerged culture, suggesting the developmental regulation of genes in
this region. Direct comparisons of wild-type and AsfuA gene expression profiles
revealed extensive derepression of gene expression in this region in the mutant iso-
late. No effect on murine virulence was evident when infecting with a wild-type
versus mutant isolate. The coordinate regulation of genes in this region during
developmental growth, and the dependence of such regulation upon a developmen-
tal regulator provide some insights into the temporal and developmental program-
ming of this large cluster of secondary metabolism genes.

A more recent analysis of gene expression during colony growth in vitro used
RNAseq to assess the differences between A. fumigatus biofilm and liquid plank-
tonic growth. An interesting finding from this study was that genes which were
upregulated during biofilm growth were significantly over-represented in sub-
telomere regions. 165 out of 383 postulated (Perrin et al. 2007) A. fumigatus sec-
ondary metabolism genes were found to be upregulated during biofilm growth,
including 45 genes of the subtelomere 8L supercluster.

The global regulator of Aspergillus chemical diversity, LaeA, is a putative
methyltransferase, originally identified as a regulator of secondary metabolism
genes in A. fumigatus and A. nidulans (see Sect. 6.3.3) and required for murine
virulence. Given the dependency of biosynthesis of a known immunotoxin, glio-
toxin, upon A. fumigatus LaeA, Perrin et al. hypothesised that a comparative
assessment of A. fumigatus wild-type and AlaeA transcriptomes would provide
insight into the role of LaecA in mammalian pathogenicity. Strains were cultured
in vitro at ambient temperature (25 °C) for 60 h. The study revealed almost global
suppression of secondary metabolite gene expression whereby 97 % of second-
ary metabolite gene clusters were impacted to some extent by laeA gene dele-
tion. A biased distribution of LaeA-dependent genes was reported whereby 54 %
of the LaeA-regulated gene clusters were located within 300 kb of the telomeres
(Perrin et al. 2007). This pattern of gene expression gained additional significance
when subsequent reports on gene expression during mammalian infection became
available. To identify genes upregulated during mammalian infection McDonagh
et al. developed a means to obtain whole-genome transcriptional data from min-
ute samplings of mouse-infecting A. fumigatus germlings. This first and, to date,
only report of the infectious A. fumigatus transcriptome revealed a significant
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predominance of subtelomeric genes among genes upregulated during murine
infection, relative to laboratory culture. While only 16 % of the predicted A.
Jumigatus gene repertoire is housed within 300 kb of chromosome ends, 29 % of
transcripts upregulated during murine infection are located in subtelomeric areas,
compared to just 11 % of downregulated transcripts. Thus, 28 % of the entire sub-
telomeric gene repertoire was found to be represented among upregulated genes
compared to only 8 % among downregulated functions. Coordinate expression
of physically clustered genes was noted to be a feature of the induced, but not
repressed, gene set and 40 % of upregulated physically clustered genes were found
to occur within 300 kb of chromosome ends. By analogy to the earlier study of
Perrin et al., it was found that among 415 genes downregulated in the absence of
LaeA, 99 genes had increased abundance during initiation of murine infection, fur-
ther substantiating the importance of LaeA as a regulator of virulence-associated
genes. Determining the proportions of subtelomeric and secondary metabolism
cluster genes shared between the two datasets, 49 and 40 genes were identified,
having subtelomeric locations and secondary metabolite biosynthetic functions,
respectively.

6.1.3 Regulation of Aspergillus Subtelomeric Gene
Expression

Studies reviewed for the writing of this chapter collectively portray an important
role for Aspergillus subtelomeric gene repertoires during adaptation to niche-spe-
cific stresses and also during development and morphogenesis of these organisms.
Given the important role of certain subtelomeric gene functions, including second-
ary metabolism, and the relevance of concerted regulation of gene neighbourhoods
in fungal pathogenesis and natural product biosynthesis, the rationale for further
investigating the regulation of subtelomeric gene expression is clear.

6.1.3.1 Telomere Position Effect

Telomere position effect (TPE) is a eukaryotic phenomenon resulting in gene
repression in areas immediately adjacent to telomere caps. Palmer et al. (2010)
have demonstrated the occurrence of such a phenomenon in A. nidulans, specifi-
cally associated with linkage groups II and VI (left and right arms, respectively).
The phenomenon was uncovered during attempts to characterise a telomere-linked
helicase gene (AN5092) in which transgene repression of the gene replacement
marker (encoding pyrimidine auxotrophy), and an associated reduction in radial
growth and sexual spore production, were shrewdly identified as silencing phe-
nomena by the investigators. This provided the researchers with a set of simple,
scorable phenotypes with which to probe the phenomenon further and also facili-
tated the interrogation of the roles of certain heterochromatin-associated proteins
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HepA, CIrD, HdaA and NkuA in transgene silencing, all of which were implicated
to some extent. Repression was found to be independent of the transgene or its ori-
entation, as evidenced by a similar gene replacement using a pyridoxine auxotro-
phy marker. Clutterbuck and Farman’s A. nidulans sequence gap-closing exercise,
described earlier in this section (Sect. 6.1.2), proved instrumental in determining
the estimated distance of AN5092, placing the gene, and therefore the reach of
TPE, at approximately 20 kb from the telomere cap. These results obtained in A.
nidulans suggest considerable mechanistic conservation of TPE between fungal
species, including TPE regulation by core heterochromatin-modulatory proteins.

6.1.3.2 Chromatin and Silencing

The compaction of transcriptionally silent chromatin is a plausible mechanism by
which chromosomal regions, rather than single genes, might be rendered acces-
sible or recalcitrant to transcriptional regulation. Histone modifications, such as
acetylation and methylation, exert well-documented effects upon the structure and
function of chromatin, and both types of modification impact production of sec-
ondary metabolites in Aspergillus species, as fungi treated with methyltransfer-
ease or histone deactylase HDAC inhibitors are found to display altered patterns
of metabolite expression. In A. nidulans, the HdaA class 2 histone deacetylase is
involved in regulation of telomere-proximal secondary clusters whereby the pro-
duction of sterigmatocystin and penicillin is found to increase substantially in a
AHdaA isolate (Lee et al. 2009; Shwab et al. 2007).

LaeA-mediated regulation of gene clusters in A. nidulans was found to be loca-
tionally biased as placement of aflR outside of the sterigmatocystin gene cluster
removes it from LaeA regulation, and conversely, the placement of an irrelevant
gene into the correct locational context renders it subject to LaeA regulatory con-
trol. Several studies have linked LaecA mode of action to chromatin modification.
Mutations in Aspergillus chromatin-modifying enzymes can activate silent or
poorly expressed gene clusters and can partially rescue loss of metabolite produc-
tion in LaeA null strains. In A. nidulans HDAC, HepA (heterochromatin protein 1)
and ClrD (H3K9 methyltransferase) null mutants, all of which lead to elevated lev-
els of secondary metabolites, target the H3K9 residue. Currently, the only metabo-
lite with significantly supportive evidence for a role in virulence is gliotoxin while
other metabolites might, in the future be proven able to damage mammalian cells.
Deletion of the A. fumigatus hdaA gene did not impact virulence of Aspergillus
fumigatus in neutropenic mice, but an assay of mammalian cell toxicity did sug-
gest a role for HdaA in host cell damage (Lee et al. 2009).

6.1.3.3 Repetitive Elements

A conserved feature of subtelomeric DNA sequences is the presence of repetitive
elements, either active transposable elements or transposon relics. A possible role
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for transposon-mediated regulation of a subtelomeric gene cluster was recently
reported for the A. nidulans penicillin gene cluster. The cluster consists of only
3 genes and is located around 30 kb from the telomere of chromosome VI.
Disruption of large areas of repetitive DNA sequences resulted in mutants pro-
ducing significantly less penicillin. One area, a 3.7-kb repeat termed Pbla was
required for full production of penicillin while control strains harbouring marker
gene insertions to either side of Pbla had no effect on production. Subsequent
transcomplementation experiments were unable to restore PN production, suggest-
ing that a transposon-mediated mechanism of SM expression could involve local-
ised chromatin modifications (Shaaban et al. 2010).

6.1.4 Conclusions and Perspective

The precedent for telomeres and subtelomeric gene reservoirs to support rapid
adaptation to new ecological niches would appear also to apply to members of the
Aspergillus genus. More, perhaps, than any other group of any microbial eukary-
otes, the Aspergilli provide us with a means to explore speciation concepts and the
role of subtelomere biology as a driving force in niche adaptation and differentia-
tion. Such resolution is afforded by both the number of available, well-annotated
genomes as well as the rich legacy of natural product biology which is continually
resulting from genome scrutiny. The study and manipulation of gene neighbour-
hoods, particularly in the subtelomeric regions of Aspergillus chromosomes, with
a view to maximising the harvest of natural products and minimising the harm-
ful effects of secondary metabolites will be the focus of telomere biology in this
genus for a while to come.
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Chapter 7

Trypanosoma brucei Subtelomeres:
Monoallelic Expression and Antigenic
Variation

Luisa M. Figueiredo and David Horn

Abstract Large families of Variant Surface Glycoprotein (VSG) contingency
genes are found at African trypanosome subtelomeres. These parasites offer an
important evolutionary perspective on subtelomeres since they diverged very
early from the eukaryotic lineage. The VSGs are also key virulence determinants.
Trypanosoma brucei subtelomeres display a remarkable transcription pattern that
allows VSGs to enable an extremely effective form of antigenic variation and host
immune evasion. This involves monotelomeric, polycistronic transcription, driven
by extranucleolar RNA polymerase I. Here, we discuss this novel epigenetic sys-
tem in terms of regulatory factors and mechanisms.

7.1 Introduction

As it will become clear during this chapter, Trypanosoma brucei is a some-
what unusual (hence, interesting!) eukaryote. Subtelomeres in eukaryotes often
accumulate large families of contingency genes and African trypanosomes are
no exception. Indeed, they offer an important evolutionary perspective on this
topic since they are among the Excavates and diverged very early from the
eukaryotic lineage (Sogin et al. 1989). The subtelomeric genes are also key
virulence determinants in these important parasites of humans and animals. In
contrast to most eukaryotes in which subtelomeres are underrepresented in the
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genome databases, in African trypanosomes, the first large genome locus ever
sequenced was a subtelomere (Berriman et al. 2002). This is because subtelo-
meric regions have been a subject of interest and study since the 1980s, when
variant surface glycoprotein (VSG) genes were found adjacent to telomeric
repeats (de Lange and Borst 1982). VSGs encode for the surface coat of this
extracellular parasite and periodic VSG exchange permits the parasite to escape
the host antibody immune response, by a mechanism known as antigenic var-
iation. Nowadays, we know that there are ~2,000 VSGs, mainly in telomeric
locations, but only one is transcribed at a time from a specialized subtelomeric
locus called the bloodstream expression site (BES). Each BES extends over ~35
kbp and consists of a polycistronic unit that contains one VSG and up to twelve
expression site-sssociated genes (ESAGs) (Becker et al. 2004; Hertz-Fowler et
al. 2008; Fig. 7.1). In the 35 Mbp genome of 7. brucei, there are several BES
(15 in the most widely studied 427 strain), but only one is actively transcribed
while the others remain largely silenced. Strikingly, BESs are transcribed by
RNA polymerase I (Pol I), which in most organisms is exclusively dedicated to
transcribing ribosomal RNA genes.

Trypanosoma brucei is a unicellular eukaryote that infects humans, cattle, or
wild animals. The parasite is transmitted by an insect vector commonly known as
tsetse (Glossina genus). Because tsetse are found in Africa, the disease caused by
T. brucei is restricted to this continent. This is in contrast to Trypanosoma cruzi,
which is found mainly in South America and causes Chagas’ disease. The human
form of the disease caused by 7. brucei is known as sleeping sickness, and the
number of new cases is estimated to be around 30,000 people each year (Simarro

# units Expression

_L__I___LlLLL (9) Al stages

18s 5.8s 24so M1 24sf M2 M6 M4

15 Bloodstream stage
[l r' Ll T N e 111 (15) (monoallelic expression)
ESAGs VSG
[ (ND) Metacyclic stage
v (monoallelic expression)
_r-.:Ll:l_ (4) Insect Stage

Procyclin genes

Fig. 7.1 Genes transcribed by RNA Pol I 'in 7. brucei. A typical rDNA transcription unit (White et al.
1986) and the other, more unusual, Pol I-transcribed units in 7. brucei are depicted. The rDNA and
procyclin units are found in diploid regions of the genome (haploid copy-number is indicated),
while BESs and MESs are found in hemizygous subtelomeric domains (Callejas et al. 2006). All
four Pol I promoters, depicted by flags, are distinct (see Fig. 7.2). Darker boxes indicate the VSG
and procyclin genes. A ‘consensus’ arrangement of ESAGs is shown, excluding 7. b. rhodesiense
SRA. The striped box indicates the location of an array of 70-bp repeats that often serve as sites of
recombination between BESs. White box depicts 50-bp repeats. The telomeric repeats are repre-
sented by the black dot downstream of the VSG. The transcription units are not to scale
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et al. 2011). If left untreated, this disease is almost always fatal. sleeping sick-
ness, coupled with nagana, the animal form of African trypanosomiasis, has been
a major obstacle to sub-Saharan African rural development and a stumbling block
to agricultural production. There is currently no vaccine and drug treatments are
either toxic, difficult to administer or very expensive. Diagnosis is technologi-
cally outdated and complex (Wastling and Welburn 2011). It is therefore urgent to
understand the biology of this parasite in order to identify new drug targets and to
develop new diagnostic tools.

In the academic world, 7. brucei became well known for the milestone dis-
coveries that revealed new aspects of biology in eukaryotes. Indeed, it was stud-
ies in T. brucei that first identified that RNA can be edited (Benne et al. 1986),
that proteins can be anchored to membranes via a glycophosphatidylinositol (GPI)
glycolipid (Ferguson et al. 1985) and that two RNA molecules transcribed from
two different genes can be ligated to produce a mature RNA via trans-splicing
(Boothroyd and Cross 1982).

7.1.1 Organization of VSG Expression Sites

It is a challenge to define the limits of subtelomeres in any organism and there is
no strict definition in 7. brucei. In fact, most of the sequences representing sub-
telomeric—non-subtelomeric junctions are not available. Here, we focus on the
bloodstream VSG expression sites (BESs), but it should be noted that subtelomeres
extend much further, maybe over 1 Mbp, in some cases. These extended regions
are thought to comprise arrays of gene families, including VSGs, genes related
to ESAGs (see below) and retrotransposons and retrotransposon hot spots. The
organization, recombination, and evolution of the more extensive VSG archive are
covered elsewhere and will not be covered in any detail here. Briefly, it is gen-
erally accepted that subtelomeric domains facilitate the evolution of large hetero-
geneous gene families in eukaryotes, and VSG organization in 7. brucei supports
this idea since VSGs occupy the subtelomeres of minichromosomes, intermediate-
sized chromosomes, and the megabase-sized chromosomes, which encode the
non-redundant ‘housekeeping’ genes. Thus, two of the three chromosome size-
classes in T. brucei and all subtelomeres are dedicated to VSG gene archiving and
evolution. The BESs themselves are only found on intermediate and megabase
chromosomes.

7.2 Expression Site-Associated Genes

As noted above, VSGs are co-transcribed in the BES with up to twelve expression
site-associated genes (ESAGs). The reason for multiple BES, and why ESAGs are
resident at these loci, has remained a subject of debate. Pol I is thought to affords
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a high rate of transcription, which is thought to be important to make up the dense
VSG coat but the ESAGs would not be expected to require a similarly high tran-
scription rate; indeed, steady-state ESAG transcripts are much less abundant than
VSG transcripts (Jensen et al. 2009). Yet, because the VSG is always found proxi-
mal to the telomere repeats, the ESAGs must surely be transcribed at the same, or
a higher rate, than the VSG. Although this may sound wasteful, the apparent inef-
ficiency may not represent a meaningful selective force in the context of a parasite
living in a nutrient-rich bloodstream environment. A more likely selective force
driving this association is for antigenic diversity, which in turn would be driven by
host adaptive immunity or differential affinity for host nutrients (Hertz-Fowler et
al. 2008; McCulloch and Horn 2009). In support of this idea, ESAGs display fea-
tures consistent with cell-surface receptors, signaling molecules, and transporters.
For example, ESAG6 and ESAG7 form a hetero-dimeric transferrin receptor (Pays
et al. 2001) and ESAGH4 is an adenylate cyclase (Paindavoine et al. 1992). Thus,
BES transcription switching and recombination can switch VSG and ESAG expres-
sion simultaneously and generate new combinations of ESAGs, respectively.

One particular ESAG stands out because of its proven role in survival in pri-
mate hosts including humans. This serum resistance-associated gene (SRA) can
convert 7. brucei brucei from human serum-sensitive forms to human serum-
resistant forms (Xong et al. 1998). SRA, unlike other ESAGs, is limited to one or
few BESs and is only found in 7. b. rhodesiense. In fact, SRA is now considered a
diagnostic marker for 7. b. rhodesiense (Picozzi et al. 2008). SRA appears to be
a mutated VSG that fails to traffic to the cell surface. Sequestered in endosomes
(Stephens and Hajduk 2011), SRA neutralizes the primate serum trypanolytic
factor, ApoL1, and allows survival in primate hosts. A molecular ‘arms race’ is
at play here, with evidence for selection of protective ApoL1 variants in African
populations (Genovese et al. 2010). These variants fail to interact with SRA and
are not neutralized. This SRA-lytic factor interplay is of great interest in terms
of developing lytic factor-based therapeutics that are not neutralized by ESAGs or
other parasite virulence factors.

7.3 Promoters

BESs share a conserved promoter, that is, on the other hand, different from all
other promoters of Pol I-transcribed units. Other than rDNA and BES units, Pol
I also transcribes surface-protein-encoding genes in other stages of the parasite
life cycle. In procyclic forms, Pol I transcribes the EP/GPEET procyclin polycis-
tronic units, while in metacyclic stages, Pol I mediates monoallelic transcription
of metacyclic VSG expression sites (MES), which unlike BES are monocistronic
units (Fig. 7.1). MES are expressed for a few days after trypanosomes are trans-
mitted from the tsetse vector to the mammalian host (Pedram and Donelson 1999).
Despite the sequence diversity between BES, MES, Procyclin, and rRNA promot-
ers, there are some common structural features (Fig. 7.2). Procyclin and rRNA
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Fig. 7.2 Structure of RNA Pol I promoters in S. cerevisiae and T. brucei. Promoter domains are
indicated by boxes. Numbers indicate position relative to transcription start site. Domains shown
in black are those important for stable binding of trans-activating factors in vitro. VSG BES pro-
moter is the shortest Pol I promoter and it contains only two domains. VSG MES, although less
studied, seems to have the same general organization (Kim and Donelson 1997)

promoters have a multi-domain structure resembling that of the yeast rDNA pro-
moter. The BES promoter is shorter, with only two conserved elements that are
involved in recruiting common Pol I transcription factors (Brandenburg et al.
2007). Metacyclic ES (MES) promoters are also short, but they are not conserved.
Despite these differences, an rRNA promoter is interchangeable with a BES pro-
moter (Rudenko et al. 1995), suggesting the involvement of epigenetic mecha-
nisms in order to achieve stage-specific expression of surface proteins.

7.4 Other Conserved Non-Protein-Coding Sequences

There are a number of conserved non-protein-coding sequences found in BESs,
and we now consider potential regulatory regions involved in controlling monoal-
lelic VSG expression. We do not consider ESAG-associated sequences here since
these sequences are not found in the MESs. Clearly, a competent BES must con-
tain a Pol I promoter and BES promoters are only found at sub-telomeres. But
within BESs, which other sequences might play a role in monotelomeric VSG
expression control?

BESs are flanked by sequence repeats and also have internal repeats. The
arrangement of these sequences is constant from one BES to the next, suggest-
ing that location is important. Starting on the centromeric side of the BES, we
see arrays of ‘50-bp repeats’ upstream of the promoter, we then see arrays of “70-
bp repeats’ between the ESAGs and the VSG and, finally, the telomeric repeats
beyond the VSG (Fig. 7.1). The 50-bp repeats may act as boundary elements that
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isolate silent and/or active domains from the rest of the chromosome (Sheader et
al. 2003). The 70-bp repeats are strongly implicated in recombination and are dis-
pensable at active (McCulloch et al. 1997) and silent (D.H., unpublished) BESs.
The T2AG3 telomeric repeats are found 0.2—1.6 kbp downstream of the VSG and
can extend for >15 kbp. Telomerase-dependent extension (Dreesen et al. 2005) is
inversely related to telomere length (Horn et al. 2000) and is balanced by long-
telomere instability. Small duplex t-loops have been seen at T. brucei telomeres
(Munoz-Jordan et al. 2001).

The VSG 3’-UTR contains a short, but highly conserved motif (Majumder et al.
1981) involved in stage-specific VSG expression (Berberof et al. 1995). Finally,
a conserved GC-rich element, with an 11-bp core that is complementary to, but
inverted relative to, the telomeric repeats, is found between the VSG and the tel-
omere (Horn and Barry 2005). It seems likely that sequences shared among BESs
are important for VSG expression control, but the elements detailed above could
equally be involved in other aspects of (sub) telomere function or even be more
passive sequences that simply accumulate at these loci.

7.5 Basic Transcription Machinery and Nuclear
Architecture

What is the basic transcription machinery involved in transcribing subtelomeric
BES? Two major players have been identified and characterized to be involved in
Pol I transcription: the RNA Pol I enzyme and a class I transcription factor com-
plex (Brandenburg et al. 2007).

Like in other eukaryotes, 7. brucei RNA Pol I is a multi-subunit enzyme. Some
subunits are shared with all or some RNA polymerases, whereas others are Pol
I specific. Due to the high degree of conservation, most subunits were identified
by sequence homology and subsequently characterized biochemically. RPA1 is the
largest subunit and is phosphorylated (Walgraffe et al. 2005). RPA2 is the second
largest subunit and it carries a unique 50-kDa N-terminal extension whose func-
tion remains unknown (Schimanski et al. 2003). Another trypanosome peculiar-
ity is that its genome contains two paralogues of the subunits RPB5, RPB6, and
RPB10 (named RPB5z, RPB6z, and RPB10z). In contrast to RPB5 and RPB6,
RPB5z and RPB6z are part of the Pol I complex and they localize at Pol I sites in
the nucleus (Nguyen et al. 2006), suggesting that they are functionally different
(Devaux et al. 2007). Why trypanosomes have two paralogues remains an intrigu-
ing evolutionary question (Kelly et al. 2005). The only study in which an active
Pol I was purified revealed not only the above-mentioned subunits but three other
proteins with apparent sizes of 31, 29, and 27 kDa. p31 is the only one that has
been characterized and it consists of a trypanosome-specific subunit, absent in
other eukaryotes (Nguyen et al. 2007). It was argued that the Pol II subunit, RPB7,
is involved in Pol I transcription in 7. brucei (Penate et al. 2009), but opposing
results have also been reported (Park et al. 2011).
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In eukaryotes, RNA polymerases are recruited to specific promoters because
a set of transcription factors mark those loci. In trypanosomes, class I transcrip-
tion factor A (C1TFA) has been biochemically purified and shown to be essential
for Pol I transcription (BES, rRNA and Procyclin) (Brandenburg et al. 2007). It
is composed of seven proteins that are trypanosome-specific. Apart from one of
the proteins whose sequence suggested it was a dynein light chain, no conserved
domains could be identified in the other six subunits. Future work should clarify
the function of each of these subunits, which ones bind to the promoter, how they
interact and recruit Pol I enzyme and if they interact with chromatin-modifying
enzymes.

Textbooks say that Pol I transcription occurs in the nucleolus. For trypa-
nosomes, this is not entirely true and that is because, as mentioned above, Pol 1
transcribes not only rRNA genes, but other protein-coding genes. In bloodstream
forms, the life cycle stage in which one BES is monoallelically expressed and
VSG is present at the surface, immunofluorescence analysis using an anti-Pol I
antibody shows that there are two Pol I sites in the nucleus: the nucleolus and an
extra-nucleolar expression site body (Navarro and Gull 2001). The actively tran-
scribed BES is localized in this site throughout the cell cycle, and the sister chro-
matids display delayed dissociation at this locus during chromosome segregation
(Landeira et al. 2009). Such enhanced cohesion is mediated by cohesin and, when
this factor is diminished, the frequency of parasites that switch transcription to
a new BES increases 10-fold. It is possible that the ESB may also restrict spa-
tial access or contain limiting factor(s) required for BES transcription, but these
hypotheses remain untested. When bloodstream forms differentiate into the insect
stage, the active BES is silenced, and the ESB disappears. In this stage, transcrip-
tion of procyclins, which is also Pol I mediated, does not seem to occur in any
specialized extra-nucleolar compartment but rather at the nucleolus (Navarro et
al. 2007). ELP3b controls rDNA transcription in the nucleolus but not at the ESB
(Alsford and Horn 2011). This protein has homology to the catalytic component of
Elongator, a complex that assists transcript elongation, acetylating nucleosomes in
the path of the elongating polymerase (Svejstrup 2007).

7.6 Active and Silent BES Have Different Chromatin
Structures

When a parasite divides, the daughter cell ‘remembers’ which VSG was actively
transcribed by its mother cell and, in the majority of cases, it continues to use
the same VSG coat. Stochastic switching to a different VSG occurs at a low fre-
quency, which ranges between 10~2 and 10~ switches per generation, depending
on the strain. This means that the daughter cell inherited the information of which
VSG should be expressed and switching happens without any changes in the DNA
sequence. Therefore, it is currently accepted that monoallelic VSG expression is
under epigenetic control. Based on this model, several studies have been published
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in the last six or seven years [reviewed by Horn and McCulloch 2010)] showing
the role of candidate genes in VSG expression control (Table 7.1). There is now
good evidence for the functional specialization of subtelomeric domains in terms
of chromatin structure. However, given the early stages of these studies, we have
little mechanistic information, including how the various factors are recruited to
BESs, if they interact with each other, with a transcription factor or Pol I or if they
affect chromatin condensation or histone modifications.

Most of the chromatin modifiers characterized so far are involved in transcrip-
tion silencing (Table 7.1). Knockout or knockdown of chromatin modifiers can
affect silencing in three distinct ways: (1) the whole BESs become partially dere-
pressed (DOT1B, RAPI, ISWI); (2) only the BES promoter region becomes
depressed, but no effect is detected in VSG transcripts (DAC3, FACT, NLP, ASF1A,
CAF1), (3) only an exogenous promoter placed close to a telomere becomes dere-
pressed (SIR2rpl, HAT1). The range and sites of derepression have been measured
with different methods in different studies (Northern blotting, Western blotting,
FACS GFP intensity, luciferase activity, quantitative real-time PCR), which may
have introduced some variability in the interpretation ISWI depletion and DOT1B
knockout were only linked to VSG derepression when sensitive quantitative PCR
was used for the analysis, for example. Another issue worth considering here is
the possibility of secondary effects, particularly when depleting factors that are
required for continued growth; this is the case for all of the factors above, except
for SIR2rpl and DOT1B. When derepression was quantified, it ranged between 7-
and 65-fold. Such fold increase in transcription is still far from a complete dere-
pression, which would be a 10* to 10°-fold increase. This suggests that we have
either not found the key molecule(s) that regulate(s) VSG silencing, or that the sys-
tem is redundant and multiple players would have to be simultaneously depleted
in order to see a more pronounced phenotype. Only depletion of DACI resulted
in repression rather than derepression, indicating that DAC1 antagonizes SIR2rpl-
dependent telomeric silencing (Wang et al. 2010). Interestingly, this effect is devel-
opmentally regulated and fails to operate in insect-stage cells. It has become quite
clear from these studies that two mechanistically distinct forms of transcription
repression operate at 7. brucei telomeres. SIR2rpl-dependent repression appears
to be similar to the Sir2-dependent mechanism that has been documented in detail
in the budding yeast, Saccharomyces cerevisiae (Grunstein 1997). The distinct
mechanism that is considered to be of greater interest in 7. brucei though is the one
responsible for BES repression. Some evidence suggests that this form of repres-
sion extends over large arrays of VSGs (Horn and Cross 1997) and it is this mecha-
nism that will likely dominate future research in this area.

Post-translation modifications can be important for positive or negative regu-
lation of transcription. It was therefore puzzling not to obtain phenotypes in
which transcription of the active BES was compromised when histone modifiers
were depleted. A possible explanation for this observation came in 2010, when
two groups showed that the chromatin of the active BES is drastically depleted
of nucleosomes and, as a consequence, it has a more open chromatin structure
(Figueiredo and Cross 2010; Stanne and Rudenko 2010). Silent BESs, on the other
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hand, show a regular nucleosomal organization. Since there are more histones at
silent BES, it is more likely that more post-translation modifications will play a
role in silencing than in activating transcription.

Another discovery that emerged from studies on active and silent VSG BESs
was of a novel DNA base modification that is also found in other trypanosoma-
tids and some dinoflagellates but, intriguingly in African trypanosomes, is specific
to the bloodstream life cycle stage (Borst and Sabatini 2008). This glucosylated
version of thymidine, known as base J, has been found enriched at transcription
initiation sites in the Pol II-transcribed regions in 7. brucei and Trypanosoma cruzi
(the South American trypanosome), where it plays a role in down-regulating tran-
scription (Ekanayake et al. 2011). Although base J is enriched within silent BESs,
no role has been demonstrated to date in the control of these subtelomeric Pol I
transcription units.

7.7 Gene Expression Control

For antigenic variation to succeed, 7. brucei subtelomeres display rather remark-
able, and apparently unprecedented, transcription control. In order to express only
one VSG at a time, all BESs but one must be silenced. Although monotelomeric
VSG expression is an important and intensely studied topic, the primary mecha-
nism underlying this phenomenon is not understood. We do know that the mecha-
nism underlying BES control is developmentally regulated (Horn and Cross 1995),
cross talk between the active telomere and silent telomeres is clearly important
(Chaves et al. 1999) and it is transcription elongation rather than initiation that
appears to be primarily regulated (Vanhamme et al. 2000). More recently, we
have seen that SIR2rp1-dependent silencing is mechanistically distinct from BES
silencing while depletion of the chromatin regulators linked to BES control fails
to reveal major levels of derepression (see above). In light of these findings, it is
worth reassessing the fundamental nature of the regulatory mechanism involved in
monotelomeric VSG expression.

One may invoke a limiting ‘competence’ factor or single privileged domain
to maintain monotelomeric VSG expression (Fig. 7.3a), but it is difficult to see
how positive regulators would be limited or restricted within the nuclear environ-
ment and such models have proven difficult to test. An alternative ‘trans-acting
negative control’ model (Fig. 7.3b) that does not invoke a strictly limiting com-
petence factor or restricted compartmentalization is tenable. The active VSG gene
is always adjacent to a telomere, implicating the telomere as a possible positive
controller. The telomere may allow sequences that can recruit Pol I (BES promot-
ers and ¥rDNA promoters) to do so in an efficient and productive manner. What if
active BES-associated sequences were then to transmit a negative signal to other
BESs? This would set up a competition between all telomeres with competent Pol
I promoters. A single BES could emerge as the active one and this would cement
the negative control signal that would silence all other BESs. At this stage, any
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Fig. 7.3 Models to explain monotelomeric VSG expression. The schematic shows nuclear
compartments (circles) each containing four VSG expression sites. a The ‘strictly limiting
competence factor’ or ‘privileged domain’ model. b The ‘frans-acting negative control’ model.
The active BES negatively controls other BESs in (b). Note that an expression site body (ESB), as
defined by RNA Pol I accumulation, would be observed regardless of which mechanism operates

conserved BES sequence could be considered a candidate for transmitting and/or
detecting the negative signal.

How would cells then switch transcription from one telomere to another? The
negative signal would presumably need to be reduced or blocked for another BES
to respond. Since DNA damage typically triggers major local chromatin remod-
eling, loss of the negative signal or failure to respond could be a result of DNA
damage and repair at the active or a silent BES, respectively, which could ‘reset’
a positive or negative chromatin structure and initiate a new competition for acti-
vation. This could also involve synthesis of a sister BES that fails to inherit an
epigenetic signal due to disrupted segregation timing, for example. Indeed, cohe-
sion knockdown allows premature segregation of active BES loci and leads to
increased BES transcription switching (Landeira et al. 2009). Another important
finding that is consistent with this idea is that RADS51 is important for transcrip-
tion switching (McCulloch and Barry 1999). RADS51-dependent recombination
and repair could certainly occur within the telomeric repeats or between sister
chromatids without leaving any detectable DNA sequence change and could dis-
rupt the positive and/or negative controls that maintain monoallelic VSG expres-
sion as outlined above.
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7.8 Concluding Remarks and Future Perspectives

African trypanosomes present an evolutionary divergent perspective on the
organization and function of subtelomeres. They also present a remarkable gene
expression phenomenon involving monotelomeric Pol I transcription. Studies on
antigenic variation, the VSGs found at these loci, and their expression control have
yielded several important discoveries of biological novelty. Studies on epigenetic
control at these loci are more recent but are now yielding insights into this impor-
tant problem. It has been, and will continue to be, a major challenge to distinguish
between direct and indirect impacts on VSG expression in an allelic exclusion sys-
tem involving cross talk between silent and active loci. Clearly, it will be impor-
tant to endeavor to dissect the positive and negative controls that impact this
remarkable monotelomeric expression system. Candidate gene approaches have
prevailed in this area at the outset of the postgenomic era but one would hope
that powerful forward-genetic approaches can now be used to identify positive
and negative VSG regulators. Genome-scale RNA interference libraries in blood-
stream-form 7. brucei (Alsford et al. 2011) now make such approaches feasible.
Different epigenetic states at 7. brucei subtelomeres may also have an impact on
recombination. In this regard, epigenetics-based studies may yield insights into
the mechanism underlying the vastly different VSG switching rates (1072 to 10
switches per generation) reported for different African trypanosome isolates.
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Chapter 8
Human and Primate Subtelomeres

M. Katharine Rudd

Subtelomeres are an unusual part of primate genomes, enriched in genes, repeti-
tive DNA, structural polymorphisms, and chromosome rearrangements. As
with subtelomeres of other orders, such genomic variation in primates can lead
to genetic diversity, the birth of new genes, and an explosion of gene families.
However, rearrangements in human subtelomeres can also alter developmentally
critical genes, causing intellectual disability and birth defects. Analysis of subtelo-
meric breakpoints has revealed “hot spots” of chromosome breakage that may be
initiated by specific types of repetitive DNA abundant in subtelomeres. In most
cases, subtelomeric breaks are repaired by non-homologous end-joining and
DNA replication processes, rather than homologous recombination. Comparative
genomic studies of orthologous subtelomeres in closely related primates show
even greater diversity between species, consistent with the rapid evolution of chro-
mosome ends.

8.1 Primate Subtelomere Organization

Primate subtelomeres are enriched in repetitive elements, including segmen-
tal duplications (SDs), satellite DNA, tandem repeats, and degenerate telomere
repeats (Riethman et al. 2004; Linardopoulou et al. 2005) (Fig. 8.1). Though this
repetitive structure may be important for subtelomere biology and evolution, it
has made assembling these parts of the genome a challenge. Although the human
genome assembly is more “complete” than other primate genomes, in the most
recent build (GRCh37/hg19), only 17 of 46 of chromosome ends have traversed
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Fig. 8.1 Repeat content and gene density of human chromosome 9. Tandem repeats (green),
percent GC (gray), segmental duplications (black), and genes (blue) are shown along the length
of chromosome 9 as represented in the UCSC Genome Browser (http:/genome.ucsc.edu/)

subtelomeric sequences to reach the end of the chromosome, terminating in per-
fect telomeric repeats, (TTAGGG)n. Other primate genomes [chimpanzee (The
Chimpanzee Sequencing and Analysis Consortium 2005), orangutan (Locke et al.
2011), and rhesus (Gibbs et al. 2007)] have been assembled using at least some com-
parisons to the human genome, so sequence gaps in the human reference genome
as well as non-aligning regions between species are likely to remain as gaps in the
assemblies of non-human primate genomes. In addition, subtelomeric sequences are
incredibly polymorphic, and only a handful of subtelomeric alleles have been cap-
tured in the reference genome assembly (Trask et al. 1998; Linardopoulou et al.
2005). Thus, despite the successes assembling more and more primate genomes,
the subtelomeric genome assemblies of human and non-human primates remain
largely incomplete. Most subtelomeric genomic studies have focused on particu-
lar subtelomeres for the comparative analysis of primates. Here, we will describe
human subtelomeric organization and discuss the limited non-human primate sub-
telomeric data for a subset of chromosome ends.

Human subtelomeres are made up of two major zones: a terminal region
consisting of SDs and an adjacent region of chromosome-specific (non-dupli-
cated) sequences (Fig. 8.2). SDs are operationally defined as DNA sequences
1 kb or larger that have another copy in the genome with >90 % identity. They
make up more than 5 % of the human genome and are preferentially located
at pericentromeres and subtelomeres (Bailey et al. 2002). In human subtelom-
eres, SDs occupy the terminal 5-300 kb of chromosomes. Each SD is shared
between a subset of chromosome ends, and individual SDs range from 3 to
50 kb each (Linardopoulou et al. 2005). Copies of the same SD are 88-99.9 %
identical and are occupy between 2 and 18 different chromosome ends, consist-
ent with recent duplications that have rapidly spread to multiple chromosomes.
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Fig. 8.2 Human subtelomere organization. The terminal 1 Mb of chromosome 9q has a dis-
tal SD zone and an adjacent chromosome-specific zone. Segmental duplications (orange,
yellow, and gray), percent GC (gray), assembly gaps (black), tandem repeats (green),
and genes (blue) are shown as in the UCSC Genome Browser (http://genome.ucsc.edu/).
Interstitial telomere sequences (ITS, gray vertical lines) were identified by RepeatMasker
(http://www.repeatmasker.org). Breakpoints of subtelomeric rearrangements that cause intellec-
tual disability (black vertical lines) were fine-mapped in (Luo et al. 2011)

Fluorescence in situ hybridization (FISH) analyses have shown that subtelom-
eric SDs are highly polymorphic, varying in copy number and chromosomal
location from person to person (Trask et al. 1998; Linardopoulou et al. 2005).
Given the number of subtelomeric SDs in the genome and the degree of poly-
morphism, it is likely that each human has a unique repertoire of subtelomeric
SD sequence.

Many of the genes in subtelomeric SDs are part of gene families, such as
odorant and cytokine receptors, tubulins, and transcription factors (Linardopoulou
et al. 2005). The redundancy of duplicated subtelomeric genes may allow some
copies to acquire new functions and some copies to mutate, while other cop-
ies retain their original function. Frequent interchromosomal exchanges can also
juxtapose parts of different subtelomeric genes, potentially creating novel hybrid
genes. The olfactory receptors (ORs) are a striking example of a gene family that
expanded in primate subtelomeres. There are over 900 OR genes in the human
genome, a subset of which are found at subtelomeric locations (Glusman et al.
2001). Some subtelomeric ORs are no longer functional and have become pseu-
dogenes, whereas other ORs are transcribed in certain tissues, such as olfactory
epithelium and testis (Linardopoulou et al. 2001).

Just proximal to subtelomeric SDs begins a region of chromosome-specific
DNA (Fig. 8.2). Some deletions and duplications of this region have been
detected in phenotypically normal individuals, suggesting that, like in the SD
zones, some variation in the chromosome-specific regions is tolerated (Ballif
et al. 2000; Ravnan et al. 2006; Redon et al. 2006; Balikova et al. 2007; Mills
et al. 2011). Nevertheless, larger rearrangements of the chromosome-specific sub-
telomeric regions are associated with intellectual disability and birth defects
(Ravnan et al. 2006; Ballif et al. 2007; Martin et al. 2007; Shao et al. 2008).
Such rearrangements were originally identified by chromosome banding
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and FISH (National Institutes of Health and Institute of Molecular Medicine
Collaboration 1996; Knight et al. 2000) and are now detected via genomic
microarrays (Rudd 2011). Studies of clinically relevant copy number varia-
tion (CNV) have shown that subtelomeric rearrangements are overrepresented
among CNVs that cause intellectual disability. For example, microarray anal-
ysis of 15,749 developmentally disabled individuals revealed that 16.3 % of
pathogenic chromosome anomalies lie within the terminal 5 Mb of chromo-
some ends (Kaminsky et al. 2011), which accounts for only 7 % of the human
genome. These chromosome rearrangements include deletions, duplications,
and unbalanced translocations that are typically hundreds of kb to several Mb
in size and include tens to hundreds of genes.

Loss, gain, and mutation of genes in the chromosome-specific zone of sub-
telomeres can cause a clinically recognized phenotype. Studies of patients with
common phenotypic features and overlapping CNVs have pinpointed critical
regions and genes associated with disease in a given subtelomere. The 9q subtelo-
meric deletion syndrome was first identified in patients with overlapping deletions,
including the EHMTI gene, which is responsible for the phenotype, as EHMTI
mutations cause a typical 9q deletion phenotype (Harada et al. 2004; Stewart
et al. 2004; Kleefstra et al. 2006). Terminal deletions of chromosome 22q cause
the 22q13 deletion syndrome, and mutations in the SHANK3 gene in the critical
region also cause those language disorders associated with the syndrome (Phelan
et al. 2001; Wilson et al. 2003; Durand et al. 2007). Given the gene density at
chromosome ends (Fig. 8.1), a host of candidate genes could be responsible for
other “subtelomeric syndromes.”

8.2 Subtelomeric Hot Spots and Rearrangement
Mechanisms

Analysis of subtelomeric breakpoints has revealed recurrent sites of chromosome
breakage. Given the enrichment of particular types of repeats in subtelomeres,
such “hot spots” are likely related to DNA sequence and/or chromatin structure.
Though not all types of repetitive DNA are linked to chromosome breakage, tan-
dem repeats, trinucleotide repeats, satellite DNA, and G-rich sequences are known
to underlie chromosomal fragility at other loci (Sutherland 2003; Bacolla et al.
2006; Zhao et al. 2010) and are strong candidates for DNA sequence-dependent
causes of subtelomeric rearrangement. Uncovering how such sequences could
form secondary structures that might interfere with cellular processes, including
recombination and DNA replication, is crucial to untangling the molecular mecha-
nisms that give rise to subtelomeric rearrangements.

One of the best examples of a subtelomeric hot spot lies in chromosome band
22q13.3. Rearrangements of this subtelomere have been independently identi-
fied in numerous studies, and fine-mapped breakpoints cluster between exons 8
and 9 of the SHANK3 gene (Wong et al. 1997; Anderlid et al. 2002; Bonaglia et
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al. 2006, 2011; Durand et al. 2007; Philippe et al. 2008; Dhar et al. 2010; Luo
et al. 2011; ). At least 13 published terminal deletion breakpoints lie in this 1.2-
kb hot spot, which is made up of G-rich tandem repeats that are predicted to
form G-quadruplexes. G-rich sequences that contain four tracts of at least three
guanines separated by other bases can form G-quadruplexes by pairing between
the four G-rich tracts (Huppert and Balasubramanian 2005; Burge et al. 2006).
Such G-rich sequences can assemble highly stable G-quadruplexes in vitro
(Neaves et al. 2009; Sanders 2010), and without specific helicases to unwind
them, G-quadruplexes can cause chromosome breakage and genomic instabil-
ity in vivo (Kruisselbrink et al. 2008; Ribeyre et al. 2009). Human subtelom-
eres are G-rich (Fig. 8.1), and there are many subtelomeric loci that contain the
G-quadruplex consensus sequence, G3_5N1_-7G3_5N|_7G3_5N1_7G3_5 (Huppert and
Balasubramanian 2005). Although functional studies of fragility at the 22q13.3 hot
spot are still lacking, the recurrent breakpoints and predicted G-quadruplex motifs
are suggestive of a region that is particularly susceptible to double-strand breaks
(DSBs). It is likely that other subtelomeric rearrangement breakpoints are also
caused by DSBs in G-rich sequences that assemble G-quadruplexes or other sec-
ondary structures.

Another indicator of elevated DSBs in subtelomeres comes from studies of
sister chromatid exchange (SCE) in chromosome ends. The rate of SCE is sig-
nificantly elevated in telomeres and subtelomeres, as demonstrated using a fluo-
rescence method called chromosome orientation FISH (CO-FISH) (Cornforth
and Eberle 2001; Londono-Vallejo et al. 2004; Rudd et al. 2007). Seventeen
percent of all SCE occurs in the most terminal ~100 kb of chromosomes, trans-
lating to a 160-fold elevation of the rate of subtelomeric SCE compared with
the rest of the genome (Rudd et al. 2007). More direct evidence of DSBs at
chromosome ends comes from chromatin immunoprecipitation studies of the
DSB-binding protein, y-H2AX (d’Adda di Fagagna et al. 2003). In senescent
primary cells, y-H2AX is enriched 60 kb—1.5 Mb from the telomere, across
different chromosome ends (Meier et al. 2007). These physical measure-
ments of DSBs suggest that subtelomeres incur more breaks than other parts
of the genome, consistent with the concentration of breakpoints in human
subtelomeres.

DSBs in subtelomeres may be resolved via various DNA repair pathways,
and analyses of breakpoint junctions in the chromosome-specific and SD
zones provide insight into the rearrangement mechanisms that have shaped
these regions. There are two major types of DNA repair, one that requires long
stretches of sequence homology (homologous recombination) and one that
does not (non-homologous repair). Comparing subtelomeric breakpoint junc-
tions to the pre-rearrangement genomic state can distinguish the two types of
DNA repair. A large-scale analysis of over 100 subtelomeric breakpoints in the
chromosome-specific zone revealed that three of 21 sequenced breakpoint junc-
tions were the product of homologous recombination between interspersed
repeats, including LINE and Alu elements. The remaining 18 rearrangements
did not involve significant sequence homology at the junctions and were formed
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via non-homologous end-joining (NHEJ) and DNA replication processes (Luo
et al. 2011). Other studies of subtelomeric breakpoint junctions in chromosome-
specific zones have also found a preponderance of NHEJ versus homologous
recombination (Ballif et al. 2003, 2004; Gajecka et al. 2006, 2008; Bonaglia
et al. 2006; Yatsenko et al. 2009).

A similar trend regarding homologous and non-homologous repair is evident
in subtelomeric junctions in the SD zone. This part of the genome is organized
as a patchwork of SDs shared between a subset of chromosome ends; however,
subtelomeric SDs are not organized in a random manner. Instead, subtelom-
eric SDs are almost always in the same orientation and relative order, suggesting
translocation, rather than transposition, as the mechanism of sequence transfer
(Linardopoulou et al. 2005). The alignment of paralogous SDs in human sub-
telomeres highlights the interchromosomal sequence transfers responsible for the
highly polymorphic organization of subtelomeric SDs. Forty-nine out of 53 SD
breakpoint junctions are the product of NHEJ, while only four are mediated by
homologous recombination (Linardopoulou et al. 2005). Thus, non-homologous
DNA repair is the predominant mechanism underlying subtelomeric breakpoints in
the chromosome-specific and SD zones.

8.3 Subtelomere Evolution

Investigations into the subtelomeric differences between species have also given
us insight into the DNA breakage and repair processes involved in this rapidly
evolving part of the genome. Comparative genomic analyses of the great apes
have shown that although most orthologous sequences are highly conserved,
chromosome ends are far more diverse. Since most primate subtelomeres are
not sequenced, comparative studies have relied on a combination of FISH, PCR,
chromosome flow-sorting, and BAC sequencing to generate syntenic maps of
these regions (Monfouilloux et al. 1998; Trask et al. 1998; Martin et al. 2002;
Fan et al. 2002; Ventura et al. 2003, 2011; Linardopoulou et al. 2005; Rudd et al.
2009). Detailed analyses of several chromosome ends have found that subtelom-
eric sequences vary dramatically in copy number and genomic location between
closely related species; however, the reticulate nature of subtelomeric DNA
exchanges complicates the interpretation of the DNA sequence transfers that have
shaped modern-day primate chromosome ends. Chromosome fissions and fusions
that give rise to the birth and death, respectively, of subtelomeres are ideal for
teasing apart the steps involved in subtelomere evolution. Fissions and fusions
punctuate subtelomeric events, making it possible to track a given subtelomere
before and after a major chromosomal change.

Human chromosome 2, for example, is the product of a head-to-head fusion of
two ancestral chromosomes that remained separate in the other great apes (Yunis
and Prakash 1982; Ijdo et al. 1991; Fan et al. 2002). The fused chromosome 2
inactivated one centromere and two telomeres, and the human 2ql13-2ql4.1
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Fig. 8.3 Chromosome fission and fusion in primates. Centromeres are represented as circles,
telomeres are represented as arrowheads, and segmental duplications are represented as colored
rectangles. a The chromosome fusion that gave rise to human chromosome 2 resulted in inactiva-
tion of one centromere (open circle) and the fusion of two telomeres (gray). b The chromosome
fission (red squiggly line) in the ancestor of the great apes resulted in the birth of three new tel-
omeres and two new centromeres (red) and the inactivation of one centromere (open circle). New
segmental duplications (green and blue) were transferred to the 15q subtelomere post-fission

fusion site is marked by inverted telomere repeats and subtelomeric SDs that once
resided at two independent chromosome ends (Fig. 8.3). These SDs are paralo-
gous to several human subtelomeres, including 9p and 22q, consistent with mul-
tiple interchromosomal exchanges (Fan et al. 2002; Linardopoulou et al. 2005).
The inverted telomere repeats at the fusion site are not perfect telomere arrays,
but rather are 14 % diverged from the canonical telomere repeat, (TTAGGG)n.
This could be due to the rapid divergence of perfect telomere repeats post-fusion,
or it could indicate that the chromosomal fusion occurred at degenerate telomere
repeats in the subtelomeres of the ancestral chromosomes, rather than as a fusion
of the most terminal telomere sequences (Fan et al. 2002).

A chromosomal fission in the ancestor of great apes gave rise to human chro-
mosomes 14 and 15 (Fig. 8.3). Rhesus macaque chromosome 7 represents the
ancestral locus, in which regions orthologous to human chromosomes 15 and 14
are arranged in a head-to-tail configuration. After the fission of the ancestral chro-
mosome, one new pericentromere (on chromosome 14) and one new subtelomere
(on chromosome 15) were created at the fission site (Wienberg et al. 1992; Ventura
et al. 2003; Rudd et al. 2009). In addition, the ancestral centromere inactivated,
two new centromeres activated, and both chromosomes 14 and 15 acquired acro-
centric short arms with new telomeres (Fig. 8.3). Since its birth at the chromo-
some fission, the 15q subtelomere has engaged in rampant sequence transfers. The
orthologous regions of the 15q subtelomere in four great apes and an Old World
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monkey exist as completely different genomic structures in each species (Rudd
et al. 2009). Terminal deletions, interstitial deletions, duplications, and inter-
chromosomal exchanges have created a unique subtelomeric configuration in the
genomes of rhesus macaque, orangutan, gorilla, chimpanzee, and human. The fis-
sion site was home to at least 21 olfactory receptor (OR) genes in the ancestral
chromosome, and since the fission, ORs have been gained and lost in a lineage-
specific manner in the genomes of all the great apes (Rudd et al. 2009).

Like human subtelomeres, non-human primate subtelomeres are also enriched
in satellite DNA and SDs. However, different classes of repetitive DNA have
expanded in different species, typical of concerted evolutionary processes.
Heterochromatic “caps” of chromosome ends have been seen in chimpanzee and
gorilla, but not in human (Yunis and Prakash 1982; Royle et al. 1994). Recent
sequence analyses of chimpanzee and gorilla subtelomeres have revealed that
both species have a 32-bp satellite at chromosome ends, but SDs that make up
the chimpanzee caps are derived from the chromosome 2 fusion site, whereas the
gorilla subtelomeric SDs are derived from a chromosome 10 sequence (Ventura
etal. 2011).

Analysis of the SDs in the human genome assembly also provides information
on the evolutionary timing of primate subtelomeres. Fifty percent of human sub-
telomeric SD sequence is >98.7 % identical to another chromosome end, indicat-
ing that the sequence transfer occurred since human and chimpanzee diverged
(Linardopoulou et al. 2005). Further, FISH analysis of a subset of human subtelom-
eric SDs revealed variation in copy number and genomic location between individu-
als and heterozygosity for subtelomeric SDs within a single individual (Trask et al.
1998; Linardopoulou et al. 2005). Such data are consistent with subtelomeric SDs
being one of the most rapidly evolving regions of the human genome.

Rearrangements in primate subtelomeres are a source of variation and disease.
Although small rearrangements represent normal polymorphism, larger gains and
losses involving dosage-sensitive genes can cause intellectual disabilities and birth
defects, making these regions particularly relevant to studies of human disease and
diversity. Though subtelomeric variation is recognized in the human genome, the
causes of DSBs in chromosome ends are unknown. Functional studies of the DNA
sequences underlying subtelomeric breakpoints are a crucial next step to discover-
ing the risk factors and mechanisms of subtelomeric rearrangements.

Acknowledgments MKR is supported by a grant from the National Institute of Mental Health
(1IR01IMH092902) and a grant from the March of Dimes (12-FY11-203).

References

Anderlid, B. M., Schoumans, J., Anneren, G., Tapia-Paez, 1., Dumanski, J., Blennow, E., et al.
(2002). FISH-mapping of a 100-kb terminal 22q13 deletion. Human Genetics, 110(5), 439-443.

Bacolla, A., Wojciechowska, M., Kosmider, B., Larson, J. E., & Wells, R. D. (2006). The
involvement of non-B DNA structures in gross chromosomal rearrangements. DNA Repair
(Amsterdam), 5(9-10), 1161-1170.



8 Human and Primate Subtelomeres 161

Bailey, J. A., Gu, Z., Clark, R. A., Reinert, K., Samonte, R. V., Schwartz, S., et al. (2002). Recent
segmental duplications in the human genome. Science, 297(5583), 1003—-1007.

Balikova, 1., Menten, B., de Ravel, T., Le Caignec, C., Thienpont, B., Urbina, M., et al. (2007).
Subtelomeric imbalances in phenotypically normal individuals. Human Mutation, 28(10),
958-967.

Ballif, B. C., Kashork, C. D., & Shaffer, L. G. (2000). The promise and pitfalls of telomere
region-specific probes. American Journal of Human Genetics, 67(5), 1356-1359.

Ballif, B. C., Sulpizio, S. G., Lloyd, R. M., Minier, S. L., Theisen, A., Bejjani, B. A., et al.
(2007). The clinical utility of enhanced subtelomeric coverage in array CGH. American
Journal of Medical Genetics Part A, 143(16), 1850-1857.

Ballif, B. C., Wakui, K., Gajecka, M., & Shaffer, L. G. (2004). Translocation breakpoint mapping
and sequence analysis in three monosomy 1p36 subjects with der(1)t(1;1)(p36;q44) suggest
mechanisms for telomere capture in stabilizing de novo terminal rearrangements. Human
Genetics, 114(2), 198-206.

Ballif, B. C., Yu, W., Shaw, C. A., Kashork, C. D., & Shaffer, L. G. (2003). Monosomy 1p36
breakpoint junctions suggest pre-meiotic breakage-fusion-bridge cycles are involved in gen-
erating terminal deletions. Human Molecular Genetics, 12(17), 2153-2165.

Bonaglia, M. C., Giorda, R., Beri, S., De Agostini, C., Novara, F., Fichera, M., et al. (2011).
Molecular mechanisms generating and stabilizing terminal 22q13 deletions in 44 subjects
with Phelan/McDermid Syndrome. PLoS Genetics, 7(7), e1002173.

Bonaglia, M. C., Giorda, R., Mani, E., Aceti, G., Anderlid, B. M., Baroncini, A., et al. (2006).
Identification of a recurrent breakpoint within the SHANK3 gene in the 22q13.3 deletion
syndrome. Journal of Medical Genetics, 43(10), 822—-828.

Burge, S., Parkinson, G. N., Hazel, P., Todd, A. K., & Neidle, S. (2006). Quadruplex DNA:
Sequence, topology and structure. Nucleic Acids Research, 34(19), 5402-5415.

National Institutes of Health and Institute of Molecular Medicine Collaboration. (1996). A complete
set of human telomeric probes and their clinical application. Natural Genetics, 14(1), 86—89.
The Chimpanzee Sequencing and Analysis Consortium. (2005). Initial sequence of the chimpan-

zee genome and comparison with the human genome. Nature, 437(7055), 69-87.

Cornforth, M. N., & Eberle, R. L. (2001). Termini of human chromosomes display elevated rates
of mitotic recombination. Mutagenesis, 16(1), 85-89.

d’Adda di Fagagna, F., Reaper, P. M., Clay-Farrace, L., Fiegler, H., Carr, P., Von Zglinicki, T.,
et al. (2003). A DNA damage checkpoint response in telomere-initiated senescence. Nature,
426(6963), 194-198.

Dhar, S. U., del Gaudio, D., German, J. R., Peters, S. U., Ou, Z., Bader, P. 1., et al. (2010).
22q13.3 deletion syndrome: Clinical and molecular analysis using array CGH. American
Journal of Medical Genetics Part A, 152A(3), 573-581.

Durand, C. M., Betancur, C., Boeckers, T. M., Bockmann, J., Chaste, P., Fauchereau, F., et al.
(2007). Mutations in the gene encoding the synaptic scaffolding protein SHANK3 are associ-
ated with autism spectrum disorders. Nature Genetics, 39(1), 25-27.

Fan, Y., Linardopoulou, E., Friedman, C., Williams, E., & Trask, B. J. (2002). Genomic struc-
ture and evolution of the ancestral chromosome fusion site in 2q13-2q14.1 and paralogous
regions on other human chromosomes. Genome Research, 12(11), 1651-1662.

Gajecka, M., Gentles, A. J., Tsai, A., Chitayat, D., Mackay, K. L., Glotzbach, C. D., et al. (2008).
Unexpected complexity at breakpoint junctions in phenotypically normal individuals and
mechanisms involved in generating balanced translocations t(1;22)(p36;ql13). Genome
Research, 18(11), 1733-1742.

Gajecka, M., Glotzbach, C. D., Jarmuz, M., Ballif, B. C., & Shaffer, L. G. (2006). Identification
of cryptic imbalance in phenotypically normal and abnormal translocation carriers. European
Journal of Human Genetics, 14(12), 1255-1262.

Gibbs, R. A., Rogers, J., Katze, M. G., Bumgarner, R., Weinstock, G. M., Mardis, E. R., et al.
(2007). Evolutionary and biomedical insights from the rhesus macaque genome. Science,
316(5822), 222-234.



162 M. K. Rudd

Glusman, G., Yanai, 1., Rubin, L., & Lancet, D. (2001). The complete human olfactory subge-
nome. Genome Research, 11(5), 685-702.

Harada, N., Visser, R., Dawson, A., Fukamachi, M., Iwakoshi, M., Okamoto, N., et al. (2004).
A 1-Mb critical region in six patients with 9q34.3 terminal deletion syndrome. Journal of
Human Genetics, 49(8), 440-444.

Huppert, J. L., & Balasubramanian, S. (2005). Prevalence of quadruplexes in the human genome.
Nucleic Acids Research, 33(9), 2908-2916.

Ijdo, J. W., Baldini, A., Ward, D. C., Reeders, S. T., & Wells, R. A. (1991). Origin of human chro-
mosome 2: An ancestral telomere-telomere fusion. Proceedings of the National Academy of
Sciences of the United States of America, 88(20), 9051-9055.

Kaminsky, E. B., Kaul, V., Paschall, J., Church, D. M., Bunke, B., Kunig, D., et al. (2011). An
evidence-based approach to establish the functional and clinical significance of copy number
variants in intellectual and developmental disabilities. Genetics in Medicine: Official Journal
of the American College of Medical Genetics, 13(9), 777-784.

Kleefstra, T., Brunner, H. G., Amiel, J., Oudakker, A. R., Nillesen, W. M., Magee, A., et al. (2006).
Loss-of-function mutations in euchromatin histone methyl transferase 1 (EHMT1) cause the
9q34 subtelomeric deletion syndrome. American Journal of Human Genetics, 79(2), 370-377.

Knight, S. J., Lese, C. M., Precht, K. S., Kuc, J., Ning, Y., Lucas, S., et al. (2000). An optimized
set of human telomere clones for studying telomere integrity and architecture. American
Journal of Human Genetics, 67(2), 320-332.

Kruisselbrink, E., Guryev, V., Brouwer, K., Pontier, D. B., Cuppen, E., & Tijsterman, M. (2008).
Mutagenic capacity of endogenous G4 DNA underlies genome instability in FANCIJ-
defective C. elegans. Current Biology, 18(12), 900-905.

Linardopoulou, E., Mefford, H. C., Nguyen, O., Friedman, C., van den Engh, G., Farwell, D. G.,
et al. (2001). Transcriptional activity of multiple copies of a subtelomerically located olfac-
tory receptor gene that is polymorphic in number and location. Human Molecular Genetics,
10(21), 2373-2383.

Linardopoulou, E. V., Williams, E. M., Fan, Y., Friedman, C., Young, J. M., & Trask, B. J. (2005).
Human subtelomeres are hot spots of interchromosomal recombination and segmental dupli-
cation. Nature, 437(7055), 94-100.

Locke, D. P, Hillier, L. W., Warren, W. C., Worley, K. C., Nazareth, L. V., Muzny, D. M., et al. (2011).
Comparative and demographic analysis of orang-utan genomes. Nature, 469(7331), 529-533.
Londono-Vallejo, J. A., Der-Sarkissian, H., Cazes, L., Bacchetti, S., & Reddel, R. R. (2004).
Alternative lengthening of telomeres is characterized by high rates of telomeric exchange.

Cancer Research, 64(7), 2324-2327.

Luo, Y., Hermetz, K. E., Jackson, J. M., Mulle, J. G., Dodd, A., Tsuchiya, K. D., et al. (2011).
Diverse mutational mechanisms cause pathogenic subtelomeric rearrangements. Human
Molecular Genetics, 20(19), 3769-3778.

Martin, C. L., Nawaz, Z., Baldwin, E. L., Wallace, E. J., Justice, A. N., & Ledbetter, D. H.
(2007). The evolution of molecular ruler analysis for characterizing telomere imbalances:
From fluorescence in situ hybridization to array comparative genomic hybridization. Genetic
Medicine, 9(9), 566-573.

Martin, C. L., Wong, A., Gross, A., Chung, J., Fantes, J. A., & Ledbetter, D. H. (2002). The
evolutionary origin of human subtelomeric homologies—or where the ends begin. American
Journal of Human Genetics, 70(4), 972-984.

Meier, A., Fiegler, H., Munoz, P., Ellis, P, Rigler, D., Langford, C., et al. (2007). Spreading of
mammalian DNA-damage response factors studied by ChIP-chip at damaged telomeres.
EMBO Journal, 26(11), 2707-2718.

Mills, R. E., Walter, K., Stewart, C., Handsaker, R. E., Chen, K., Alkan, C., et al. (2011). Mapping
copy number variation by population-scale genome sequencing. Nature, 470(7332), 59-65.
Monfouilloux, S., Avet-Loiseau, H., Amarger, V., Balazs, 1., Pourcel, C., & Vergnaud, G. (1998).

Recent human-specific spreading of a subtelomeric domain. Genomics, 51(2), 165-176.

Neaves, K. J., Huppert, J. L., Henderson, R. M., & Edwardson, J. M. (2009). Direct visualization
of G-quadruplexes in DNA using atomic force microscopy. Nucleic Acids Research, 37(18),
6269-6275.



8 Human and Primate Subtelomeres 163

Phelan, M. C., Rogers, R. C., Saul, R. A., Stapleton, G. A., Sweet, K., McDermid, H., et al.
(2001). 22q13 deletion syndrome. American Journal of Medical Genetics, 101(2), 91-99.
Philippe, A., Boddaert, N., Vaivre-Douret, L., Robel, L., Danon-Boileau, L., Malan, V., et al.
(2008). Neurobehavioral profile and brain imaging study of the 22q13.3 deletion syndrome in

childhood. Pediatrics, 122(2), e376—e382.

Ravnan, J. B., Tepperberg, J. H., Papenhausen, P., Lamb, A. N., Hedrick, J., Eash, D., et al.
(2006). Subtelomere FISH analysis of 11 688 cases: An evaluation of the frequency and pat-
tern of subtelomere rearrangements in individuals with developmental disabilities. Journal of
Medical Genetics, 43(6), 478-489.

Redon, R., Ishikawa, S., Fitch, K. R., Feuk, L., Perry, G. H., Andrews, T. D., et al. (2006). Global
variation in copy number in the human genome. Nature, 444(7118), 444-454.

Ribeyre, C., Lopes, J., Boule, J. B., Piazza, A., Guedin, A., Zakian, V. A, et al. (2009). The yeast
Pif1 helicase prevents genomic instability caused by G-quadruplex-forming CEB1 sequences
in vivo. PLoS Genetics, 5(5), e1000475.

Riethman, H., Ambrosini, A., Castaneda, C., Finklestein, J., Hu, X. L., Mudunuri, U., et al.
(2004). Mapping and initial analysis of human subtelomeric sequence assemblies. Genome
Research, 14(1), 18-28.

Royle, N. J., Baird, D. M., & Jeffreys, A. J. (1994). A subterminal satellite located adjacent to
telomeres in chimpanzees is absent from the human genome. Nature Genetics, 6(1), 52-56.

Rudd, M. K. (2011). Structural variation in subtelomeres. In L. Feuk (Ed.), Genomic structural var-
iants: Methods and protocols, methods in molecular biology (Vol. 838). New York: Springer.

Rudd, M. K., Endicott, R. M., Friedman, C., Walker, M., Young, J. M., Osoegawa, K., et al.
(2009). Comparative sequence analysis of primate subtelomeres originating from a chromo-
some fission event. Genome Research, 19(1), 33—41.

Rudd, M. K., Friedman, C., Parghi, S. S., Linardopoulou, E. V., Hsu, L., & Trask, B. J. (2007).
Elevated rates of sister chromatid exchange at chromosome ends. PLoS Genetics, 3(2), e32.

Sanders, C. M. (2010). Human Pifl helicase is a G-quadruplex DNA-binding protein with
G-quadruplex DNA-unwinding activity. The Biochemical Journal, 430(1), 119-128.

Shao, L., Shaw, C. A., Lu, X. Y., Sahoo, T., Bacino, C. A., Lalani, S. R., et al. (2008).
Identification of chromosome abnormalities in subtelomeric regions by microarray analysis:
A study of 5,380 cases. American Journal of Medical Genetics Part A, 146A(17), 2242-2251.

Stewart, D. R., Huang, A., Faravelli, F., Anderlid, B. M., Medne, L., Ciprero, K., et al. (2004).
Subtelomeric deletions of chromosome 9q: A novel microdeletion syndrome. American
Journal of Medical Genetics Part A, 128A(4), 340-351.

Sutherland, G. R. (2003). Rare fragile sites. Cytogenet Genome Research 100(1-4), 77-84.

Trask, B. J., Friedman, C., Martin-Gallardo, A., Rowen, L., Akinbami, C., Blankenship, J., et
al. (1998). Members of the olfactory receptor gene family are contained in large blocks of
DNA duplicated polymorphically near the ends of human chromosomes. Human Molecular
Genetics, 7(1), 13-26.

Ventura, M., Catacchio, C. R., Alkan, C., Marques-Bonet, T., Sajjadian, S., Graves, T. A., et al.
(2011). Gorilla genome structural variation reveals evolutionary parallelisms with chimpan-
zee. Genome Research, 21(10), 1640-1649.

Ventura, M., Mudge, J. M., Palumbo, V., Burn, S., Blennow, E., Pierluigi, M., et al. (2003).
Neocentromeres in 15q24-26 map to duplicons which flanked an ancestral centromere in
15q25. Genome Research, 13(9), 2059-2068.

Wienberg, J., Stanyon, R., Jauch, A., & Cremer, T. (1992). Homologies in human and macaca
fuscata chromosomes revealed by in situ suppression hybridization with human chromosome
specific DNA libraries. Chromosoma, 101(5-6), 265-270.

Wilson, H. L., Wong, A. C., Shaw, S. R., Tse, W. Y., Stapleton, G. A., Phelan, M. C., et al.
(2003). Molecular characterisation of the 22q13 deletion syndrome supports the role of
haploinsufficiency of SHANK3/PROSAP2 in the major neurological symptoms. Journal of
Medical Genetics, 40(8), 575-584.

Wong, A. C., Ning, Y., Flint, J., Clark, K., Dumanski, J. P., Ledbetter, D. H., et al. (1997).
Molecular characterization of a 130-kb terminal microdeletion at 22q in a child with mild
mental retardation. American Journal of Human Genetics, 60(1), 113-120.



164 M. K. Rudd

Yatsenko, S. A., Brundage, E. K., Roney, E. K., Cheung, S. W., Chinault, A. C., & Lupski, J. R.
(2009). Molecular mechanisms for subtelomeric rearrangements associated with the 9q34.3
microdeletion syndrome. Human Molecular Genetics, 18(11), 1924-1936.

Yunis, J. J., & Prakash, O. (1982). The origin of man: A chromosomal pictorial legacy. Science,
215(4539), 1525-1530.

Zhao, J., Bacolla, A., Wang, G., & Vasquez, K. M. (2010). Non-B DNA structure-induced genetic
instability and evolution. Cellular and Molecular Life Sciences, 67(1), 43—62.



Chapter 9
FSHD: A Subtelomere-Associated Disease

Andreas Leidenroth and Jane E. Hewitt

Abstract Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal
dominant genetic disorder caused by an unusual genetic mutation: the contraction
of a macrosatellite repeat array on the chromosome 4 subtelomere. Due to the unu-
sual location of this mutation, FSHD research has provided a wealth of data about
the evolutionary history of this human telomere. In this chapter, we will cover both
the early and the most recent disease models that have been proposed to explain
the molecular pathogenesis of this disorder and highlight some of the most inter-
esting genetic, epigenetic and evolutionary findings contributed by this field.

9.1 Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is usually diagnosed in the later
teenage years, with affected males tending to show earlier onset and faster decline
than females (Padberg 2004). The first recognised symptom is most often a weak-
ness of the shoulder girdle muscles, the scapula fixators. While in about a third
of cases the disease does not progress beyond this stage, muscle wasting in most
individuals subsequently extends to include muscles of the face, the foot exten-
sor and the pelvic girdle with about 10 % of affected individuals requiring wheel-
chair aid in later life (Padberg 2004). FSHD patients who show symptoms in the
first decade are more likely to become wheelchair dependent and suffer from addi-
tional non-muscular symptoms such as retinal vascular disease and high-frequency
hearing loss, features less frequently seen in those with later onset of the disease
(Padberg 2004; Padberg et al. 1995).
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Fig. 9.1 Genomic organisation of the human chromosome 4q35ter region and close-up of the
distal end of the D4Z4 array. The distance from ANT! to the telomere is approximately 5 Mb.
Arrows show orientation of DUX4 ORF. DUX4 homeoboxes are shaded black. The pLAM frag-
ment includes the most distal, partial D4Z4 repeat and extends into the p-satellite array. Figure
not to scale

In the early 1990s, classic linkage studies mapped the FSHD locus to chromo-
some 4q35-ter (Sarfarazi et al. 1989, 1992; Upadhyaya et al. 1992; Weiffenbach
et al. 1992). When genomic DNA from affected families was digested with
EcoRI and hybridised on a Southern blot with a probe (pI13E-11) that had been
sub-cloned from a cosmid (13E) mapping to this region, FSHD samples showed a
notably smaller band than healthy controls. The short EcoRI fragment was found
to co-segregate with the disease in families and was observed to occur de novo
in sporadic cases (Wijmenga et al. 1992). Further analyses showed that the poly-
morphic fragment size was determined by the copy number of a subtelomeric
3.3-kb macrosatellite repeat array (Wijmenga et al. 1992; van Deutekom et al.
1993) composed of one—ten repeats (10-48-kb EcoRI fragments) in patients and 11
to more than 100 repeats (fragments larger than 48 kb) in controls (van Deutekom
et al. 1993; Wijmenga et al. 1994). There is one Kpnl site within each repeat unit
(Fig. 9.1). The macrosatellite, named D4Z4, was found to contain an open reading
frame within each Kpnl repeat that encodes a putative protein with two homeodo-
mains, since named DUX4 (Hewitt et al. 1994; Lee et al. 1995; Gabriels et al. 1999).

The p13E-11 probe was found also to hybridise to a locus on chromosome
10g26-ter (Wijmenga et al. 1994; Bakker et al. 1995). This 1026 subtelomeric
region shares homology with 4q35, which extends from a truncated, inverted
D474 unit proximal to D4Z4 to the distal end of the chromosome (Fig. 9.1)
(Hewitt et al. 1994; van Geel et al. 2002). However, even though the 3.3-kb repeat
arrays and the flanking regions of these two chromosomes share high sequence
and organisational similarity (van Geel et al. 2002; Cacurri et al. 1998), FSHD was
found to be associated only with contractions on chromosome 4qter (Lemmers
et al. 2001). Because the distance from the D4Z4 array to the telomeric TTAGGG
repeats was estimated to be only 25-50 kb (van Geel et al. 2002; Lemmers et al.
2002; Bengtsson et al. 1994), most disease models proposed epigenetic hetero-
chromatic effects related to this sub-telomeric location.
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After these initial data were published in the 1990s, it would take a further two
decades of research until convincing evidence of a direct link between DUX4 and
FSHD pathogenesis was established.

9.2 Historic Context of FSHD Research

Before we move on to discuss the most interesting and recent findings about the
4q35 subtelomeric region that have emerged from this substantial body of work,
we will briefly cover the early disease models that were initially proposed to
explain the molecular pathogenesis.

The first D474 sequence data came either from truncated patient arrays or from
cloned repeats that were susceptible to rearrangements, and the extent of nucleo-
tide conservation between different repeat units along the array was unknown
(Hewitt et al. 1994; Lee et al. 1995; Gabriels et al. 1999; Winokur et al. 1994).
Despite extensive efforts, several independent groups failed to detect any
convincing evidence of DUX4 transcription (Hewitt et al. 1994; Winokur et al.
2003; Lyle et al. 1995; Yip and Picketts 2003; Osborne et al. 2007). For many
years, the DUX4 open reading frame was thus considered a pseudogene that was
not expressed. Instead, early work focused on the region surrounding D4Z4.
There are no known genes located between D4Z4 and the telomere, while the
region proximal to the array is relatively gene poor (van Geel et al. 2002). The
gene sequences closest to D4Z4 are FRG2, followed by DUX4c, TUBB4Q, FRGI,
PDLIM3 and ANT! (Fig. 9.1) (van Koningsbruggen et al. 2004; van der Maarel et
al. 2007). Several of the early disease models hypothesised a D4Z4 contraction-
dependent aberrant regulation of these genes in FSHD.

Prompted by the extreme telomeric location and the presence of the LSau and
Hhspm3 repeats (known to be associated with heterochromatin), one of these
ideas was a cis-spreading model based on a loss of heterochromatinisation upon
D4Z4 contraction. It was suggested that in its normal state, chromatin at D474 is
packaged into heterochromatin and transcriptionally inactive, with this silencing
effect spreading to proximal neighbouring genes, a phenomenon that was known
as position effect variegation (PEV) in D. melanogaster. Array contraction was
hypothesised to result in a loss of local heterochromatinisation and therefore aber-
rant up-regulation of the proximal genes, culminating in FSHD. However, a later
study (albeit limited to somatic cell hybrids) showed that chromatin at D474 is of
a euchromatic nature and that there is no position-dependent increase in neigh-
bouring gene transcription or a histone 4 acetylation gradient (Jiang et al. 2003),
features that would both be expected under a loss-of-PEV model.

Other, similar models which also proposed cis or trans effects of D4Z4 con-
traction include DNA looping (Jiang et al. 2003), D4Z4 functioning as a chroma-
tin ‘insulator’ preventing spread of heterochromatinisation (van Deutekom 1996) or
interactions of the D474 region with the nuclear rim (Masny et al. 2004; Tam et al.
2004). The last of these three ideas is linked to the observation that the chromosome
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4q and 10q telomeres localise to different parts of the nucleus. Using a 3D-by-2D
in situ hybridisation method, Masny et al. showed that 4q35ter always localises to
the outermost region of the nucleus. This localisation is dependent on the nuclear
rim protein lamin A/C, loss of which randomises the 4q35 nuclear position. 10q26ter
does localise to the nuclear rim (Masny et al. 2004), which implies that it is not the
D474 array itself, but sequences proximal to D4Z4 that seem to be responsible for
this effect and the difference between 4q and 10q. In line with this, local D474 dele-
tions do not seem to alter the 4q35 subtelomere localisation (Tam et al. 2004).

In the context of these models, the expression levels of genes proximal to D4Z4
were investigated in FSHD and control muscle. After an initial study that found
no changes in FRGI expression using allele-specific RT-PCR (van Deutekom
et al. 1996b), it was reported that transcription levels of the D4Z4 proximal genes
are progressively elevated in FSHD muscle cells, with the highest gain detected
in FRG2 (closest to D4Z4) and a lower but notable gain in FRGI and ANT! (fur-
ther away) (Gabellini et al. 2002). This study also identified a 27-bp recogni-
tion sequence (termed D4Z4-binding element, DBE) within D4Z4 that is bound
by a D474 repressor complex (DRC), consisting of the proteins YY1 (Ying Yang
1), HMGB2 (a high-mobility group protein family member) and nucleolin. The
authors postulated a model of de-repression in which binding of the DRC nor-
mally functions to repress genes upstream of D474, with repeat contraction
leading to reduced repressor binding and consequently aberrant up-regulation
(Gabellini et al. 2002). Controversy arose when these changes in mRNA levels,
which were based on non-quantitative endpoint RT-PCR, could not be replicated
by later studies that applied more quantitative methods (Winokur et al. 2003;
Osborne et al. 2007; Jiang et al. 2003; Klooster et al. 2009).

A further inconsistency with this cis-acting model is that in some patients the
D474 deletions extend proximally to include p13E-11, FRG2 and DUX4c. As such
deletions can still result in FSHD, these loci are considered unlikely to be directly
responsible for pathogenesis in a cis-acting over-expression/gain-of-function
model (Lemmers et al. 1998, 2003). In agreement with this, FRG2 over-expression
in mice does not seem to cause a myopathy phenotype (Gabellini et al. 2006).

TUBB4Q, identified by in silico analysis, likely represents an unexpressed pseu-
dogene encoding a putative protein with 86 % identity to B2-tubulin (Fig. 9.1)
(van Geel et al. 2000). The actinin-associated LIM protein PDLIM3 is expressed
in muscle, but expression levels were found not to vary between healthy indi-
viduals and patients, which effectively excluded this gene as a candidate (Xia
et al. 1997; Bouju et al. 1999). ANTI encodes an adenine nucleotide translocator
responsible for ATP transport across the mitochondrial membrane into the cyto-
plasm and is highly expressed in muscle tissue (Li et al. 1989). Even though it is
located several megabases upstream of D474, it has therefore been considered a
candidate for the muscular dystrophy phenotype. There is some evidence that ANT1
protein is elevated in FSHD muscle compared with controls and individuals with
Duchenne muscular dystrophy (Laoudj-Chenivesse et al. 2005), but transgenic mice
over-expressing ANT1 do not suffer muscle damage and the reported elevated levels
of ANTI (Gabellini et al. 2006) probably reflect correlation rather than causation.
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Among the cis candidate genes, most effort has been focused on FRGI, which
at one point was the prime FSHD candidate gene (Gabellini et al. 2002). FRGI
(FSHD-related gene 1) maps 100 kb proximal to D4Z4 (van Deutekom et al.
1996b). Its sequence is conserved across the animal kingdom (Grewal et al. 1998)
and encodes a 30-kDa protein that localises to the nucleolus, splicing speckles and
cajal bodies, hinting at a possible function in RNA splicing (van Koningsbruggen
et al. 2004). Aberrant RNA processing is a feature of other muscular disorders
such as myotonic muscular dystrophy, which initially made FRGI a seemingly
good candidate (Nicole et al. 2002; Brais et al. 1998). However, data for altered
FRGI expression in FSHD have been inconsistent, and several later studies did not
detect differences between cases and controls (Winokur et al. 2003; Osborne et al.
2007; Jiang et al. 2003; Gabellini et al. 2002; Klooster et al. 2009).

One difficulty in measuring levels of FRGI mRNA is that there are many
dispersed copies of this gene that could compromise the specificity of RT-PCR
for the chromosome 4 locus (Grewal et al. 1999; Ballarati et al. 2002). Indeed,
in a recent study that estimated human gene copy numbers by considering the
read depth of next-generation sequencing data, FRGI ranked number twenty-four,
with 23-30 copies (Alkan et al. 2009). As at least some of these additional loci are
transcribed (Grewal et al. 1999), RT-PCR studies could be confounded by varia-
tion in copy number and quantitative differences in transcription levels of these
homologues.

Several independent studies have now largely discredited the D4Z4 proximal
cis-effect model (Winokur et al. 2003; Jiang et al. 2003; Klooster et al. 2009;
Masny et al. 2010). We have seen a shift from the study of these neighbouring loci
to the D4Z4 resident DUX4, which is now the prime candidate gene. However,
the epigenetic status of this subtelomeric region is still relevant to the disease
mechanism. Briefly, local D4Z4 chromatin relaxation in FSHD (van Overveld
et al. 2003; de Greef et al. 2009; Zeng et al. 2009) is thought to result in aberrant
expression of DUX4 transcripts from the most distal repeat (Lemmers et al. 2010a;
Snider et al. 2010). However, for these DUX4 transcripts to be stable, the array
contraction needs to occur on a particular chromosomal haplotype background.
This haplotype, known as ‘4qA161°, is defined by sequence variants near p13E-11
that are in linkage disequilibrium with a functional polyadenylation signal distal to
the last D474 repeat (Lemmers et al. 2010a; Dixit et al. 2007).

9.3 Evolution of 4q35, D4Z4 and DUX4

Before we discuss the FSHD disease mechanism in detail, we will investigate the
evolution of chromosome 4q35, D474 and DUX4. To a large extent, these data
have arisen as interesting secondary findings that have emerged from research pri-
marily motivated by the FSHD connection. However, studying the evolutionary
history and population genetics of D474 and its surrounding region directly led to
the single biggest breakthrough in our understanding of this disease.
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9.3.1 D4Z4 is Present on Both 4¢35 and 10926

When researchers used the pl13E-11 probe to detect the polymorphic EcoRI frag-
ment in FSHD patients, Southern blots showed a second locus that was mapped
to chromosome 10q26 by fluorescence in situ hybridisation (Bakker et al. 1995;
Wijmenga et al. 1995). When this locus was cloned, restriction mapping hinted
at a high sequence similarity between the 10q and 4q loci (Deidda et al. 1996).
Sequencing of the p13E-11 region and part of the first D474 repeat unit from chro-
mosome 10q confirmed that it showed more than 98 % sequence identity to the
previously published sequence of chromosome 4q35 (Cacurri et al. 1998). Later,
further sequence analysis of YACs, BACs and PACs of the region showed that the
homology between 4q35 and 10q26 extends over 42 kb from the inverted, trun-
cated DUX4c repeat to the very tip of the telomere (Fig. 9.2) (van Geel et al. 2002).

The 4q35 and 10q26 loci do have some sequence differences. Most usefully,
most D4Z4 arrays on chromosomes 10q were found to contain a Blnl site that was
not present on most 4q arrays (Deidda et al. 1996). Later, a Xapl site was found
to be present on 4q but not on 10g-derived arrays (Lemmers et al. 2001). Thus,
EcoRI can be used in combination with either of these two enzymes for more
informative pl13E-11 Southern blots in FSHD diagnosis, since contractions on
chromosome 10g26 do not result in disease (Lemmers et al. 2001).

Unfortunately, this Blnl/Xapl ‘diagnostic’ difference between 4q- and 10g-derived
arrays is not reliable. Some alleles contain apparently ‘hybrid’ D4Z4 arrays that are
not homogenous for the Blnl/Xapl sites. Such arrays may carry Blnl-sensitive D474
repeats on chromosome 4q (frequency of 6 %) or have Blnl-insensitive arrays on
chromosome 10q (frequency of 9 %) (Lemmiers et al. 2001, 1998; Deidda et al. 1996).

Kpnl EcoRl
SSLP G/C SNP 1 1
| | —— pLAM——
10gA166 Q s -
DUX4C PISE1T il sensitive repeats B-sat
Kpnl EcoRl
SSLP G/C SNP 1 1
l | —— pLAM—
13E-11 -sat
DUX4C P Xapl sensitive repeats B-sa
SSLP G/C SNP
l
4qB <}
FRG2 p13E-11 no pLAM, poly-A or B-satellite

DuXx4C Xapl sensitive repeats

Fig. 9.2 The homology between chromosomes 4 and 10 extends from DUX4c to the telomere.
The SSLP and p13E-11 sequence features, the G/C SNP in the first repeat unit and the distal
A/B-type telomeres define different haplotypes (see text). The FSHD disease-permissive hap-
lotype 4qA161 has a non-canonical polyadenylation signal (ATTAAA) distal to the last repeat.
This sequence is different or absent in alleles that are not disease permissive
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Those individuals that have combinations of one Blnl-sensitive and three Blnl-
insensitive arrays have also been classified as being ‘monosomic’ for a 10qg-type
array and ‘trisomic’ for a 4qg-type array (van Deutekom et al. 1996a). A study of
106 controls and 70 FSHD probands found that only about two-thirds of people
(cases and controls) conform to a ‘simple’ disomic Binl allele constitution (Rossi
et al. 2007). These different allele constitutions do not arise as de novo transloca-
tions, but exist as separate, ancient haplotypes.

It was further observed that hybrid arrays on 4q tend to be more heterogeneous,
carrying a mixture of Blnl-sensitive and Blnl-insensitive units, while non-canon-
ical 10q arrays tend to be more homogenous and composed entirely of Binl-
insensitive repeats. It is also noteworthy that the 4q and 10q arrays have different
repeat number distributions, with a tendency for larger arrays on 4q compared to
10q (Rossi et al. 2007).

9.3.2 Other D4Z4-Related Loci

D4Z4-like sequences are not just found on chromosomes 4 and 10. The probe
9B6A hybridises to the homeobox sequences in D4Z4 and thus to each repeat unit
(Hewitt et al. 1994). Early data from Southern blots and metaphase FISH hinted
at a wide dispersal of D4Z4-related sequences throughout the human genome,
which was supported by genomic and cDNA clones (Hewitt et al. 1994). More
detailed analysis that included PCR data from somatic cell hybrids confirmed that
such sequences could be found on all short arms of the acrocentric chromosomes
and at the heterochromatin block at 1q12 (Lyle et al. 1995). Southern blots and
linear two-colour fibre FISH experiments showed that these related sequences are
arranged as clusters in which the repeats are interspersed with blocks of 68-bp
(B-)satellite DNA, even though they are not organised into discrete, homogenised
arrays as at 4935 and 10926 (Lyle et al. 1995; Winokur et al. 1996).

D474 sequences were not only found in the human genome, although in the
days before the ubiquitous availability of sequence data, inferences had to be made
from Southern blot and FISH analyses (Clark et al. 1996). With D4Z4 hybridising
probes, Kpnl digests yielded strong 3.3-kb bands on Southern blots in most great
apes. EcoRI digests hybridised with probes to the D4Z4 repeat sequences LSau and
hhspm3 also gave signals, which provided evidence that other primate genomes
contain related repeat arrays. The high similarity of PsfI digest banding patterns
in chimpanzee, orang-utan and gorilla further supported a similar organisation of
these repeats. Pulsed-field gels proved that just as in humans, D474 arrays in these
primates are also arranged in long, polymorphic arrays (Clark et al. 1996).

The wide dispersal of D4Z4 sequences to heterochromatic regions, such as the
short arms of the human acrocentric chromosomes, seems to be a relatively recent
trend in primate evolution. Unlike humans and great apes, the more distantly
related old world monkeys such as macaques show FISH signals on only a few tel-
omeric locations, which is consistent with data from Southerns. The same is true
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for baboons and the new world monkey marmoset (Clark et al. 1996). Together,
this supports the idea that the expansion of D4Z4 repeats probably occurred after
the split of old world monkeys and great apes.

In contrast to D4Z4 dispersal, analyses with probes that hybridise proximal of
the D4Z4 array indicate that the wider 4q35 subtelomeric region has also under-
gone duplication and dispersal in primates even before the old world monkey/great
ape divergence (Ballarati et al. 2002). In line with this, macaques have a local
FRG1 duplication (Grewal et al. 1999). In gorillas, FISH studies have detected
a large tandem duplication of the 4q35 subtelomeric region that includes FRGI,
FRG2, p13E-11 and the D474 repeat (Bodega et al. 2007).

9.3.3 Evolution of the DUX Gene Family

DUX4 is a member of a larger family of DUX genes including DUXA, DUXB,
Duxbl, DUXC and Dux. These genes, defined by their two closely spaced home-
obox sequences, are only found in mammals (Leidenroth and Hewitt 2010). Most
of these genes contain multiple introns within the coding region, but DUX4 and
Dux (present in mice and rats) have no such introns and likely represent retrogenes
(Leidenroth and Hewitt 2010; Clapp et al. 2007). The DUX4 open reading frame
has been conserved for more than 100 million years, with intact homologues in
primates and Afrotheria. The murine Dux genes are also arranged in tandem arrays
(Clapp et al. 2007).

The genomes of several mammalian species such as Canis familiaris, Bos
taurus and Equus caballus lack DUX4 but contain the closely related intron-
containing gene DUXC, which shares a conserved C-terminal domain with DUX4
in addition to the homeobox sequences. DUX4 and DUXC may represent functional
homologues, and it is probable that the progenitor DUX4 retrogene arose from an
ancestral DUXC. Overall, the distribution of the different DUX homologues across
the mammalian class is patchy, with reciprocal loss and retention in different line-
ages that may indicate functional similarities or redundancies. Indeed, we have not
found a mammalian genome that retains both DUX4 and DUXC, consistent with
the idea of functional redundancy (Clapp et al. 2007; Leidenroth and Hewitt 2010).

Interestingly, DUX4 may well be one of the human protein-coding genes with
the highest overall copy number (Alkan et al. 2009). It is still unclear what selec-
tive pressures or mechanisms maintain the intact open reading frame at both chro-
mosomes 4 and 10 at such high copy number.

9.3.4 4qA and 4qB Variants and Haplotypes

After the linkage of FSHD to 4q35 had been established, it was found that the
region distal of D474 exists in two major variants, dubbed 4qA and 4gB (van Geel
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et al. 2002). These two alleles both share sequence blocks with chromosome 4pter.
Based on their organisation and sequence similarity, the two alleles arose from
independent transfers of DNA sequence from 4pter, 4qB being the more recent
event. When the chromosome 10q telomere was compared with these two variants,
it was found to be of the A type (van Geel et al. 2002), although 10gB alleles were
subsequently shown to exist at low frequency (Lemmers et al. 2010b).

The principal difference between the 4qA and 4gB alleles, which are found at
roughly equal population frequencies (Lemmers et al. 2010b), is the organisation
of the distal end of D4Z4. On 4gA (and 10q), the D474 array terminates in a par-
tial 3.3-kb repeat unit (this can be either 1.25 or 2.9 kb), immediately followed by
about 8 kb of 68 bp satellite. This D47Z4/68-bp junction sequence was identified
by cloning the distal Kpnl/EcoRI fragment of patients and is referred to as pLAM
(Fig. 9.2) (van Deutekom et al. 1993; van Geel et al. 2002). On 4gB, the most dis-
tal D4Z4 repeat unit is truncated after only 570 bp and the sequence immediately
distal to D4Z4 contains no S-satellite (van Geel et al. 2002).

Importantly, it was soon found that FSHD is associated only with D4Z4
contractions on 4qA-type chromosomes (Lemmers et al. 2004, 2002).
Contractions on 4gB, just like those on 10q26, were found not to be associated
with the disease. Thus, the linkage of FSHD had been narrowed down to a par-
ticular chromosome 4 haplotype (Lemmers et al. 2002). The non-pathogenicity of
contracted 10qA arrays compared with 4qA, despite their similar genomic organi-
sation, indicated that these two chromosomes must differ in some subtle way. This
sparked a new search to identify a genetic change that explains the disease segre-
gation with 4qA haplotype as compared with 4gB and 10qA.

An important clue came in 2007. In a remarkable study in which almost a hundred
FSHD patients and more than four hundred controls were analysed, Lemmers et al.
2007) genotyped the sequence of the p13E-11 region, a simple sequence length poly-
morphism (SSLP) proximal to D474, a SNP in the first D4Z4 repeat unit and the A/B
telomeric polymorphism in each individual (Fig. 9.2) (Lemmers et al. 2007). They
found that the combination of these markers defined a limited number of haplotypes,
only one of which (4qA161, named after its SSLP length of 161 bp) was found to
be associated with FSHD. Like previous studies, this paper also described families
with short chromosome 4gB alleles and no muscular dystrophy. Interestingly, how-
ever, they also described a 4qA haplotype (4qA166) that behaved like a 4qB or 10gA
allele: 4qA 166 alleles with short D474 alleles were not associated with FSHD. This
meant that there was not only something special about 4qA compared with 10gA,
but that even within 4qA alleles, there were FSHD disease-permissive and disease
non-permissive variants. This was in accordance with an independent report that
described the presence of short 4gA alleles in healthy individuals (Rossi et al. 2007).

These haplotype data were significantly expanded 3 years later, which, taken
together with another study (Rossi et al. 2007), culminated in a thorough charac-
terisation of the evolutionary history of these subtelomeric regions (Lemmers et al.
2010b). The findings are consistent with the 4qA arrays being ancestral and giving
rise to the 10qA array by transfer of material onto the 10q telomere (Rossi et al.
2007; Lemmers et al. 2010b). Haplotype analysis of alleles containing Binl/Xapl
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hybrid arrays indicated that these arose from a small number of ancestral sequence
exchanges between 4q and 10q alleles, rather than by de novo recombination as
implied previously (van Deutekom et al. 1996a; Lemmers et al. 1998).

Population studies showed that the different haplotype configurations gained
their own unique single-nucleotide variants before the dispersal of Homo sapi-
ens out of Africa (Lemmers et al. 2010b). Thus, recombination at 4q35 is pre-
dominantly intra-allelic, indicating linkage disequilibrium between the sequence
variants defining the chromosome 4 haplotype and a putative FSHD-permissive
variant in cis (Lemmers et al. 2007, 2010b).

This variant was finally identified in 2010, when Lemmers et al. showed that a
functional, non-canonical polyadenylation signal (ATTAAA) resides in the 68-bp
satellite (within pLAM) on the 4qA161 haplotype and stabilises DUX4 transcripts
in FSHD. In contrast, disease non-permissive haplotypes harbour non-functional
variants at this position (Lemmers et al. 2010a; Snider et al. 2010). Although the
distal sequence of non-permissive haplotype 4qA166 was not published, it pre-
sumably also lacks a functional poly-A signal.

9.4 From Repeat Array Contraction to Muscular
Dystrophy

Most of the above studies arose primarily out of a desire to improve our under-
standing of the molecular disease mechanism that causes the FSHD phenotype.
Because in the early days of the field no DUX4 transcripts could be detected, initial
disease models were focused on cis or trans effects. Under these models, D474
contraction was thought to result in local chromatin changes and consequential
aberrant regulation of D4Z4 proximal or frans target genes, resulting in muscular
dystrophy (Jiang et al. 2003; Gabellini et al. 2002). The current disease model does
retain a strong epigenetic component, but one that is constrained locally to D474
rather than cis-spreading to distant regions. The deregulated target now considered
to be the most likely FSHD candidate is DUX4 (van der Maarel et al. 2011).

Even before this recent paradigm shift, there have been hints at a DUX4
involvement. For example, complete deletion of all D474 units does not result
in disease; it seems that at least one repeat is required for pathology (Rossi et al.
2007; Tupler et al. 1996). Further, D474 deletions extending proximally to p13E-
11 have been reported in FSHD patients, which argue against any disease causa-
tive variants being located there (Lemmers et al. 2003).

9.4.1 DUXH4 Transcription and D4Z4 Epigenetics

It was noted early on that each D4Z4 repeat also housed classic elements of a
putative promoter, a GC and a TACAA box (Gabriels et al. 1999), but no canonical
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polyadenylation signal was found within D4Z4. Despite independent efforts
(Hewitt et al. 1994; Winokur et al. 2003; Lyle et al. 1995; Yip and Picketts 2003;
Osborne et al. 2007; Alexiadis et al. 2007), endogenous transcription of DUX4
was not reported until 2007 (Dixit et al. 2007; Kowaljow et al. 2007). Dixit et al.
showed that transfected constructs that contained two D4Z4 repeats and the pLAM
sequence were transcribed from the distal repeat unit. This study also reported two
splice forms for these constructs, with introns in the putative 3’ UTR proximal to
the polyadenylation signal within pLAM (Dixit et al. 2007). Introns in the 3’ UTR
usually trigger the nonsense-mediated decay pathway and are therefore very rare
in most genes, although they have been described in other retrogenes (Fablet et al.
2009).

A more thorough analysis of D4Z4 transcription confirmed these splice forms,
the use of the polyadenylation signal and the presence of short discontinuous tran-
scripts originating from D4Z4 (Snider et al. 2009). These studies also contained
the first hint that DUX4 transcription might be increased in FSHD patients com-
pared with controls. Both Dixit et al. and Kowaljow et al. reported full-length
DUX4 transcripts in primary FSHD myoblasts and myotubes, but not in unaf-
fected controls (Kowaljow et al. 2007; Dixit et al. 2007). Initially, Snider et al.
could not confirm the presence of those full-length transcripts but found higher
transcript levels of fragmented 5/, 3’ and central parts of the DUX4 ORF in patient
myoblasts compared with controls (Snider et al. 2009), although the same group
reported full-length transcripts a year later (Snider et al. 2010). If DUX4 mRNA
was present at a higher level in patients, what could account for this increase?
Now, several independent studies suggest that this is caused by a local change in
D474 chromatin conformation.

DNA methylation and histone modification of the FSHD locus have been
extensively investigated. At the histone level, chromatin immunoprecipitation has
been employed to show that on chromosome 4q35, the chromatin structure within
D4Z4, at p13E-11, and in the promoter regions of FRG2 and DUX4c resembles
that of unexpressed euchromatin (Jiang et al. 2003). Using the CpG methylation-
sensitive restriction enzymes Fsel and BsaAl combined with Southern blotting,
van Overveld et al. studied the methylation status of the respective sites of these
enzymes within the most proximal Kpnl repeat unit (van Overveld et al. 2003).
They found significant hypomethylation of this repeat unit in FSHD patients com-
pared with healthy individuals.

Here, we need to introduce an additional genetic subtype of FSHD. A small
subset of patients (between 5 and 10 %) is diagnosed with an FSHD phenotype,
but does not have a contracted chromosome 4 array (Krasnianski et al. 2003;
Yamanaka et al. 2004). These patients are said to have FSHD2 or phenotypic
FSHD. While patients with classic FSHD (FSHDI1) and non-penetrant carriers
show hypomethylation only on the deleted allele, phenotypic FSHD2 patients
without a contraction were hypomethylated on both 4q chromosomes (van
Overveld et al. 2003). Subsequently, it emerged that loss of methylation in FSHD1
is not uniform, with short alleles below 20 kb (associated with more severe phe-
notypes) more extensively hypomethylated than alleles between 20 and 31 kb. In
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the larger disease alleles, the extent of hypomethylation, just as the severity of the
phenotype, is more variable (van Overveld et al. 2005).

A thorough follow-up study extended this type of restriction analysis to chro-
mosome 10q. In accordance with previous findings, FSHD1 patients only showed
hypomethylation at the contracted 4q allele, while the 10q alleles, like the non-
deleted 4q, showed normal methylation. However, in FSHD2 patients, both
10q alleles, just like both 4q alleles, were hypomethylated. This suggested that
there are different triggers in FSHD1 and FSHD2 that cause the loss of D4Z4
methylation: contraction of the array in FSHDI1, and an unknown mechanism in
FSHD?2 that is activated further upstream and acts on both 4q and 10q arrays inde-
pendently of their length (de Greef et al. 2009).

Finally, a ChIP study showed that in FSHD patients, there is a specific loss
of the repressive chromatin modification histone 3 lysine 9 tri-methylation
(H3K9me3) at D474 (Zeng et al. 2009). This marker, which like DNA methyla-
tion is associated with repressive chromatin states, is reduced in both contracted
and non-contracted 4q alleles and both 10q alleles of FSHD1 patients. This is in
contrast to the loss of DNA methylation that is seen only on the contracted allele
in FSHDI. Interestingly, FSHD2 patients without a D4Z4 contraction show the
same loss of H3K9me3 on all four D474 alleles (4q and 10q), just as is seen
for DNA methylation. Thus, H3K9me3 loss is a further molecular link between
FSHDI1 and FSHD2, underlining the close relationship of these diseases not just
on a phenotypic but also an epigenetic level.

9.4.2 A Unifying Model

In 2010, two important studies finally wove together the various different strands
of all these findings. Lemmers et al. identified the pathogenic variant linked to the
4qA161 haplotype (Lemmers et al. 2010a). They analysed the pLAM region on
different haplotype backgrounds and found a consistent difference in the status of
the polyadenylation signal within the 68-bp satellite. While on the FSHD disease-
permissive 4qA161 chromosomes this sequence was ATTAAA (a non-canonical
sequence that is commonly used in humans), it was absent or different on chro-
mosomes on which D4Z4 contraction does not result in disease. On chromosome
10q, this sequence is ATCAAA or ATTTAA, neither of which are functional poly-
adenylation signals in humans. Disease non-permissive chromosomes carrying
the ‘B’-type telomere lack the 68-bp satellite region and thus the polyadenyla-
tion signal entirely. An elegant qPCR assay demonstrated that when the pLAM
regions of different haplotypes are cloned into expression vectors, stable polyade-
nylated DUX4 transcripts are only produced from alleles containing the ATTAAA
sequence (Fig. 9.3) (Lemmers et al. 2010a).

Most importantly, this study also described a special family where, unusually,
the disease causative allele is a short chromosome 10 hybrid array. This array
begins with ‘10-type’ repeats but has recombined with chromosome 4 and ends in
a ‘4-type’ repeat, complete with the ATTAAA polyadenylation signal.
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FSHD1 FSHD2 Unaffected Unaffected
(silenced) (transcribed)
10gA166: ATCAAA
Haplotype irrelevant, 10gA176T: ATTTAA
4gA161: ATTAAA 4gA161: ATTAAA e.g. 4qA161, 109A166 4qB: 68 bp satellite
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Even if chromatin

is relaxed, transcripts are
not poly-adenylated
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Stable transcripts cause disease No full-length transcripts No stable transcripts

Contraction-dependent Chromatin relaxation by Chromatin repressive,
chromatin relaxation an unknown mechanism no full-length transcripts

Fig. 9.3 Summary of the current FSHD disease model. FSHD1 and FSHD2 both lose repressive
chromatin marks (DNA and histone methylation, see text). These chromatin changes are thought
to arise by independent mechanisms (contraction and unknown), but they converge in aberrant
DUX4 transcription. The current model predicts that contractions on non-4qA161 alleles also
result in chromatin de-repression, but because of the lack of the poly-A signal, there is no DUX4
pathogenic effect

Soon after, the first truly convincing data that full-length DUX4 transcripts are
produced in FSHD patient muscle cells were published. Snider et al. showed that
while biopsies of healthy controls only contained transcripts of the short splice
form that truncates the DUX4 open reading frame, most FSHD1 and FSHD2
patient muscle samples contained full-length transcripts (Snider et al. 2010).
Similar data were found for myoblasts and myotubes grown in cell culture. Using
small-pool PCR experiments, it was shown that the transcripts are only present in
approximately one out of every 1,000 FSHD muscle cells. This low frequency is
supported by immunocytochemistry data from cultured FSHD muscle cells, which
were immunostained with a combination of two new anti-DUX4 antibodies raised
against either the N- or C-terminal domain (Snider et al. 2010). Importantly, this
protein expression data were collected by scoring only nuclei that showed co-
localisation of the two different DUX4 antibodies, greatly increasing confidence
compared with previous attempts to show endogenous protein expression (Dixit
et al. 2007; Kowaljow et al. 2007). Interestingly, the authors detected full-length
DUX4 transcript and protein in human testis with relative ease, which may provide
a clue about the normal wild-type function of this gene.

Together, these two studies present convincing evidence that full-length DUX4
transcripts are produced in FSHD patients and that the 4qA161 haplotype is disease
permissive because it is linked to the ATTAAA polyadenylation sequence. Thus,
under the current disease model, D474 chromatin relaxation allows DUX4 tran-
scripts to escape repression (Fig. 9.3) (Lemmers et al. 2010a; Snider et al. 2010).
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If these transcripts are stabilised by the polyadenylation signal and spliced into the
full-length form, muscle disease follows. This model is supported by the finding
that all FSHD2 patients carry at least one 4qA161 allele (de Greef et al. 2009). If
the DUX4 transcripts are ultimately responsible for the disease phenotype, it also
marks the genetic convergence of contraction-dependent and phenotypic FSHD. The
identical phenotype would then follow from this shared aberrant DUX4 expression,
which is enabled by chromatin changes that are either triggered by array contraction
(FSHD1) or an unidentified mutation (FSHD2) (van der Maarel et al. 2011).

One slightly puzzling aspect of this hypothesis is the lack of any muscular
dystrophy phenotype in patients with immunodeficiency, centromeric instabil-
ity and facial anomalies syndrome (ICF). Half of these patients have mutations
in the global DNA methyltransferase DNMT3b with loss of DNA methylation
across many genomic regions, including D4Z4 (Hansen et al. 1999). As 4qA161
has an allele frequency of almost 40 % in Europeans (Lemmers et al. 2010b), we
would expect stabilised full-length DUX4 transcripts in roughly two-thirds of ICF
patients. There are two possible explanations why these patients do not suffer from
muscular dystrophy: First, patients rarely live beyond their second decade, allow-
ing little time for FSHD onset (Hansen et al. 1999). Second, while ICF patients
share the loss of D4Z4 DNA methylation, they do not lose the H3K9me3 marker
(Zeng et al. 2009), loss of which may be required for DUX4 to escape repression.

It was postulated that H3K9me3 reduction in FSHDI is triggered by the array
contraction and subsequently spreads to the other three alleles. Considering the
latest findings on DUX4 transcription and transcript stabilisation, the change of
this histone marker may be correlative with FSHD, but is probably not sufficient.
If H3K9me3 loss was sufficient and was solely caused by array contraction, then
the shortening of a non-permissive allele (e.g. 4qB) could spread its epigenetic
effects to a 4qA 161 allele and also trigger FSHD. However, this model is incon-
sistent with the genetic data that show that only contracted 4qA161 alleles are
pathogenic. It is likely that there is a complex interrelationship between chromatin
state and transcription at D474.

Another open question is the status of the pLAM poly-A signal on the 4qA166
haplotype. These alleles are reportedly not FSHD disease permissive, but their
pLAM sequence has not yet been published. For the current model to be fully con-
sistent, this haplotype should lack a functional poly-A signal.

9.5 A Role for the DUX4 Protein?

It remains an open question whether the disease pathogenesis is triggered by a
DUX4 transcript or a protein-mediated mechanism. We still do not know much
about the function of DUX4, although there are several studies that have contrib-
uted to this subject.

Ectopic expression of DUX4 is certainly toxic in all mammalian cell types
tested and induces nuclear foci and apoptosis (Snider et al. 2010; Kowaljow
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et al. 2007; Bosnakovski et al. 2008). This toxicity of over-expression systems
and the low, hard-to-detect endogenous levels make functional studies difficult.
Furthermore, the lack of clear orthologues in commonly used model organisms
such as Xenopus laevis and Danio rerio (Leidenroth and Hewitt 2010) means that
the relevance of in vitro or in vivo over-expression experiments to FSHD is unclear.

Inspired by the high levels of DUX4 germ line expression and data from
induced pluripotent stem cells, Snider et al. proposed that DUX4 may have a
role in development (Snider et al. 2010). It is important to remember that what-
ever the normal function of DUX4 is, it does not depend on the polyadenylation
signal associated with FSHD. This is because based on the allele frequency of
the 4gB alleles (Lemmers et al. 2010b), around a quarter of Europeans lack this
poly-A signal entirely while being healthy. In testis, 3’ RACE analysis shows that
DUX4 transcripts from chromosome 10 can utilise a poly-A signal 6.5 kb distal
to that in pLAM (Snider et al. 2010). This alternative poly-A signal is also used
for some 4qA transcripts; however, it is absent from 4qB (Lemmers et al. 2010a).
Altogether, the transcriptional landscape of D4Z4 is rather complex and includes a
number of differently splice and un-spliced transcripts of different lengths, includ-
ing microRNAs (Snider et al. 2009). Resolving the function of these products—
provided they have one—will be important for a complete understanding of D474
function.

The two homeodomains encoded by DUX4 are classic DNA-binding motifs
of the PRD class that can be found in many transcription factors including the
developmentally important Hox genes (Gehring et al. 1994). Interestingly, the
C-terminal domain of DUX4 has been observed to have transcriptional enhancer
activity (Kawamura-Saito et al. 2006). At least 19 cancer cases (Ewing-like sar-
comas and round cell tumours) have been shown to be caused by the fusion of
this domain to a high-mobility group member DNA-binding protein (CIC) by
chromosomal translocation events (Graham et al. 2012; Italiano et al. 2012;
Kawamura-Saito et al. 2006; Yoshimoto et al. 2009). In this case, the CIC-DUX4
fusion protein drives increased expression of PEA3 genes, resulting in tumo-
rigenesis. The first transcriptional target that was proposed for DUX4 is PITX1,
itself a transcription factor (Dixit et al. 2007). Recently, a ChIP-Seq experiment
in transfected control myoblast identified over 1,800 DUX4-binding sites (Geng
et al. 2012). This study also confirmed that a number of the associated target
genes are differentially expressed between control and FSHD muscle. This will
provide a useful framework for understanding the pathogenic effects downstream
of DUX4.

9.6 Conclusions

Why did it take two decades to arrive at the current disease model for FSHD?
The slow progress is primarily attributable to the fact that working with this locus
is technically very challenging. Because of the high GC content of D474, its
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repetitive nature, the homologous locus on chromosome 10q and the many dis-
persed copies, it is difficult to amplify D4Z4 DNA or RNA transcripts and be con-
fident of their genomic origins. The high level of sequence identity between the
tandem copies and the dispersed copies also means that D4Z4 will remain inac-
cessible to short-read sequencing with current Roche and Illumina technologies
(Alkan et al. 2011). New sequencing technologies (e.g. Oxford Nanopore) that
allow much longer read lengths will open up new opportunities to study this locus
in unprecedented detail.

The most significant contribution to the FSHD field in recent years has come
from the careful study of the evolution and population genetics of the 4q35 sub-
telomeric region by Lemmers et al. These data have not only advanced our
understanding of the molecular defect of this disease, but have also produced an
almost unprecedentedly detailed examination of the recent evolutionary history
of a human subtelomeric region. FSHD affects hundreds of thousands of people
across the globe. Understanding the genetics of this disease will hopefully enable
us to identify suitable treatment strategies that will improve the quality of life of
patients. For everyone working in our field, this is the ultimate motivation.

The disease mechanism of FSHD is unique and has been concisely summa-
rised as the ‘incomplete suppression of a retrotransposed gene’ (Snider et al. 2010)
caused by local epigenetic perturbations. It is likely that the extreme subtelomeric
location of D4Z4 influences its chromatin packaging, and we speculate that this
may have driven the evolution of its epigenetic regulation.
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Chapter 10

Characterization of Chromosomal Ends on

the Basis of Chromosome-Specific Telomere
Variants and Subtelomeric Repeats in Rice

(Oryza sativa L.)

Hiroshi Mizuno, Jianzhong Wu and Takashi Matsumoto

Abstract The telomeric sequences in rice are composed of the plant canonical
telomeric sequence TTTAGGG and blocks of at least six variants in a chromo-
some-specific manner. Variants are more common in the proximal region than in
the distal region, suggesting that the telomeres in the proximal region have rarely
been reconstructed by the action of telomerase on an evolutionary timescale. The
chromosome-specific distribution of telomeric variants suggests that they have
arisen from the rapid expansion of a single mutation rather than from the gradual
accumulation of random mutations. TrsA—a subtelomeric repetitive sequence of
rice—is arrayed in tandem on the ends of 5L, 6S, 8L, 9L, and 12L. Rice subtelom-
eres are composed of discrete clusters of a TrsA-rich region and a gene-rich region
with high transcriptional activity. Intra-chromosomal duplications have resulted in
a striking degree of variation in the number and distribution of TrsAs, suggesting
that the areas near the ends of the chromosomes are dynamic and variable.

Keywords Rice genome ¢ Telomere ¢ Subtelomeric repeats

10.1 Introduction

Rice has a useful model monocot genome because of its relatively small size and
its high synteny with other cereal crops (Devos 2005). In 2004, the International
Rice Genome Sequencing Project completed a map-based sequencing of the
genome of Oryza sativa L. ssp. japonica ‘Nipponbare’ (IRGSP 2005). IRGSP
attempted clone-by-clone genomic sequencing to cover the whole genome, but
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the sequencing was unable to reach plant canonical 5-TTTAGGG-3' telomeric
repeats (Richards and Ausubel 1988; Chen et al. 2002; Wu et al. 2003) by chro-
mosomal walking (IRGSP 2005). Because the restriction enzymes used to con-
struct P1-derived artificial chromosome (PAC) or bacterial artificial chromosome
(BAC) libraries could not cut the canonical telomere array (TTTAGGG),, these
libraries did not contain the clones derived from telomeric sequences. To capture
the sequences of chromosomal ends, a rice fosmid library constructed by the clon-
ing of random mechanically sheared DNA (Ammiraju et al. 2005) was screened
(Mizuno et al. 2006). Use of this library enabled telomeric sequences to be
obtained without the constraints imposed by enzyme site preferences. The com-
plete genomic sequencing of those fosmid clones has revealed the detailed struc-
ture of telomeric and subtelomeric repetitive sequences and their junctions.

10.2 Telomere Variants

10.2.1 Accumulation of Telomeric Variants is Higher in the
Proximal Region than in the Distal Region

The rice chromosomal end has tandemly repeated blocks of the sequence
5'-TTTAGGG-3’ (Wu and Tanksley 1993). The 5-TTTAGGG-3’ sequence is a
canonical telomere repetitive sequence in plants (Richards and Ausubel 1988).
These telomeric repeats are organized in the order of 5-TTTAGGG-3' from the
chromosome-specific region (Yang et al. 2005; Mizuno et al. 2006). The seven-
nucleotide unit has deletions, insertions, or substitutions of single nucleotides near
the junction between the telomere and the chromosome-specific region. The rate
of accumulation of telomeric variants is higher in the proximal region than in the
distal region (Mizuno et al. 2008b), suggesting that the telomeres in the proximal
region has rarely been reconstructed by the action of telomerase on an evolution-
ary timescale.

10.2.2 Chromosome-Specific Substitution of Telomeric
Repeats

The telomeric variants were not derived from random mutations. Copies of
ATTAGGG, CTTAGGG, GTTAGGG, TATAGGG, TTCAGGG, or TTGAGGG
are arrayed in tandem, or the same subtypes lie close to each other, at the ends of
chromosomes 2L, 3L, 7L, and 10S (Mizuno et al. 2008b) (Fig. 10.1a). Inversion
of telomeric repeats is observed adjacent to the beginning of the telomere array
on the ends of chromosomes 4L, 7S, and 9S (Fig. 10.1b). Therefore, the proximal



10  Characterization of Chromosomal Ends 189

(a) ‘ centromere end of chromosome }
GTTAGGG

1 CTTAGGG | AN 20 CTTAGGG

2L OO OO @® @B @@ O O @@ O - -~~~
1 CTTAGGG TTCAGGG 20 TTGAGGG

fNeoeoeaessee. - & o oo o o o o EEEE
, TATAGGG 2 :

ee- - -~ o o - @ L Goodddddbll
| ATTAGGG 0 2

108 BB KX I XXX IO X I OO I X X OO - - - - -

O TTTAGGG @ ATTAGGG @ CTTAGGG O GTTAGGG
@ TATAGGG @D TTCAGGG @B TTGAGGG O others

(b) ‘ centromere end of chromosome }
7bp 6bp 1
iIL Oe®  ®B® O OO > -~ —~ -

O TTTAGGG @ CCCTAAA O others

Fig. 10.1 Nucleotide substitution or inversion in the TTTAGGG repeat. a Distribution of
TTTAGGG substitution variants. Each oval represents the 7-nucleotide unit of the telomeric
repeat TTTAGGG (white) and the different variants (ATTAGGG, CTTAGGG, GTTAGGG,
TATAGGG, TTCAGGG, and TTGAGGG), as shown in the key. Gray ovals represent other vari-
ants, including deletion (TTAGGG) and insertion (TTTTAGGG) variants. Numbers indicate posi-
tions of telomere sequences from the junction between the chromosome-specific region and the
telomere array. b TTTAGGG inversion on chromosomes 4L, 7S, and 9S. Each box represents the
7-nucleotide unit of the telomeric repeat TTTAGGG or the inversion (CCCTAAA) variant, as
shown in the key

telomeric sequences are composed of blocks of at least six TTTAGGG variants
and the canonical sequence in a chromosome-specific manner. The mosaics of
blocks of non-canonical telomere sequences could have resulted from polymer-
ase slips during DNA synthesis, a high frequency of DNA recombination, or rapid
deletion (Li and Lustig 1996; Watson and Shippen 2007) in the telomere region.
The telomeric variants might therefore have arisen from the rapid expansion of a
single mutation rather than from the gradual accumulation of random mutations.
The functions of these variants remain to be elucidated.

The telomere of rice contains a nucleotide deletion of one T in TTTAGGG:
Rice has a 4.9 % content of TTAGGG dispersed throughout the whole of the
sequenced region (Mizuno et al. 2008b). TTAGGG is a major sequence in the
Asparagales, as it is in vertebrates (Sykorova et al. 2003). The partial or full
replacement of the telomeric sequences might have been due to evolutionary
changes in the genomic sequence that codes the RNA template or to structural
changes in the catalytic subunit of telomerase.



190 H. Mizuno et al.
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10.3 Subtelomeric Repeats

10.3.1 Distribution of Subtelomeric Repeats

Species-specific subtelomeric repeats have been reported in barley (Kilian and
Kleinhofs 1992), tobacco (Fajkus et al. 1995), tomato (Ganal et al. 1991), wheat
(Mao et al. 1997), and rice (Ohtsubo et al. 1991). Fluorescence in situ hybridi-
zation (FISH) analysis has revealed these repeats on almost all ends in barley
(13 of 14) (Roder et al. 1993) and tomato (20 of 24) (Zhong et al. 1998). Complete
genomic sequencing has revealed that the rice-specific subtelomeric tandem
repeat sequence A (TrsA) is found on 5 of 24 ends in rice (Mizuno et al. 2008a).
Therefore, the numbers of species-specific subtelomere sequences seem to have
expanded, particularly on the ends of the chromosome in each plant.

TrsA is a 355-bp tandemly repeated sequence distributed on the distal ends
of chromosomes and is widely distributed in the Oryza genus (Ohtsubo et al.
1991). Its distribution has been analyzed by FISH analysis (Ohtsubo and
Ohtsubo 1994; Ohmido and Fukui 1997). The diversity of chromosomal loci
of TrsA among various rice accessions suggests that there has been dynamic
change in the evolutionary history of these loci. Among the 24 chromosome
arms of the completely sequenced Nipponbare, TrsA is arrayed in tandem on
the ends of only five: 5L, 6S, 8L, 9L, and 12L (Fig. 10.2). TrsA sequences are
arranged in discrete clusters of 3—-106 copies in a chromosome-specific man-
ner, instead of being distributed uniformly throughout the subtelomeric regions
(Fig. 10.3). The canonical telomere array TTTAGGG is repeated at the distal-
most part of TrsA-rich ends, with a ~500-bp non-coding sequence junction.
Therefore, the distal-most end of the rice chromosome is composed of a tel-
omere array with or without a TrsA junction.
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Fig. 10.3 Structure of TrsA clusters on 5L, 6S, 8L, 9L, and 12L. Clusters are depicted as arrow-
heads. Sequences with the same direction as the canonical TrsA (accession no. D16452) point to
the right, and those with the opposite direction point left. Dotted lines indicate regions derived
from segmental duplications in 5L and 9L

10.3.2 Dynamic Recombination in the Subtelomeric Region

The structure of the TrsA region suggests the evolutionary history of the amplification
of TrsA in the subtelomeric regions. The block of TrsA repeats has been duplicated
by intra-chromosomal duplication (Fig. 10.3) (Mizuno et al. 2008a). In addition, TrsA
itself has been amplified tandemly after the segmental duplication, as the number of
TrsAs differs among duplicated segments on 9L (Mizuno et al. 2008a). The high fre-
quency of DNA recombination at the chromosome ends (Wu et al. 2003; Gaut et al.
2007) might have contributed to the frequent duplications in the subtelomeric region.
Moreover, as each duplicated segment is flanked by TrsA, TrsA might have worked
as a homologous region required for DNA recombination. Therefore, amplification of
TrsA has occurred by segmental duplication and subsequently by tandem duplication
of TrsA itself. The amplification has resulted in a striking degree of variation in the
number and distribution of TrsAs among the chromosomes, suggesting that the areas
near the ends of the chromosomes have a dynamic and variable character.

10.3.3 Genes in the Subtelomeric Region

Genes have been annotated in 500 kb of the distal ends by the Rice Annotation
Project (Mizuno et al. 2008a). Expression of most of the annotated genes is sup-
ported by the corresponding cDNA data. Expressed genes have not been found
between the TrsA arrays; although one gene has been predicted inside the TrsA
cluster on 6S, it does not yet have corresponding cDNA data. Thus, rice subtelom-
eres are composed of discrete clusters of a TrsA-rich region and a gene-rich region
with high transcriptional activity. What is the potential role of subtelomeric repeats
in rice? Subtelomeric repeats can buffer the spread of gene silencing caused by
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the telomere position effect (TPE) (Baur et al. 2001). Because the strength of the
silencing effect depends on the distance between the gene and the telomere, sub-
telomeric repeats may help to block the effect of the TPE. TrsA may block the
TPE and therefore potentially maintain the expression of subtelomeric genes.

10.4 Diversity of Telomere Length

The telomere lengths vary among various accessions of rice. The telomeres of 31
rice accessions (both cultivars and wild species, belonging to the AA, BB, BBCC,
CC, CCDD, GG, or HHJJ genome types of Oryza) are 5-20 kb long (Mizuno et
al. 2006). Marked variation in telomere length is apparent within cultivated rice
of the AA genome: The japonica cultivar Nipponbare has a relatively low molecu-
lar weight pattern, and the indica cultivar Kasalath has a relatively high molecular
weight pattern. Moreover, variation in telomere length is apparent among chro-
mosomes in Nipponbare. Use of the fiber-FISH method has revealed the diversity
of telomere length on each chromosome. Seven telomeres in Nipponbare range
from 5.1 to 10.8 kb in length, corresponding to about 730-1,500 copies of the
TTTAGGG telomeric repeat (Mizuno et al. 2006). This chromosome-dependent
variation might be a consequence of genetic or epigenetic differences among the
sequences of subtelomeres; these differences might affect the balance between tel-
omere shortening and telomere elongation. Telomere length has been reported in
various plants: 2.5 kb in Arabidopsis thaliana (Kotani et al. 1999); 4.5 kb at most
in Melandrium album (Riha et al. 1998); 60-160 kb (in most cases 90-130 kb)
in Nicotiana tabacum (Fajkus et al. 1995a); and 1.8—40.0 kb in maize (Burr et al.
1992). Does telomere length differ among different cells? In barley (Hordeum vul-
gare), wide variation in telomere length is apparent during differentiation or aging
of cells. The cells that develop in long-term callus cultures have very long telom-
eres (Kilian et al. 1995). However, the differences in telomere length among dif-
ferent tissues or developmental stages of rice remain to be elucidated.

10.5 Conclusions

Rice telomeric sequences are composed of the canonical telomeric sequence
TTTAGGG and blocks of at least six TTTAGGG variants in a chromosome-spe-
cific manner. This composition suggests that telomeric variants have arisen from
the rapid expansion of a single mutation rather than from the gradual accumulation
of random mutations.

Subtelomeres are composed of discrete clusters of a TrsA-rich region and a gene-
rich region with high transcriptional activity. Intra-chromosomal duplications have
resulted in a striking degree of variation in the number and distribution of TrsAs, sug-
gesting that the areas near the ends of the chromosomes are dynamic and variable.
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Chapter 11
What is the Specificity of Plant
Subtelomeres?

A. V. Vershinin and E. V. Evtushenko

Abstract According to the current concept, formed through a comprehensive
analysis of the molecular structure of human and yeast subtelomeres, these regions
are particularly dynamic and variable parts of chromosomes enriched for segmen-
tal duplications. This chapter considers to what degree this concept is applicable
to the subtelomeres of plant species with different genome sizes paying a special
attention on the own results on the rye (Secale cereale) subtelomeric heterochro-
matin. The rye belongs to the species with a large genome size (8.3 x 10° bp). The
S. cereale genome has increased during the evolution mostly through enlargement
of the subtelomeric heterochromatic regions. The main components of this hetero-
chromatin are a few multicopy tandemly repeated DNA families. Several arrays of
each family localized to separate nonoverlapping domains have been detected in
the short arm of the first rye chromosome. They display specific patterns of hier-
archical arrangement into multimeric blocks, where the monomers form various
higher-order repeat units. In conclusion, the data on a high rate of recombination
characteristic of the plant subtelomeres are summarized. The consequence of these
recombinations is various types of molecular rearrangements in these chromo-
somal regions, which contribute to the overall size of the genome.

11.1 Introduction

The regions extending from the arrays of specific telomeric DNA sequences
inward along the chromosome in the direction of centromere are usually referred
to as subtelomeres. The very first notion of molecular structure in these regions
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suggested that they contained mostly a rather random mixture of manifold
repetitive DNAS, ranging from derivatives of different classes of mobile elements to
tandemly organized repeats. Comparative analysis of the first complete sequences
of human and yeast subtelomeric DNAs detected a common structure (segmental
duplication or duplicon) in several human chromosome ends (Flint et al. 1997). The
subsequent intensive research, first and foremost, into the subtelomeric regions of
the yeast and human chromosomes, has gradually established the current concept
of a large-scale organization and evolutionary dynamics of these regions. According
to this concept, the subtelomeres are very plastic and rapidly evolving genomic
regions. Multiple translocations between nonhomologous chromosomes, mainly
accompanied by a nonhomologous end-joining (NHEJ) mechanism providing for
break repair, lead to a remarkably high rate of sequence exchange in the subtelom-
eres (Louis et al. 1994; Mefford and Trask 2002; Linardopoulou et al. 2005). This
brings about the polymorphic patchworks (mosaic) of interchromosomal segmental
duplications (Riethman et al. 2004; Linardopoulou et al. 2005). Thus, a large-scale
organization of each human subtelomere is largely determined by its specific seg-
mental duplication content and organization, which vary from chromosome to chro-
mosome (Ambrosini et al. 2007).

The postulated high rate of rearrangements taking place in the subtelomeric
regions during the evolution has been confirmed by a comprehensive comparison
of the X chromosome structure in 87 Drosophila melanogaster lines (Anderson
et al. 2008). The drosophila subtelomeres display a significantly higher level of
polymorphism as compared to the adjacent euchromatin regions. However, the
question on the generality of the concept on a high plasticity of subtelomeres and
their enrichment for segmental duplications, characteristic of the human genome,
for the other eukaryotic species is still to be answered. In this chapter, we will try
to tackle this problem by the case studies of currently well-characterized subtelo-
meric regions in plant chromosomes.

11.2 Molecular Description of Subtelomeric Regions
in Various Plant Species

The most detailed large-scale organization patterns of subtelomeric regions have been
obtained for the species with completely sequenced genomes. Among the plants, these
are the species with a small genome size, first and foremost, arabidopsis and rice.

11.2.1 Arabidopsis

As a rule, the active genes in plants are separated from telomeres by tens of kilo-
bases of repetitive DNA. However, the chromosomes of arabidopsis do not fol-
low this general rule. In contrast, the Arabidopsis thaliana subtelomeric regions
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are remarkably small and simple, in accordance with small genome size and pau-
city of repetitive sequences of this species (Kuo et al. 2006). So far, a detailed
structure has been described for the subtelomeric regions of several chromosomes.
Physical mapping and RFLP analysis have shown that the subtelomeres of chro-
mosomes 2 and 4 (left or “northern” arm) house tandemly arranged rDNA genes,
NOR?2, and NOR4 (Copenhaver and Pikaard 1996). NOR4 is directly associated
with the telomeric repeat, and repetitive DNA is absent at the junction between the
telomere and rDNA. The presence of short subtelomeric regions (<5 kb) as well as
the absence of highly repetitive DNA and transposons was assumed to be a com-
mon characteristic of the remaining eight chromosome ends (Arabidopsis Genome
Initiative 2000; Heacock et al. 2004).

Unlike the yeast and human subtelomeres, any extended segmental duplica-
tions also have not been found in the arabidopsis subtelomeres, although some
subtelomeric regions do share a few blocks of similarity of low-copy sequences
among nonhomologous chromosomes (Kotani et al. 1999; Heacock et al. 2004).
For example, analysis of the chromosome 3R subtelomeric region (3RTAS; right
or “southern” arm) has demonstrated that while the centromere-proximal portion
of 3RTAS contains two potential genes, the telomere-proximal portion contains
duplicated fragments, which are also present in the chromosomes 1-3 of Columbia
ecotype and chromosome 5 of Wassilewskaja ecotype (Wang et al. 2010). The size
of these fragments varies from several hundred to over one thousand base pairs.
The structure of these duplicated fragments was similar to the so-called filler
DNA, captured by NHEJ during double-strand break repair.

Despite the absence of extended subtelomeres enriched for highly repetitive
DNA in arabidopsis, characteristic of the terminal regions of its chromosomes is
a dynamic nature. This has been found in a comprehensive study of the structural
variations in chromosome 1 subtelomeric region (arm N or 1L) with a length of
3.5 kb involving 35 wild accessions (Kuo et al. 2006). An increased level of large-
scale rearrangements relative to the proximal part of this region was observed in
its distal part, adjacent to telomeric repeat. These rearrangements were frequently
accompanied by deletions exceeding 30 bp, associated with the NHEJ repair
mechanism. The proximal part contained a short (104 bp) insertion of mitochon-
drial DNA as well as the traces of inversions and insertions of LTR retrotrans-
posons. These results allowed Kuo et al. (2006) to suggest a large diversity of
genomic events that had taken place in this short subtelomeric region during the
evolution.

11.2.2 Rice

The rice genome is approximately 3.5-fold larger than that of arabidopsis
(3.9 x 108 bp vs. 1.1 x 10® bp; http://data.kew.org/cvalues/); however, it is
packed into 12 chromosome pairs. Thus, the average size of a rice chromosome
only 1.5-fold exceeds that of arabidopsis. However, the subtelomeric regions of
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rice chromosomes, unlike the arabidopsis subtelomeres, house several families of
tandemly arranged repetitive DNA sequences. Among the 24 chromosome arms,
one rice genome-specific 355-bp repeat TrsA is arrayed in tandem on the ends
of eight chromosome pairs of indica rice (Oryza sativa ssp. Indica;, Ohmido and
Fukui 1997) and of five chromosome arms—S5L, 6S, 8L, 9L, and 12L, of japonica
rice (O. sativa ssp. Japonica; Mizuno et al. 2008). The TrsA sequences in japon-
ica subtelomeres are arranged in discrete clusters of 3—106 copies in a chromo-
some-specific manner. Speculating about the possible mechanisms underlying the
origin of such discrete segments of a TrsA-rich region, the authors based on a high
similarity of the genomic sequences flanking the TrsA clusters assume a recent
duplication around the TrsA-rich region (Mizuno et al. 2008). They also consider
that segmental duplications could lead to TrsA amplification along with a tandem
duplication of TrsA itself. The amplification has resulted in a striking degree of
variation in the number and distribution of TrsAs among the chromosomes, sug-
gesting that the areas near the ends of the chromosomes have a dynamic and vari-
able nature.

Along with the TrsA family, the chromosome-specific telomere-associated
tandem repeats have been found in japonica rice at both ends of chromosome 7
(TATR7) and on the short arm of chromosome 10 (TATR10) (Yang et al. 2005).
The contiguous TATR7 and TATR10 arrays are interrupted by other repetitive ele-
ments, for example, parts of LTR retrotransposons, RIRE3, and RIRE9. Thus, this
pattern of a large-scale organization, characteristic of the large plant genomes and
large chromosomes with the tandem repeat arrays interrupted (flanked) by deriva-
tives of mobile elements of various types, is present already in the small rice chro-
mosomes. Note here that the retrotransposons observed in the subtelomeres are
dispersed throughout the entire rice genome, including the centromeric and peri-
centromeric regions (Wu et al. 2004).

In addition to the repeats of various classes, the rice subtelomeres contain
unique DNA sequences and expressed genes (Yang et al. 2005; Mizuno et al.
2008; Fan et al. 2008). Further comprehensive analysis has made it possible to
predict that 500-kb regions inward from seven chromosome ends contain puta-
tive 598 genes of total 3,500 kb (Mizuno et al. 2006). Thus, an average gene
density is one gene per 5.9 kb. This is a much higher rate as compared to the
average gene density of the whole genome, amounting to one gene per 9.9 kb
(International Rice Genome Sequencing Project 2005). Even the annotation pro-
gram FGENESH, used in analyzing the complete rice genome, gave an average
gene density of one gene per 7.4 kb in the 500-kb subtelomeric regions. A total
of 303 genes among 598 predicted genes matched rice full-length cDNAs, sug-
gesting that the rice chromosome ends are gene-rich and display a high transcrip-
tional activity (Mizuno et al. 2006). This assumption is supported by discovery
of 12 new genes in the subtelomeric region of O. sativa chromosome 3 that have
recently originated through independent recombination and transposition events
(Fan et al. 2008). Nine of these genes are functional and five have a chimeric
structure caused by multiple recombination events in numerous parental precursor
genes.
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11.2.3 Other Species

Apart from arabidopsis and rice, the data about the structural organization of
subtelomeric regions in other plant species are considerably sparser, even for such
species as maize, the genome of which is intensively studied because of its eco-
nomic importance.

The size of the maize genome (2.4-2.7 x 10° bp) exceeds the rice genome
approximately 6.5-fold and is comparable to the human genome. Ten pairs of
maize chromosomes display a specific pattern of heterochromatin packaging. In
addition to the pericentromeric heterochromatin, large heterochromatin blocks
form the so-called knobs dispersed over the chromosomes and able to change
both their number and localizations. Two families of tandemly repeated DNA
sequences have been identified within the maize knobs. Peacock et al. (1981)
has shown that a 180-bp tandem repeat is the main component of these knobs.
Ananiev et al. (1998) has found another tandem repeat, 350-bp TR-1, is also
associated with knobs. Short stretches of DNA sequences within the two repeats
show some level of homology, suggesting a common evolutionary origin for the
two repeat families (Ananiev et al. 1998). The probes of these families give strong
signals at the knobs in FISH (fluorescence in situ hybridization) assay. However,
an improved sensitive FISH technique with long exposures detects smaller sites
of hybridization at the ends of almost every chromosome arm, adjacent to the
telomere tract (Lamb et al. 2007). The frequency and intensity of TR-1 hybridi-
zation at the ends of chromosomes were less than in the 180-bp knob satellite.
It is known that approximately 80 % of the maize genome is composed of repeti-
tive DNA (Hake and Walbot 1980), mainly LTR retrotransposons (SanMiguel
et al. 1996). Thus, it is rather likely that some families of LTR retrotransposons
that are distributed along the chromosomes to their very ends (Lamb et al. 2007)
are also present in subtelomeres. Note also that analysis of the recombination fre-
quencies along maize chromosomes has demonstrated that they are much higher
than is expected from their EST frequencies (Anderson et al. 2006).

The families of tandemly arranged repeats have been most frequently identi-
fied as structural elements in the subtelomeric regions of plant chromosomes.
They have been described in a wide diversity of species with various genome
sizes, namely tobacco (Koukalova et al. 1989), barley (Belostotsky and Ananiev
1990; Killian and Kleinhofs 1992), tomato (Ganal et al. 1991), wheat (Mao et al.
1997), white campion (Buzek et al. 1997), and potato (Torres et al. 2011). We apol-
ogize for not citing other papers in this list. The monomer arrays of these fami-
lies either directly join the telomeric repeat array (Killian and Kleinhofs 1992;
Fajkus et al. 1995; Torres et al. 2011) or are separated from it by a short spacer
DNA (Zhong et al. 1998). Both variants can present in different chromosomes of
the same karyotype (Sykorova et al. 2003). Other classes of repetitive sequences
dispersed over other chromosomal regions in addition to the subtelomeres have
been also described (Mao et al. 1997; Horakova and Fajkus 1999). However, the
description of individual families of different repeats have not yet allowed the
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structural organization of extended subtelomeric regions of all or the majority of
chromosomes constituting plant karyotypes to be characterized in a manner similar
to that of subtelomeric regions in the human chromosomes (Riethman et al. 2004;
Linardopoulou et al. 2005; Ambrosini et al. 2007).

11.3 Heterogeneity of the Internal Organization
of Tandem Repeat Arrays is Characteristic
of the Rye Subtelomeric Heterochromatin

The rye Secale cereale genome is among the largest plant genomes. The aver-
age genome size of the flowering plant species is 5.6 x 10° bp (Rabinowicz and
Bennetzen 2006), whereas the rye genome amounts to 8.3 x 10° bp. Note for
comparison that the genome sizes of the closest rye relatives, barley and diploid
wheat, are approximately 5 x 10° and 6 x 10° bp, respectively. The rye karyo-
type consists of seven pairs of large chromosomes, insignificantly differing in their
size. A specific feature of the rye chromosomes is large heterochromatin blocks at
their ends. The presence of heterochromatin blocks is a rather uncertain cytologi-
cal characteristic of subtelomeres. The wheat (Gill and Kimber 1974) and barley
(Linde-Laursen 1978) chromosomes display an intricate pattern of heterochroma-
tin localization; however, their subtelomeres lack large heterochromatin blocks.
Even within the genus Secale, there is a variation in the size of subtelomeric
heterochromatin blocks, accounting for 20 % interspecies variation in the total
heterochromatin content in chromosomes (Bennett et al. 1977).

Molecular description of the rye subtelomeric heterochromatin regions has
demonstrated that they are enriched for a few multicopy tandemly organized
DNA families (Bedbrook et al. 1980; Appels et al. 1981; Mclntyre et al. 1990).
The molecular organization of the two families most abundant in rye, pSc200 and
pSc250, has been studied in most details (Vershinin et al. 1995). Their monomer
lengths are 379 and 571 bp, respectively, and they account for ~2.5 and ~1 % of
the S. cereale genome. As a rule, the signals of these families overlap in a FISH
assay on the rye metaphase chromosomes. Note that pSc200 family is localized to
the ends of all chromosome arms, while pSc250 signals are absent in some arms.
The presence/absence of the signals and their intensities vary in individual rye cul-
tivars (Alkhimova et al. 1999). No pSc200 and pSc250 copies are detectable in the
wheat genome by hybridization assays, thereby allowing wheat-rye substitution
and addition lines to be used for studying molecular organization of these repeat
families in individual rye chromosomes.

An insufficient FISH resolution on metaphase chromosomes prevents from
estimating the mutual arrangement of pSc200 and pSc250 families in subtelom-
eric regions. This can be achieved when applying FISH to more stretched mei-
otic chromosomes. Figure 11.1 shows the hybridization of pSc200 (green signals)
and pSc250 (red signals) to the zygotene chromosomes of wheat-rye monosomic
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Fig. 11.1 FISH on meiotic
early prophase chromosomes
of wheat-rye monosomic

IR line with rye-specific
tandemly organized DNA
families, pSc200 (green) and
pSc250 (red). Bar represents
10 pm

addition line, which contains a single rye chromosome IR in its genome. It is
evident that the extended blocks of pSc200 and pSc250 are located on 1R sepa-
rately from each other, overlapping only in a limited region (yellow signal) due
to an insufficient degree of chromosome stretching. Here, a considerable length
of the blocks suggests that each of these families is represented by several arrays
of monomers. This assumption was confirmed by pulse-field electrophoresis
of high molecular weight DNA isolated from the protoplasts obtained from the
wheat-rye line carrying a translocation of the short arm, 1RS, and hydrolyzed with
infrequently cutting restriction enzymes, namely Apal, BstX1, Dral, Notl, Pmel,
SexAl, Sfil, and Swal. After the separation, blotting onto nitrocellulose filter, and
hybridization to labeled pSc250 probe, six hybridization fragments with a size of
40-300 kb were identified in the 1RS (data not shown).

Along with multicopy tandemly organized families, the rye subtelomeres con-
tain tandemly organized families with considerably smaller copy numbers, which
can be regarded as chromosome-specific. Figure 11.2 shows an example of such
family, demonstrating the localization of an 7ail repeat with a monomer length of
576 bp. This family is localized to the ends of only one arm of two chromosome
pairs, one of which is the chromosome 1 short arm (denoted with arrows), which
is indicated by the presence of a constriction in this arm. To understand a more
detailed molecular structure of subtelomeres, including the mutual arrangement
of pSc200 and pSc250 arrays and their molecular environment, we have analyzed
the BAC library of chromosome 1 short arm (1RS), constructed at the Institute
of Experimental Botany (Olomouc, Czech Republic) under the guidance of
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Fig. 11.2 FISH of Tail
tandem repeat family
(monomer length, 576 bp) on
metaphase rye chromosomes
(cultivar Imperial). Arrows
denote the localization of
Tail repeat on the short arm
of rye chromosome 1. Bar
represents 10 pm

Dr. J. Dolezel and kindly provided by Dr. J. Safar. Hundreds of clones containing
copies of monomers from the pSc200 and pSc250 families have been identified in
the library with seven—eightfold 1RS DNA coverage. However, none of these BAC
clones simultaneously carried copies of the monomers belonging to both fami-
lies. This confirms the above-mentioned FISH data for meiotic chromosomes that
each of these tandemly arranged families is localized to separate nonoverlapping
domains and that their arrays do not directly adjoin each other.

We have conducted restriction mapping of some BAC clones carrying arrays of
pSc250 monomers. After hydrolysis with PszI restriction enzyme and pulse-field
gel electrophoresis (PFGE), DNA of four clones (17/C17, 19H13, 1/G22, and 1/K6)
displayed a ladder pattern of pSc250 hybridization fragments (Fig. 11.3a), which
is typical of the tandemly arranged repeats and comprises monomers, dimers, and
elements of higher order, to pentamers and even hexamers (in BAC 17/C17 and
BAC 19H/13). Another restriction enzyme, HindIII (Fig. 11.3b), generates dimers
and tetramers within the tandem arrays of 17/C17, 1/G22, and 1/K6 and only
tetramers, for 19H/13. A considerable similarity in the restriction and hybridiza-
tion patterns of 17/C17, 19H/13, 1/G22, and 1/K6 clones suggest that they are
likely to originate from the same 1RS region.

The patterns of two other BAC clones, 122/F3 and 12/15, considerably differ
from both each other and the above-described group of four clones. Moreover,
while the pSc250 DNA within BAC 12/1I5 after PstI hydrolysis does not give a lad-
der pattern at all (forms no oligomers), DNA of BAC 122/F3 contains both pSc250
dimers and trimers. On the contrary, the pSc250 monomer arrays within BAC 122/
F3 lack any HindIlI sites, while the corresponding array in BAC 12/15 is arranged
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Fig. 11.3 PFGE of the BAC (a)kb 1 2 3 45 6 MIM2 12 345 ¢
clones containing pSc250 50
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into HindIIl tetramers and pentamers. Further sequencing of all the six BAC
clones has demonstrated that 122/F3 and 12/I5 contain extended arrays of pSc250
monomers with lengths of 57 and 38 kb, respectively, flanked from both sides by
the nonarray DNA mainly composed of derivatives of various classes of mobile
elements. Thus, the analyzed set of BAC clones contains the representatives of at
least three distinct arrays of pSc250 monomers with different higher-order internal
arrangement of their monomers. A similar high heterogeneity is also characteristic
of the internal organization of pSc200 arrays (data not shown).

According to the model proposed by Kimura and Ohta (1979), mutations,
random drift, sister-chromatid unequal crossing-over, and meiotic interchro-
mosomal crossing-over contribute to the variation of repetitive DNA sequences
during the evolution. The nonreciprocal exchanges between nonhomologous chro-
mosomes through breakage—fusion—bridge (BFB) cycles of a chromosome and
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the chromatid types, first described by McClintock (1941), represent another
mechanism for generation of significant differences in the structural organization of
subtelomeric regions. As we see it, a considerable heterogeneity of the higher-order
internal structure of the monomer arrays of pSc200 and pSc250 tandem repeat fami-
lies is another evidence for the high intensity of the described processes during the
evolution and formation of the rye subtelomeric regions. The monomers of these
families might have worked as the homologous regions required for DNA recombina-
tion, which is the key event in both intra- and interchromosomal exchanges. A high
level of an intrafamily homology between the DNA sequences of monomers, which
exceeds 90 %, and their high copy numbers are also the factors enhancing intensity of
the recombination processes. Presumably, these processes included both homologous
recombinations and multiple translocations between nonhomologous chromosomes
accompanied by NHEJ. Cytological evidences for interchromosomal connections
between rye chromosomes have been obtained as early as the 1980s using C-banding
(Viinikka and Nokkala 1981); these connections were observed at the diplotene and
disappeared before metaphase I. Later, a direct involvement of pSc200 DNA in the
association of subtelomeric regions between two or more bivalents was demonstrated
by FISH (Gonzalez-Garcia et al. 2006). Such association could result in ectopic
recombination between subtelomeres of different bivalents, if crossing-over took
place between homologous sequences of nonhomologous chromosomes.

11.4 What is the Specificity of Subtelomeric Regions?

The centromeres and telomeres are attributed to specialized chromosomal regions,
first and foremost, because they are destined to fulfill certain universal functions
of paramount importance in the cells of all eukaryotic species. Another character-
istic feature of these regions is in that they contain specialized molecular compo-
nents. The telomeres of the overwhelming majority of species comprise extended
arrays of a short DNA repeat and the proteins bound to them, while character-
istic of the centromeres is the presence of a special histone H3 modification in
the chromatin. This makes it possible to determine the boundaries, although rela-
tive, of the specialized regions according to abundance of the mentioned molecu-
lar components. None of the listed characteristics can be currently applied to the
subtelomeres. So far, no conserved elements indicative of an important function
have been discovered in the subtelomeres. Numerous copies of the telomeric
repeat (TTAGGG), and its derivatives detected in the subtelomeres of the chromo-
somes of human, arabidopsis, wheat (Uchida et al. 2002; Ambrosini et al. 2007),
and other species imply that subtelomeres may contain internal binding/interac-
tion sites for some telomere-binding proteins (Ambrosini et al. 2007). The DNA
composition of subtelomeres displays a considerable diversity. As has been noted
above, they can contain DNA sequences of any known molecular nature, including
tandem repeats; manifold mobile elements; and various coding sequences, includ-
ing NOR2 and NOR4 in arabidopsis (Copenhaver and Pikaard 1996) or numerous
genes in rice (Fan et al. 2008). Since the subtelomeres lack any specific conserved
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molecular components, we can speak only about the boundary of subtelomeres in
the region adjacent to the telomere, regarding it as the outermost position of the
telomeric repeat or equivalent DNA sequences, such as HeT-A, TART, or TAHRE
retrotransposons in drosophila.

A significant structural diversity of subtelomeres has brought forth various
hypotheses on the functional role of these regions in stability, formation, and
behavior of chromosomes. According to one of the hypotheses, which is based
on the plasticity of subtelomeres and their gene richness (as in rice chromosome
3), subtelomeres may facilitate gene recombination and transposon insertions
and serve as hot spots for new gene origination in rice genomes (Fan et al. 2008).
On the other hand, the subtelomeres enriched for noncoding repetitive DNA
sequences have been regarded as a sort of “airbags” for protecting the distally
located genes in the case of a telomere shortening, for example, caused by telom-
erase activity loss (Lundblad and Blackburn 1993). Evidently, this assumption is
inapplicable to the above-described arabidopsis and rice telomeres.

Studies into the structural arrangement of subtelomeric chromosomal regions in
many species suggest that the most general characteristic of these regions is their
high plasticity determined by intensive recombination events. Cytological obser-
vations have demonstrated that the homologous chromosome synapsis is initiated
from the chromosome ends (Schwarzacher 2003; Harper et al. 2004). This implies
frequent homologous recombinations in subtelomeric regions, being most likely
enhanced by the presence of a large copy number of identical monomers in tan-
dem repeat arrays. However, it has been repeatedly noted that another major mech-
anism—illegitimate (nonhomologous) recombination through NHEJ (Gorbunova
and Levy 1999; Puchta 2005)—is a more important contributor to the plant evo-
lutionary plasticity. In large genomes containing large heterochromatin block at
the chromosome ends, the presence of homologous tandem repeats in high copy
numbers, similar to the rye chromosomes, should undoubtedly enhance, as in the
case of homologous recombinations, a frequent sequence exchange between non-
homologous chromosome ends. This is also suggested by the data on comparative
studies of the subtelomeres in tomato chromosomes, where a heterogeneous struc-
ture of arrays composed of a species-specific subtelomeric tandem repeat, TGR1,
was observed in 20 of the 24 chromosomes (Zhong et al. 1998).

Despite the absence of heterochromatin regions and, correspondingly, enrich-
ment for homologous copies of tandem repeats at the chromosome ends,
the human subtelomeres, nonetheless, retain a high level of translocations
between the chromosome ends, generating subtelomeric duplications via NHEJ
(Linardopoulou et al. 2005). This is suggested by a quantitative estimation made at
Riethman’s lab (Riethman et al. 2004; Ambrosini et al. 2007), which demonstrates
that the human subtelomeric segmental duplication regions comprise about 25 %
of the most distal 500-kb segments and 80 % of the most distal 100-kb segments
in human DNA. In addition, a high-resolution analysis of the subtelomeric dupli-
cation sequence content and organization shows significant differences in the lev-
els of sequence similarity between distinct subtelomere duplicon families as well
as large variations in the types and sequence organization of duplicons present in
particular subtelomeres (Ambrosini et al. 2007).
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In plants, the experimental systems inducing double-strand breaks (DSBs) have
allowed various processes accompanying NHEJ to be revealed. In particular, many
DSB repair events in tobacco involve deletions and addition of filler DNA (Salomon
and Puchta 1998). A comparison of the NHEJ processing at DSB in arabidopsis and
tobacco has shown that the average length of deletions recovered in tobacco is rela-
tively smaller and is often accompanied by sequence insertions, whereas deletions
in A. thaliana are frequently larger and lack insertions (Kirik et al. 2000). Since the
tobacco genome is approximately 20-fold larger in size as compared to arabidopsis,
it has been assumed that the NHEJ mechanism of DSB repair has a species-spe-
cific nature and, in particular, can be a cause of the interspecific differences in the
genome size (Kirik et al. 2000). The above-briefed data on the structural variations
in the subtelomeric region of chromosome 1 from 35 wild accessions of arabidopsis
(Kuo et al. 2006) match well this concept. The distal part of this region, adjacent to
the telomeric repeat, displays an increased level of large-scale rearrangements, fre-
quently accompanied by deletions exceeding 30 bp in length.

A comprehensive analysis of the structure and evolution of subtelomeric
regions similar to that conducted for the human subtelomeres (Riethman et al.
2004; Linardopoulou et al. 2005; Ambrosini et al. 2007; Rudd et al. 2009) yet
has not been performed for plant species. Therefore, it is currently reasonable to
forgo any broad generalizations. According to our opinion, only one characteris-
tic for subtelomeric regions in plant chromosomes that may be regarded as general
for all eukaryotic species has taken shape. As we mentioned above, this is a high-
plasticity stemming from a high rate of recombinations. This can lead to various types
of large-scale rearrangements, appearing as segmental duplications (as in human),
amplification and formation of extended tandem repeat arrays (as in rye), extended
deletions and the corresponding reduction in the junction between a tandem repeat array
and coding genome regions (as in arabidopsis), and, presumably, still undiscovered pro-
cesses. Here, as in the telomeres, the conserved functions may be provided by various
sequences involved in different molecular processes (Louis and Vershinin 2005).

Acknowledgments We are grateful to Drs. J. Dolezel and J. Safar, Institute of Experimental
Botany, Olomouc, Czech Republic, who kindly provided the IRS BAC library. The research of
authors is supported by the Siberian Branch of the Russian Academy of Sciences (integration
project 51) and Russian Foundation for Basic Research (Grants 08-04-00784 and 12-04-00512).

References

Alkhimova, E. G., Heslop-Harrison, J. S., Shchapova, A. 1., & Vershinin, A. V. (1999). Rye chromo-
some variability in wheat-rye addition and substitution lines. Chromosome Research, 7,205-212.

Ambrosini, A., Paul, S., Hu, S., & Riethman, H. (2007). Human subtelomeric duplicon structure
and organization. Genome Biology, 8, R151.

Ananiev, E. V., Phillips, R. L., & Rines, H. W. (1998). A knob-associated tandem repeat in
maize capable of forming fold-back DNA segments: Are chromosome knobs megatranspo-
sons? Proceedings of the National Academy of Sciences of the United States of America, 95,
10785-10790.

Anderson, J. A., Song, Y. S., & Langley, C. H. (2008). Molecular population genetics of
Drosophila subtelomeric DNA. Genetics, 178, 477-487.



11 What is the Specificity of Plant Subtelomeres? 207

Anderson, L. K., Lai, A., Stack, S. M., Rizzon, C., & Gaut, B. S. (2006). Uneven distribution
of expressed sequence tag loci on maize pachytene chromosomes. Genome Research, 16,
115-122.

Appels, R., Dennis, E. S., Smith, D. R., & Peacock, W. J. (1981). Two repeated DNA sequences
from the heterochromatic regions of rye Secale cereale chromosomes. Chromosoma, 84,
265-2717.

Arabidopsis Genome Initiative. (2000). Analysis of the genome sequence of the flowering plant
Arabidopsis thaliana. Nature, 408, 7196-815.

Bedbrook, J. R., Jones, J., O’Dell, M., Tompson, R., & Flavell, R. (1980). A molecular descrip-
tion of telomeric heterochromatin in Secale species. Cell, 19, 545-560.

Belostotsky, D. A., & Ananiev, E. V. (1990). Characterization of relic DNA from barley genome.
Theoretical and Applied Genetics, 80, 374-380.

Bennett, M. D., Gustafson, J. P., & Smith, J. B. (1977). Variation in nuclear DNA in the genus
Secale. Chromosoma, 62, 149-176.

Buzek, J., Koutnikova, H., Houben, A., et al. (1997). Isolation and characterization of X chro-
mosome-derived DNA sequences from a dioecious plant Melandrium album. Chromosome
Research, 5, 57-65.

Copenhaver, G. P., & Pikaard, C. S. (1996). RFLP and physical mapping with an rDNA-specific
endonuclease reveals that nucleolus organizer regions of Arabidopsis thaliana adjoin the tel-
omeres on chromosomes 2 and 4. The Plant Journal, 9, 259-272.

Fajkus, J., Kralovics, R., Kovarik, A., & Fajkusova, L. (1995). The telomeric sequence is directly
attached to the HRS60 subtelomeric tandem repeat in tobacco chromosomes. FEBS Letters,
364, 33-35.

Fan, C., Zhang, Y., Yu, Y., Rounsley, S., Long, M., & Wing, R. A. (2008). The subtelomere
of Oryza sativa chromosome 3 short arm as a hot bed of new gene origination in rice.
Molecular Plant, 1, 839-850.

Flint, J., Bates, G. P., Clark, K., Dorman, A., Willington, D., Roe, B. A., et al. (1997). Sequence
comparison of human and yeast telomeres identifies structurally distinct subtelomeric
domains. Human Molecular Genetics, 6, 1305-1314.

Ganal, M. W., Lapitan, N. L. V., & Tanksley, S. D. (1991). Macrostructure of the tomato telom-
eres. The Plant Cell, 3, 87-94.

Gill, B. S., & Kimber, G. (1974). Giemsa C-banding and the evolution of wheat. Proceedings of
the National Academy of Sciences of the United States of America, 71, 4086—4090.

Gonzalez-Garcia, M., Gonzalez-Sanchez, M., & Puertas, M. J. (2006). The high variability of
subtelomeric heterochromatin and connections between nonhomologous chromosomes, sug-
gest frequent ectopic recombination in rye meiocytes. Cytogenetic and Genome Research,
115,179-185.

Gorbunova, V. V., & Levy, A. A. (1999). How plants make ends meet: DNA double-strand break
repair. Trends in Plant Science, 4, 263-269.

Hake, S., & Walbot, V. (1980). The genome of Zea mays, its organization and homology to
related grasses. Chromosoma, 79, 251-270.

Harper, L., Golubovskaya, 1., & Cande, W. Z. (2004). A bouquet of chromosomes. Journal of
Cell Science, 117,4025-4032.

Heacock, M., Spangler, E., Riha, K., Puizina, J., & Shippen, D. E. (2004). Molecular analysis
of telomeric fusions in Arabidopsis: Multiple pathways for chromosome end-joining. The
EMBO Journal, 23, 2304-2313.

Horakova, M., & Fajkus, J. (1999). TAS49—a dispersed repetitive sequence isolated from
subtelomeric regions of Nicotiana tomentosiformis chromosomes. Genome, 43, 273-284.
International Rice Genome Sequencing Project. (2005). The map-based sequence of the rice

genome. Nature, 436, 793-800.

Killian, A., & Kleinhofs, A. (1992). Cloning and mapping of telomere-associated sequences from
Hordeum vulgare L. Molecular and General Genetics, 235, 153-156.

Kimura, M., & Ohta, T. (1979). Population genetics of multigene family with special reference
to decrease of genetic correlation with distance between gene members on a chromosome.
Proceedings of the National Academy of Sciences of the United States of America, 76, 4001-4005.



208 A. V. Vershinin and E. V. Evtushenko

Kirik, A., Salomon, S., & Puchta, H. (2000). Species-specific double-strand break repair and
genome evolution in plants. The EMBO Journal, 19, 5562-5566.

Kotani, H., Hosouchi, T., & Tsuruoka, H. (1999). Structural analysis and complete physical map
of Arabidopsis thaliana chromosome 5 including centromeric and telomeric regions. DNA
Research, 6, 381-386.

Koukalova, B., Reich, J., Matyasek, R., Kuhrova, V., & Bezdek, M. (1989). A BamHI family of
highly repeated DNA sequences of Nicotiana tabacum. Theoretical and Applied Genetics,
78, 77-80.

Kuo, H.-F., Olsen, K. M., & Richards, E. J. (2006). Natural variation in a subtelomeric region of
Arabidopsis: Implications for the genomic dynamics of a chromosome end. Genetics, 173,
401-417.

Lamb, J. C., Meyer, J. M., Corcoran, B., Kato, A., Han, F., & Birchler, J. A. (2007). Distinct
chromosomal distribution of highly repetitive sequences in maize. Chromosome Research,
15,33-49.

Linardopoulou, E. V., Williams, E. M., Fan, Y., Friedman, C., Young, J. M., & Trask, B. J. (2005).
Human subtelomeres are hot spots of interchromosomal recombination and segmental dupli-
cation. Nature, 437, 94—100.

Linde-Laursen, 1. (1978). Giemsa C-banding of barley chromosomes. I. Banding pattern poly-
morphism. Hereditas, 88, 55-64.

Louis, E. J., Naumova, E. S., Lee, A., Naumov, G., & Haber, J. E. (1994). The chromosome
end in yeasts: Its mosaic nature and influence on recombinational dynamics. Genetics, 136,
789-802.

Louis, E. J., & Vershinin, A. V. (2005). Chromosome ends: Different sequences may provide con-
served functions. BioEssays, 27, 685-697.

Lundblad, V., & Blackburn, E. H. (1993). An alternative pathway for yeast telomere maintenance
rescues estl-senescence. Cell, 73, 347-360.

Mao, L., Devos, K. M., Zhu, L., & Gale, M. D. (1997). Cloning and genetic mapping of wheat
telomere-associated sequences. Molecular and General Genetics, 254, 584-591.

McClintock, B. (1941). The stability of broken ends of chromosomes in Zea mays. Genetics, 26,
234-282.

Mclntyre, C. L., Pereira, S., Moran, L. B., & Appels, R. (1990). New Secale cereale (rye) DNA
derivatives for the detection of rye chromosome segments in wheat. Genome, 33, 317-323.

Mefford, H. C., & Trask, B. J. (2002). The complex structure and dynamic evolution of human
subtelomeres. Nature Reviews Genetics, 3, 91-102.

Mizuno, H., Wu, J., Kanamori, H., Fujisawa, M., Namiki, N., Saji, S., et al. (2006). Sequencing
and characterization of telomere and subtelomere regions on rice chromosomes 1S, 2S, 2L,
6L, 7S, 7L and 8S. The Plant Journal, 46, 206-217.

Mizuno, H., Wu, J., Katayose, Y., Kanamori, H., Sasaki, T., & Matsumoto, T. (2008).
Characterization of chromosome ends on the basis of the structure of TrsA subtelomeric
repeats in rice (Oryza sativa L.). Molecular Genetics and Genomics, 280, 19-24.

Ohmido, N., & Fukui, K. (1997). Visual verification of close disposition between a rice
A-genome specific DNA sequence (TrsA) and the telomere sequences. Plant Molecular
Biology, 35,963-968.

Peacock, W. J., Dennis, E. S., Roades, M. M., & Pryor, A. (1981). Highly repeated DNA
sequence limited to knob heterochromatin in maize. Proceedings of the National Academy of
Sciences of the United States of America, 78, 4490—4494.

Puchta, H. (2005). The repair of double-strand breaks in plants: Mechanisms and consequences
for genome evolution. Journal of Experimental Botany, 56, 1-14.

Rabinowicz, P. D., & Bennetzen, J. L. (2006). The maize genome as a model for efficient
sequence analysis of large plant genomes. Current Opinion in Plant Biology, 9, 149-156.
Riethman, H., Ambrosini, A., Castaneda, C., Finklestein, J., Hu, X.-L., Mudunuri, U., et al.
(2004). Mapping and initial analysis of human subtelomeric sequence assemblies. Genome

Research, 14, 18-28.



11 What is the Specificity of Plant Subtelomeres? 209

Rudd, M. K., Endicott, R. M., Friedman, C., Walker, M., et al. (2009). Comparative sequence
analysis of primate subtelomeres originating from a chromosome fission event. Genome
Research, 19, 33-41.

Salomon, S., & Puchta, H. (1998). Capture of genomic and T-DNA sequences during double-
strand break repair in somatic plant cells. The EMBO Journal, 17, 6086—6095.

SanMiguel, P., Tikhonov, A., Jin, Y. K., et al. (1996). Nested retrotransposons in the intergenic
regions of the maize genome. Science, 274, 765-768.

Schwarzacher, T. (2003). Meiosis, recombination and chromosomes: A review of gene isola-
tion and fluorescent in situ hybridization data in plants. Journal of Experimental Botany, 54,
11-23.

Sykorova, E., Cartagena, J., Horakova, M., Fukui, K., & Fajkus, J. (2003). Characterization of
telomere-subtelomere junctions in Silene latifolia. Molecular Genetics and Genomics, 269,
13-20.

Torres, G. A., Gong, Z., Iovene, M., et al. (2011). Organization and evolution of subtelomeric
satellite repeats in the potato genome. Genes Genomes Genet, 1, 85-92.

Uchida, W., Matsunaga, S., Sugiyama, R., & Kawano, S. (2002). Interstitial telomere-like repeats
in the Arabidopsis thaliana genome. Genes and Genetic Systems, 77, 63—67.

Vershinin, A. V., Schwarzacher, T., & Heslop-Harrison, J. S. (1995). The large-scale organiza-
tion of repetitive DNA families at the telomeres of rye chromosomes. The Plant Cell, 7,
1823-1833.

Viinikka, Y., & Nokkala, S. (1981). Interchromosomal connections in meiosis of Secale cereale.
Hereditas, 95, 219-224.

Wang, C.-T., Ho, C.-H., Hseu, M.-J., & Chen, C.-M. (2010). The subtelomeric region of the
Arabidopsis thaliana chromosome IIIR contains potential genes and duplicated fragments
from other chromosomes. Plant Molecular Biology, 74, 155-166.

Wau, J., Yamagata, H., Hayashi-Tsugane, M., et al. (2004). Composition and structure of the cen-
tromeric region of rice chromosome 8. The Plant Cell, 16, 967-976.

Yang, T.-J,, Yu, Y., Chang, S.-B., de Jong, H., Oh, C.-S., Ahn, S.-N., et al. (2005). Toward clos-
ing rice telomere gaps: Mapping and sequence characterization of rice subtelomere regions.
Theoretical and Applied Genetics, 111, 467-478.

Zhong, X.-B., Fransz, P. F., Wennekes-Eden, J., et al. (1998). FISH studies reveal the molecular
and chromosomal organization of individual telomere domains in tomato. The Plant Journal,
13,507-517.



Chapter 12
Subtelomeres in Drosophila and Other
Diptera

James M. Mason and Alfredo Villasante

Abstract While Drosophila telomeres are considered unusual, because they lack
short, telomerase-generated telomeric repeat, in other ways they are similar to
telomeres found in most eukaryotes. Subtelomeric repeated DNA sequences, for
example, exist between the terminal DNA array and the unique sequences found
in the euchromatic chromosome arms. Subtelomeric sequences in Drosophila con-
sist of complex repeat motifs that are shared among chromosome ends, although
the arrangement of the motifs varies considerably. While these motifs diverge rap-
idly, similarities can still be found in sibling species. Surprisingly, the subtelom-
eres seem to be able to communicate with the rest of the genome; deletions of the
2L subtelomere suppress telomere position effect at other chromosome ends, and
insertions of transposable elements into the XL subtelomere can silence homolo-
gous sequences in an RNAi-dependent manner. While Drosophila telomeres are
maintained by targeted transposition of a small group of retrotransposons, telom-
eres in nematoceran flies seem to be maintained by gene conversion among telom-
eric sequences that in many ways resemble complex subtelomeric repeats.

12.1 Introduction

Most eukaryotic chromosomes end in arrays of simple telomerase-generated
G-rich repeats. However, as a dipteran ancestor lost the telomerase gene, telomeres
of nematoceran flies are elongated by recombination, while Drosophila telomeres
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are primarily maintained by retrotransposition of telomeric elements to chromo-
some ends.

Comparative analysis of the telomeres from 12 Drosophila species has iden-
tified many phylogenetically distinct, telomere-specific, non-long terminal
repeat (LTR) retrotransposons belonging to the jockey clade. Since the phyloge-
netic relationships among the telomeric element agrees with the species phylog-
eny, these elements seem to derive from an ancestral element that was recruited
to perform telomere maintenance (Villasante et al. 2007). In D. melanogaster,
head-to-tail arrays of telomeric retrotransposons, HeT-A, TART and TAHRE (col-
lectively abbreviated as HTT), form the chromosome termini (Mason et al. 2008).
Attachment of these elements to chromosome termini by their 3’ oligo(A) ends,
coupled with end erosion due to the end replication problem, results in variably 5’
truncated elements in the terminal array. To overcome this truncation, transcription
of HeT-A elements starts at the 3’ end and reads into the downstream element and
possibly into the subtelomeric sequences.

The overall structure of the telomeres in the species of the melanogaster sub-
group resembles the structure of other eukaryotic telomeres: The most distal
regions are made of HTT arrays, and between these arrays and the unique chromo-
somal sequences, there are subtelomeric regions, often called telomere-associated
sequences (TAS), composed of various tandem repeats. A remarkable property of
the subtelomeric regions of yeast, primates, and plants is their evolutionary plas-
ticity (Broun et al. 1992; Brown et al. 1990; Louis and Haber 1992; Mefford and
Trask 2002). Drosophila subtelomeres are also dynamic and vary both within and
between species (Anderson et al. 2008; Kern and Begun 2008).

12.2 Structure and Evolution of Drosophila Subtelomeric
Regions

Most information about Drosophila DNA sequences, including the subtelomeric
regions, comes from an isogenic strain used as the reference for the D. melanogaster
genome, and in which each TAS array covers about 20 kb (Abad et al. 2004).
However, as TAS from the left arm of the X chromosome (XL) is absent in this and
some other strains, the sequence of XL TAS was obtained from the Dpl187 chro-
mosome (Karpen and Spradling 1992). The 4R TAS is also absent from the refer-
ence strain (Abad et al. 2004). Similarly, many laboratory stocks lack either the 2L
(Mason et al. 2004) or the 3L TAS repeats (JMM, unpublished data), and individuals
that lack 2L or 3L subtelomeric repeats have been collected from natural populations
(Kern and Begun 2008; Mechler et al. 1985). Thus, it appears that at least some of
the subtelomeric arrays may be deleted without a strongly deleterious effect.

The XL subtelomeric region consists of 1.8-kb distal repeats and two copies of
a proximal 0.9-kb repeat. The 1.8-kb repeat contains three tandem copies of defec-
tive invader4 LTRs (Fig. 12.1, red bars). These LTRs also appear in tandem within
the 1,000- and 984-bp distal repeats of the 2R and 3R TAS arrays, respectively.
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Thus, XL TAS shares regions of homology with 2R and 3R TAS (up to 88 % iden-
tity), and 2R TAS shares homology with 3R TAS (up to 98 % identity) principally
through these invader4 LTRs. The invader4 LTR clusters are hot spots for trans-
posable P element insertions (Karpen and Spradling 1992; Phalke et al. 2009).

2L TAS is comprised of tandem arrays of a 458-bp repeat unit (Walter et al.
1995), which shares high homology (99.5 % identity) with the 458-bp repeat that
forms the 3L subtelomeric region. Moreover, the 1.8-kb and 0.9-kb repeats of XL
TAS contain a 160-bp region (green in Fig. 12.1) that shares homology with the

D. melanogaster
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Fig. 12.1 D. melanogaster subtelomeric regions. The diagram of XL TAS is based on sequences
derived from the Dpl187 chromosome. The other subtelomeric regions are derived from the
strain used to generate the Drosophila reference genomic sequence. Dot-matrix comparisons of
a subtelomeric region with itself are shown at the top of each diagram. Each dot in the diagram
represents a short region of homology. The average size of the repeats is indicated. INE element
sequences are yellow
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458-bp repeats in 2L and 3L TAS (up to 77 % identity), and the 0.9-kb repeat has
two regions (blue in Fig. 12.1) that share homology with the 632-bp proximal
repeat of 3R TAS (up to 78 and 81 % identity). Thus, although each subtelomeric
array is different, they share similar sequence motifs.

To investigate the variability of Drosophila subtelomeres, it is essential to ana-
lyze telomere sequences from multiple species with various degrees of diver-
gence. All the subtelomeric regions in D. melanogaster are well assembled, but
this is not the case for the other 11 Drosophila genomes that have been sequenced
(Clark et al. 2007). Yet, comparison of D. melanogaster TAS arrays with the
homologous regions available from the sibling species has revealed a high rate
of sequence evolution. In D. simulans, the XL, 2L, and 3R subtelomeric regions
consist of 519-, 1,215-, and 1,837-bp repeat units, respectively. The principal dif-
ference between these repeats is the presence of sequences from the transposon hop-
per. The 519-bp repeat does not have hopper sequences, and the 1,215-bp repeat
has less hopper sequence than the 1,837-bp repeat. These repeats share homol-
ogy (up to 96 % identity) with the 854-bp repeats found at 2L and 3R TAS of
D. sechellia. Since D. simulans and D. sechellia have only diverged 0.6-0.9 mil-
lion years ago (Mya), the homology found between their subtelomeric repeats was
expected.

Much more significant is the clear homology (up to 85 % identity) between the 2L
and 3L subtelomeres of D. melanogaster and the subtelomeres at homologous chromo-
some ends of D. simulans and D. sechellia (diverged 5.4 Mya). This homology means
that in a common ancestor of these species subtelomeres consisted of the same type of
repeats. The invader4 LTR cluster in D. melanogaster appeared at subtelomere after
the divergence of D. melanogaster and its sibling species and then spread by recom-
bination to non-homologous telomeres. Similarly, an insertion of the hopper element
into a TAS repeat of D. simulans occurred after the divergence of D. simulans and D.
sechellia.

Comparison of the subtelomeres of D. yakuba and D. erecta, separated from
D. melanogaster 13 Mya, does not show any homology, among themselves nor
with the subtelomeres of D. melanogaster. This lack of homology between TAS of
distant species is likely due to progressive substitution of subtelomeric repeats via
unequal recombination. D. yakuba has an uneven distribution of TAS sequences,
from absent at the 3L telomere to unusually complex at the XL and 2L telomeres.
XL TAS is made of three repeats of 241-, 31-, and 660-bp, and 2L TAS contains
these three repeats plus two additional repeats of 785- and 169-bp (Fig. 12.2). In
contrast, D. erecta shows a simple pattern of TAS sequences, with 1.2-kb repeats
in distal positions and proximal 171-190-bp repeats that belong to a family of
complex repeats interspersed in the genome. Outside the melanogaster group, it
is also possible to find repeats in the subtelomeres that belong to families of inter-
spersed repeats, for example the 180-bp TAS repeats of D. ananassae and the 370-
bp TAS repeats of D. virilis (Biessmann et al. 2000).

During the study of Drosophila subtelomeres, it has become apparent that
TAS and the long 3’ UTRs of many telomeric retrotransposable elements are
structurally similar, with internal subrepeats (Fig. 12.3). This fact, together with
the occasional juxtaposition of both sequences at the telomeres, suggests that the
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region with itself is shown at the top of each diagram. The average size of the repeats is indicated

acquisitions of long 3’ UTRs might have occurred by 3’ transduction of TAS. This
evolutionary innovation may have conferred heterochromatic properties through-
out the telomeric transposon arrays.

12.3 Telomeric Proteins

Telomeres in D. melanogaster can be divided into three domains based on their
proteins and DNA sequences (Biessmann et al. 2005). A complex of proteins at
the extreme terminus of a chromosome arm protects the terminal DNA sequences
from degradation and distinguishes the natural chromosome end from a DNA dou-
ble-strand break. In Drosophila, the terminal complex is termed ‘terminin’ (Raffa
et al. 2009) by analogy with the shelterin complex in mammals. The terminin
complex proteins are not related to shelterin proteins, in part because the shel-
terin complex binds telomeres in a sequence-specific manner, while the terminin
complex binds telomeres independently of DNA sequence, and in part because
the terminin proteins are among the fastest-evolving proteins in Drosophila (Raffa
et al. 2010; Schmid and Tautz 1997). The terminin complex interferes with the
activity of transcriptional promoters and enhancers within 4 kb of the terminus
(Melnikova and Georgiev 2005), although some of the terminin-associated pro-
teins bind sequences 10 kb or more from the chromosome end (Gao et al. 2010).
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Two cytological techniques have been used to distinguish the protein-binding
partners of individual DNA components of the D. melanogaster telomere. In one,
a portion of TAS is inserted into the middle of a chromosome arm (Boivin et al.
2003). Additional binding to this site, above that seen without the insertion, can
identify proteins with affinity to that sequence. In the second procedure, comparison
of protein binding on long HTT arrays generated by the 7el’ mutation (Siriaco et al.
2002) to binding on short HTT arrays normally found in wild-type strains allows a
distinction to be made between proteins that bind the HTT array and those that bind
other telomeric components (Andreyeva et al. 2005). It can thus be seen that the
HTT array outside of the terminin complex exhibits both open and closed chromatin
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marks similar to the ‘active’ and ‘silent’ marks at active heterochromatic genes
(Riddle et al. 2011). Subtelomeric DNA sequences bind Polycomb group (PcG) pro-
teins, which are involved in the developmentally regulated silencing of genes, and
modified histones associated with closed chromatin (Andreyeva et al. 2005; Boivin
et al. 2003). Even though subtelomeric sequences vary from one chromosome end to
another, the proteins that bind to these sequences are consistent between telomeres.

Telomeres are often considered to be heterochromatic, but in Drosophila this
may be an oversimplification. While closed chromatin marks were found at both
the HTT and TAS arrays, the levels of these marks differ between the two telo-
meric domains and between these domains and either euchromatin or pericen-
tric heterochromatin (Capkova Frydrychova et al. 2008). This is consistent with
the proposition that chromatin can be categorized into multiple chromatin types
(Filion et al. 2010). In general, the chromatin marks indicate that the HTT array is
more closely related to transcriptionally active genes in pericentric heterochroma-
tin, while TAS is more closely related to PcG heterochromatin.

12.4 Genetic Interactions

Two subtelomeres in Drosophila have been observed to control the activity of
genes in other locations, although the phenomenology of these two effects is dif-
ferent. In the first, deficiencies of 2L TAS suppress telomeric position effect (TPE)
at homologous as well as non-homologous telomeres. The mechanism of this
interaction is unknown. In the second interaction, insertions into XL TAS repress
transgenes with similar sequences through an RNAi-based mechanism termed
trans-silencing. Surprisingly, both of these effects seem to be restricted to single
chromosome ends.

12.4.1 Suppression of Telomeric Silencing

P transposable elements carrying a w reporter gene, which is responsible for
pigment deposition in the eye, have been used widely for genetic studies in
Drosophila. The reporter when in euchromatin is relatively highly expressed
and produces a uniform orange-to-red eye color, while the same element in het-
erochromatin produces a light eye color that is variegated. The initial transposon
insertions into telomeres were identified by eye color variegation (reviewed by
Biessmann et al. 2005). Surprisingly, genetic mutations that suppressed w varie-
gation in pericentric heterochromatin had little if any effect on a similar variegat-
ing w reporter in a telomere, suggesting that the structures of these two forms of
heterochromatin are different. All of these variegating telomeric insertions were
found to be located in, or adjacent to, TAS rather than in HTT. Insertions into the
HTT array occur, but w is not repressed and gives the same phenotype it would if
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it were in euchromatin (Biessmann et al. 2005). Thus, based on the expression pat-
tern of the w reporter, the HTT array appears to be euchromatic, and TAS appears
to be heterochromatic independent of which chromosome tip carries the transgene.

Two TAS sequences were tested for their effects on expression of an adjacent
w gene when at non-telomeric positions. In both cases, a vector carrying both the
TAS sequence and the reporter was inserted randomly into the genome. In the first
case, 6 kb of the 458-bp 2L TAS repeat unit was placed upstream of the w gene
(Kurenova et al. 1998). This caused a uniform decrease in w expression that was
dependent on the orientation of TAS, and silencing was proportional to the length
of TAS. In the second case, 1.2 kb of the XL. TAS was placed upstream of the w
reporter (Boivin et al. 2003). This appeared to cause an increase in w expression
when hemizygous, but decreased or variegated expression in homozygous animals.
As above, the effects were orientation dependent. Thus, both TAS elements seem
to repress gene activity in non-telomeric positions, either in one copy or in a pair-
ing-dependent manner.

An analogous situation arose with the identification of a variegating w
transgene inserted between the HTT array and the subtelomeric region at the 2L
telomere (Golubovsky et al. 2001). The w transgene was transcribed from distal
to proximal, and expression depended on its surroundings. If the homolog carried
a full-length TAS array the transgene was strongly repressed (Fig. 12.4), while if
the homolog was deficient for 2L TAS the degree of expression depended on the
length of the HTT array in cis, with longer arrays giving stronger w expression.
Further, w transgenes inserted into the 2R and 3R subtelomeres responded to defi-
ciencies for 2L TAS, although the reciprocal interaction was not found (Capkova
Frydrychova et al. 2007). Surprisingly, deficiencies for 3L TAS did not have the
same effect as deficiencies for 2. TAS, even though their repeat sequences are
very similar. Thus, 2L TAS deficiencies are suppressors of TPE, while deficiencies
for other TAS arrays are not.

It has been proposed that transgene expression was silenced by TAS and acti-
vated by HeT-A in cis and that this competition was mediated by interactions
between TAS arrays. In the absence of the intervening transgene, TAS would
reduce transcription and possibly transposition of the terminal retrotranspo-
sons and thus regulate the length of the HTT array (Mason et al. 2003). While
initially tantalizing, this model fails on two counts. First, the silencing effect of
TAS on transgenes inserted into HTT only extends a short distance into the termi-
nal array (Biessmann et al. 2005). Second, the level of HeT-A transcript does not
respond to deficiencies for 2L TAS (Capkova Frydrychova et al. 2007). Thus, TPE
does not seem to be a mechanism for regulating the transcription of the terminal
retrotransposons.

Two reports suggesting that mutations in PcG genes are dominant suppressors of
TPE (Boivin et al. 2003; Cryderman et al. 1999) lead to a large-scale screen using
overlapping deficiencies for more suppressors of TPE (Mason et al. 2004). About
two-thirds of the autosomes were tested with no solid evidence for dominant genic
suppressors of TPE, with the possible exception of mutations in gpp, which encodes
a histone H3 lysine 27 methyl transferase homologous to DOT1, and which had
been identified independently as TPE suppressors (Shanower et al. 2005). Instead,



12 Subtelomeres in Drosophila and Other Diptera 219

Normal 2L

Read-through transcript

E_A—ui@—

white transcript

foZLiM?G
- J

Fig. 12.4 Trans-effect of TAS deletions on the expression of telomeric transgene insertions.
w transgene expression of the 2L telomere occurs primarily from the w promoter (orange bent
arrow) with a small contribution from the adjacent HeT-A promoter (blue bent arrow). This
expression is repressed by the adjacent TAS in cis (orange oval) in the presence of a full-length
TAS array (red line). Deletion of 2L TAS in trans (D(2L)M26) causes higher expression (green
round arrow) of the w transgene. Alternating light and dark stripes represent the subtelomere;
blue bars alternating with ‘A’ represent terminal retrotransposons attached to the chromosome
end by their oligo(A) tails; blue rectangle at the left end represents the protective terminin pro-
tein complex; red rectangle labeled P{w"*"} represents the w transgene insertion (taken from
Mason et al. 2008)

the great majority of suppressors identified turned out to be false positives, i.e., the
suppressor could be separated from the deficiency. In most cases, the suppressor
turned out to be a deficiency for 2L TAS. Even the previously identified suppressors
of TPE carried 2L TAS deficiencies on the same chromosome, and the suppressor
mapped to the 2L telomere rather than the PcG gene.

As telomeric silencing does not spread more than a few kilobases from TAS
and thus only affects the closest telomeric transposon, it seems likely that its
purpose is to control transcription of the TAS sequences themselves. While the
piRNA pathway has been implicated in HeT-A and TART transcription (Savitsky
et al. 2000), it is surprising that none of the RNAi genes were identified in the
deficiency screen for modifiers of TPE (Mason et al. 2004). Specific PcG proteins,
trithorax group proteins, and components of pericentric heterochromatin were also
excluded as important components of telomeric silencing.
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12.4.2 Trans-silencing

In a second example of subtelomeres playing a role in gene expression, P elements
in the TAS region of XL appear to regulate the expression of insertions in other
regions of the genome. P elements are DNA transposons that move by a cut-and-
paste mechanism. In general, when a P element is introduced to a naive genome,
the copy number increases for a time, until the transposase gene is repressed and
transposition frequency decreases. The degree of repression depends on the num-
ber and position of the P elements present. Regulation of P element transposition
is complex, depending on both the presence of a full-length element encoding
a transposase and a repressor, and a cytoplasmic element, termed cytotype, that
can be inherited independently of a competent element (Engels 1979). A survey
of strains from natural populations with full length repressed P elements found
an accumulation of P elements at the XL tip, but not other chromosome ends
(Ronsseray et al. 1997). The elements were within the Invader4 LTRs of the XL
subtelomere (Karpen and Spradling 1992). Further, one or two P elements at the
XL telomere were stronger suppressors of P element activity than 10-20 complete
P elements elsewhere in the genome (Ronsseray et al. 2003). Incomplete P ele-
ments in XL TAS that do not make the repressor protein are strong suppressors,
but only when they are maternally inherited (Marin et al. 2000; Stuart et al. 2002).
A limited repressor phenotype may be inherited in the absence of the telomeric P
element, but this depends on transmission through the mother. Repression from
XL TAS inserts was sensitive to dosage of the heterochromatin protein, HPI,
and the RNAI protein, AUB, while P element repression due to full-length P ele-
ments elsewhere was not (Haley et al. 2005; Reiss et al. 2004). Taken together,
these data suggest that repression of P elements by other elements in the XL TAS
may depend on transmission of a small RNA to the offspring through the maternal
cytoplasm.

In a similar phenomenon known as trans-silencing, a P element vector in
XL TAS, e.g., P{lacZ}, which carries lacZ sequences, but lacks most P element
sequences outside of the terminal repeats, can repress transgenes with similar
sequences located elsewhere in the genome (Roche and Rio 1998), although it
does not repress P element activity. The effect depends on the location of the
silencer; only P{lacZ} insertions into XL TAS are effective (Roche and Rio
1998; Ronsseray et al. 2003). Repression also depended on homology between
silencer and target, on transmission through the female germ line, and on the dos-
age of HP1 and the rasiRNA proteins, AUB, SPN-E, ARMI, and PIWI, but not
on the dosage of proteins in the siRNA or miRNA pathways (Josse et al. 2007).
Cytotype thus appears to be a form of (sub)telomeric trans-silencing, and trans-
silencing a form of cosuppression. The role, if any, of PcG proteins, which bind
subtelomeres on several chromosome ends and may interact with the RNAi
machinery to regulate pairing-sensitive silencing (Grimaud et al. 2006), is poorly
understood.
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12.5 Complex Terminal Arrays in Nematocera

Telomerase and the short telomeric repeats generated by telomerase have not been
found in any dipteran species. Two sister orders, Siphonaptera and Mecoptera also
lack canonical telomeric repeats (Frydrychova et al. 2004). It is thus possible that
telomerase may have been lost as much as 260-280 Mya (Wiegmann et al. 2009).
Nevertheless, dipterans as a group are very successful, accounting for some 11 %
of known animal species. Thus, loss of telomerase does not seem to have been a
major impediment to survival.

Replacement of the short telomerase-generated repeats with long repeat
sequences is reported in lower dipteran species (Reviewed by Mason et al. 2011).
Chromosome tips in Chironomus consist of large, 50-200 kb, blocks of com-
plex, tandemly repeated sequences that can be classified into subfamilies based
on sequence similarities. Different telomeres display different sets of subfamilies,
and the distribution of subfamilies differs between different individuals in a stock.
The variation of the satellite sequences supports the proposal that telomeres in
Chironomus are elongated by a gene conversion mechanism involving these long
blocks of complex repeat units. The origin of these new non-canonical telomeric
repeats is not understood. It is possible that they were originally subtelomeric
repeats that became terminal with the loss of the telomerase-generated sequence;
however, one 350-bp repeat unit in Chironomus tentans contains 15 copies of a
rearranged and degenerate canonical telomeric repeat.

Long telomeric repeats have also been observed in the mosquito, Anopheles
gambiae, with the aid of a plasmid insertion into the complex telomeric sequences
at the tip of chromosome 2L. The telomeric repeat unit was 820-bp in length and
restricted to the 2L tip. The plasmid sequence was used as a marker to follow the
specific telomere, which was found to engage in frequent recombination events to
extend the array length, although non-homologous sequences could also be added
to this chromosome end (Mason et al. 2011).

A similar situation has been reported in Rhynchosciara americana, and only
in this species a true subtelomeric satellite, with a repeat unit of 414-bp, has been
found at the five non-telocentric chromosome ends (Madalena and Gorab 2005).
Tandem arrays of relatively short repeats, 16- and 22-bp in length, were found dis-
tal to the subtelomeric repeat (Rossato et al. 2007), and these short repeats extend
to the chromosome ends (Madalena et al. 2010). Although telomere elongation has
not been assayed in this case, it seems likely that the mechanism is similar to that
seen in other dipterans.

Given that telomeric gene conversion has been identified as an alternative elon-
gation mechanism in species as diverse as yeast and humans (Kass-Fisler and
Greider 2000) and has been found in nematocerans, it seems likely that this mecha-
nism took over telomere maintenance when telomerase was lost from the lineage
that lead to Diptera. Telomere maintenance by retrotransposition, on the other hand,
arose sometime after the separation of Rhynchosciara from Drosophila 230 Mya
(Wiegmann et al. 2011) and before the divergence of Drosophila species 60 Mya.
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12.6 Conclusion

As in other eukaryotes, complex, subtelomeric repeated DNA sequences are found
between the terminal DNA array and the unique sequences in the euchromatic
regions of the chromosome arms. Subtelomeric sequences in Drosophila con-
sist of complex repeat motifs that are shared among chromosome ends, although
the arrangement of the motifs varies considerably from one telomere to another,
even to the point that in situ hybridization studies fail to find homology among
some telomeres. The question arises, what is the selective pressure that main-
tains subtelomeres, despite the fact that individual TAS arrays can be lost in labo-
ratory strains and in wild populations? One possibility, given that the protective
cap complex does not bind chromosome ends based on DNA sequence, is that
these sequences act as a buffer protecting the euchromatic genes from degrada-
tion and loss. Although appealing, there is little direct evidence for or against
this proposition in Drosophila species, although sequences resembling TAS
arrays in nematoceran flies are found at the chromosome ends and appear to be
actively involved in chromosome length maintenance through a gene conversion
mechanism. A second possibility, that the subtelomeres control the transcription
and transposition of the telomeric retrotransposons, is not supported by the avail-
able data. Surprisingly, a third possible function stems from the observation that
the subtelomeres seem to be able to communicate with the rest of the genome;
deletions of 2L TAS suppress telomere silencing at other chromosome ends, and
insertions into XL TAS can inactivate expression of homologous sequences in
an piRNA-dependent manner. It remains to be seen whether other subtelomeres
in Drosophila have a similar ability to interact with the rest of the genome. As
the subtelomeres bind PcG proteins, which are known to affect long range genetic
interactions in combination with RNAi pathways, they may play a wider role in
genetic regulation.
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Chapter 13

Accumulation of Telomeric-Repeat-Specific
Retrotransposons in Subtelomeres of
Bombyx mori and Tribolium castaneum

Haruhiko Fujiwara

Abstract Arthropod telomeres are generally constituted by TTAGG pentanu-
cleotide repeats, which are synthesized by telomerase. However, all species in
Diptera examined to date have lost TTAGG repeats and are suggested to recruit
telomerase-independent telomere maintenance. In contrast, the silkworm Bombyx
mori retains TTAGG telomeric repeats, but the telomerase activity is repressed in
quite a low level in all investigated tissues. In addition, the flour beetle Tribolium
castaneum, which contains unconventional TCAGG telomeric repeats, also shows
a weak telomerase activity. Telomerase reverse transcriptase (TERT) genes for
B. mori (BmoTERT) and T. castaneum (TcTERT) have several unusual features;
both TERT genes without introns have upstream ATG codons and no N-terminal
GQ motifs, which possibly explain their repressed telomerase activity. In sub-
telomeres of Bombyx and Tribolium, telomeric-repeat-specific non-long terminal
repeat (LTR) retrotransposons (or long interspersed nuclear elements (LINEs)),
SARTBm and SARTTc, are accumulated. Respective retrotransposons prefer
telomeric repeats of their hosts. This chapter focuses on subtelomere, TERT, and
telomeric-repeat-specific LINEs in Bombyx and Tribolium and discusses mecha-
nisms and evolution for telomere maintenance in higher insects.

13.1 Background

Telomeres are defined as regions at the end of chromosome that are essential
for the complete replication, meiotic pairing, and stability of chromosomes. The
telomeres of most eukaryotes are composed of simple repeated sequences called
telomeric repeats. One strand of the repeats is G rich with its 3’ end toward the end
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of the chromosome. The G-rich strand is synthesized by a specialized enzyme tel-
omerase, which is composed of two subunits, the telomerase reverse transcriptase
(TERT) and the telomere RNA component (TERC; as a template) (Blackuburn
1991). It is hypothesized that the terminal sequences of chromosomal ends shorten
with each cell division, and a reduction in telomere length causes cellular senes-
cence or the cessation of cell division. In many organisms, therefore, the addition
of telomeric repeats is essential to compensate for the critical telomere shortening.

13.2 Structure and Distribution of Telomeric Repeats
in Insects

It has been shown that vertebrates and some species of fungi and protozoa have
TTAGGG hexanucleotide telomeric repeats and that many other species retain a
telomeric sequence resembling TTAGGG (Zakian 1995). In the early 1990s, our
group used (TTNGGG);5 as a cross-hybridization probe to identify the telomeric
repeats in the genome of the silkworm Bombyx mori and found many TTAGG
pentanucleotide repeats in this genome (Okazaki et al. 1993). Fluorescent in
situ hybridization (FISH) and Bal31 exonuclease experiments showed that the
telomere of B. mori consists of a 6-8-kb stretch of (TTAGG),. This pentanu-
cleotide repeat sequence also exists in the genome of a wide variety of insects,
including Lepidoptera, Hymenoptera, Coleoptera, termites, and in prawns
(Okazaki et al. 1993; Fujiwara et al. 2005) (Fig. 13.1). Marec’s group analyzed
exhaustively the distribution of TTAGG telomeric motifs in insects (Frydrychova
et al. 2004) and in arthropods and their close relatives (Vitkova et al. 2005).
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They observed that TTAGG repeats are conserved among a wide variety of spe-
cies of Arthropoda, but not in Tardigrada and Onychophora, and suggested that
the vertebrate TTAGGG motif is an ancestral motif of telomeres in bilaterian
animals. It is of great interest that some orders of insects lack typical (TTAGG),
repeats, while most order of insects have the repeats (Fig. 13.1, (TTAGG) +).
All the species in Odonata, Dermaptera, Mecoptera, and Diptera (Fig. 13.1, —)
and some species in Hemiptera and Coleoptera (Fig. 13.1, —/+) tested to date
have no TTAGG repeats in their genome (Okazaki et al. 1993; Frydrychova
et al. 2004). Hemiptera is divided into two groups, Heteroptera and Homoptera.
Two species of Heteroptera have no TTAGG repeats (Frydrychova et al. 2004),
whereas the mealybug (Mohan et al. 2011) and aphids (Monti et al. 2011) in
Homoptera harbor these repeats, suggesting that a loss or change in the repeats
has occurred in Heteroptera. Twelve species of Coleoptera carry the TTAGG
repeats, but another nine species have lost the repeats (Frydrychova et al. 2004).
Our group has shown that the flour beetle Tribolium castaneum has TCAGG
telomeric repeats instead of TTAGG repeats (Osanai et al. 2006). Recently,
Mravinac et al. (2011) analyzed thirty coleopteran beetles and found that all
nineteen species in the Tenebrionoidea superfamily have TCAGG repeats, and
not TTAGG repeats, whereas eight species in the Chrysomeloidea superfamily
have TTAGG, and not TCAGG repeats, and some are TTAGG-/TCAGG-negative
species. These data suggest that the TTAGG telomeric repeats have been lost
independently several times during the evolution of insects and in different
branches of the phylogenetic tree.

13.3 Accumulations of Non-LTR Retrotransposons in
Telomere/Subtelomere Regions of Drosophila Species
and the Silkworm Bombyx mori

Although (TTAGG), is often undetectable in many insect species, it has not
been proven in many cases whether their telomeres are composed of telomeric
repeats other than (TTAGG), or are preserved by other telomere maintenance
systems. However, in the case of Dipteran insects examined thus far, all of which
have lost the (TTAGG), repeats, they seem to have lost telomerase activity. We
did not find TERT-like genes in the whole-genome sequence information for the
fruit fly Drosophila melanogaster and the malaria mosquito Anopheles gambiae
(Adams et al. 2000; Holt et al. 2002), nor telomerase activity in D. melanogaster
and Sarcophaga cells using the telomeric repeat amplification protocol (TRAP)
(Sasaki and Fujiwara 2000). These facts support the existence in dipteran insects
of the unusual telomere maintenance system mentioned above.

Drosophila telomeres are composed of three specialized non-long ter-
minal repeat (LTR) retrotransposons (otherwise known as long interspersed
nuclear elements (LINEs)) TART, HeT-A, and TAHRE and maintained by
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retrotransposition of these retrotransposons, in addition to recombination
and gene conversion (Bieessmann et al. 1992; Levis et al. 1993; Pardue and
De Baryshe 2003, 2011a, b; George et al. 2006; Melnikova et al. 2005; Mason
et al. 2008). In other dipteran classes (the mosquito A. gambiae and the chi-
ronomids Chironomus tentans), telomere regions are composed of other types
of longer repeats, such as 350-bp repeats in C. tentans (Nielsen et al. 1990;
Nielsen and Edstrom 1993), rather than pentanucleotide short telomeric repeats.
These telomeres in C. tentans and A. gambiae are hypothesized to be main-
tained by gene conversion and recombination (Cohn and Edstrom 1992; Roth
et al. 1997). The accumulated evidences for dipteran insects, especially for
D. melanogaster, show clearly that the necessity of telomerase is weakened
in these insects and the telomerase system could be replaced by other unusual
mechanisms of telomere maintenance.

In contrast with dipteran insects, the silkworm B. mori retains the (TTAGG)
n repeats in its chromosomal ends. In the process of analyzing subtelomeric
structure, we found that the silkworm telomeric repeats are inserted with over
1,000 copies of two telomeric-repeat-specific non-LTR retrotransposon fami-
lies, TRAS and SART (Okazaki et al. 1995; Takahashi et al. 1997; Kubo et al.
2001; Fujiwara et al. 2005; Osanai-Futahashi et al. 2008). TRAS1, a major ele-
ment in the TRAS family, is 7.8 kb in length and is inserted specifically into
the exact site between the C and T of the CCTAA strand of telomeric repeats
(Anzai et al. 2001; Maita et al. 2004). SART1 of B. mori (SART1Bm), which is
6.7 kb in length, is a major element in the SART family of the silkworm genome
and is inserted specifically into another site of telomeric repeats, between the G
and T of the TTAGG strand (Osanai-Futahashi and Fujiwara 2011) (Fig. 13.4).
The TRAS and SART families occupy 3 % of the silkworm genome and more
than 300 kb of each chromosomal end (Okazaki et al. 1995; Takahashi et al.
1997; Kubo et al. 2001). These elements are transcribed actively both in somatic
and in germ line cells, whereas usual retrotransposons are rarely expressed
(Takahashi and Fujiwara 1999). Based on an in vivo assay system for SART1
and TRASI1 using a baculovirus expression system, we have shown the exact
retrotransposition of these elements into the telomeric repeats in cultured cells
and larva of B. mori (Takahashi and Fujiwara 2002; Matsumoto et al. 2004;
Osanai et al. 2004; Kawashima et al. 2007; Osanai-Futahashi and Fujiwara
2011). As described later in more detail, we could not detect telomerase activ-
ity in any tissues of B. mori nor in three Bombyx cell lines (Sasaki and Fujiwara
2000); thus, these data suggest that retrotransposition of the TRAS and SART
non-LTR elements into the telomeric repeats possibly backs up telomere elon-
gation by weak activity of the silkworm telomerase. A chromosomal fragment
caused by X-ray irradiation, of the genetic mosaic mutant pSm788, is unstable
and is often lost from somatic and germ line cells (Fujiwara et al. 1991, 1994,
2000). The broken ends of this chromosomal fragment produced by X-ray irra-
diation do not contain SART and TRAS elements in the (TTAGG) short repeats
added de novo, suggesting a possible functional role for these elements in chro-
mosome stability (Fujiwara et al. 2000).
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13.4 Telomerase Activity in Insects

To determine whether TTAGG repeats are truly lost from the genome of
TTAGG-negative insects or whether they are only changed into another simi-
lar repeat, it is essential to analyze telomerase activity in these species. Using a
modified TRAP method, we measured the telomerase activity in various insects
(Sasaki and Fujiwara 2000). Using PCR with an appropriate set of forward and
reverse primers, we detected strong telomerase activity in crickets (Teleogryllus
taiwanemma) and cockroaches (Periplaneta americana), both of which carry
TTAGG repeats (Fig. 13.1). Telomerase activity in the insects requires dATP,
dGTP, and dTTP, but not dCTP, as substrates. In addition, the sequence analy-
sis of TRAP products showed that the TTAGG repeats are generated by telom-
erase activity in these insects. Although complicated subtelomeric structures are
observed in 7. taiwanemma (Kojima et al. 2002), these data demonstrate that the
extreme end of chromosomes of this insect is generated by telomerase. Using
similar methods, Klapper et al. (1998) reported that telomerase activity adds the
TTAGG repeats in a lobster (Homarus americana), suggesting that the TTAGG
repeats that are observed widely in the Arthropod telomeres are synthesized by
the activity of telomerase. The telomerase activity in P. americana and H. ameri-
cana is observed not only in germ line cells but also in several somatic cells,
which are in contrast with the restricted expression of telomerase in germ line
cells in humans and other mammals.

In two cell lines (s-2 and mbn) of D. melanogaster and a cell line (sape 4) of the
fresh fly Sarcophaga peregrina, in contrast, no telomerase activity was detected
using the modified TRAP approach mentioned above (Sasaki and Fujiwara 2000),
which is consistent with the absence of the short telomeric repeats in Diptera
(Fig. 13.1). In addition, we found no detectable levels of telomerase activity in
three cell lines (BmN4, L30, and DK10) and three tissues (testis, silk gland, and
fat body) of Bombyx mori. Interestingly, we found a short tract of TTAGG repeats
on a broken end of a chromosomal fragment that had been induced by X-ray irra-
diation more than 50 years ago (Fujiwara et al. 2000). This observation indicates
that the silkworm telomerase has a potential to add TTAGG repeats over a long
period, but its activity is extraordinarily low and under the level that is detecta-
ble by conventional TRAP. We expressed the TERT gene from Bombyx mori and
from another Lepidoptera (Spodoptera frugiperda, fall armyworm) in BmN and
St9 cells, respectively, using a baculovirus expression system and prepared cell
extracts (Yaguchi et al. unpublished data). However, telomerase activity was not
detected even in these extracts, suggesting that its weak activity is caused not only
by lower expression of the TERT gene in the body, but rather depends on its struc-
tural deficiency.

The activity of insect telomerase of adding telomeric repeats seems to be origi-
nally weak (Sasaki and Fujiwara, 2000). TRAP showed that 10 g of protein from
a cricket (7Teleogryllus) extract yielded a band that had approximately one-third of
the intensity observed using 2 g of protein from a HeLa cell extract. Moreover,
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0.01 pg of protein from the cricket extract did not generate a detectable TRAP
result. Recently, we also analyzed (using TRAP) the capacity of the telomerase
from Tribolium to add TCAGG repeats and found that it exhibited only a few
ladder bands, suggesting its weak activity for the elongation steps. These results
indicate that telomerase activity is weaker in insects compared with vertebrates,
even when the activity is demonstrated by TRAP, such as crickets and Tribolium
(Osanai-Futahashi unpublished data, Mitchell et al. 2010).

13.5 Structural Features of TERT Genes in the Silkworm
and Flour Beetle

To determine why telomerase activity was not detected, or was very weak, using
TRAP in some insects, we analyzed the gene structure of TERT in insects. The
amino acid sequences of TERT exhibit low conservation among distantly related
species, with the exception of a few catalytic sites; thus, it is hard to search for
homologous sequence of TERT using regular methods, such as PCR with degen-
erate primer sets designed based on the conserved sequence. However, a recent
advance of whole-genome sequencing in several insects provided an opportunity
to screen for TERT genes. By screening the TERT homologous sequences from
the silkworm genome database, which was available after 2004 (Mita et al. 2004;
Xia et al. 2004), we succeeded in finding a fragmental sequence of TERT and
identified the complete sequence of putative TERT in the silkworm (BmoTERT)
using 5’ and 3’ RACE (Osanai et al. 2006). We also found the TERT sequences
from Bombyx mandarina (BmaTERT) (Osanai et al. 2006), T. castaneum
(TcTERT) (Osanai et al. 2006), and Spodoptera frugiperda (SfTERT) (Yaguchi
et al. unpublished data). The TERT genes from the honey bee Apis mellifera
(AmTERT) (Robertson and Gordon 2006) and from the aphid Acyrthosiphon pisum
(Monti et al. 2011) have also been reported recently.

The silkworm TERT gene, which is 2,532 bp with 28 bp poly-A tail, encodes
open reading frame (ORF) of 703 amino acids. Compared with the general TERT
genes, BmoTERT has several unusual structural features, as follows.

13.5.1 Intronless Gene

Interestingly, the comparison of the cDNA sequence of BmoTERT with the
genomic sequence showed that BmoTERT has no introns (Osanai et al. 2006).
Most TERT genes reported to date include many introns: 15 introns in human
TERT; 17 introns in Tetrahymena TERT; 15 introns in Saccharomyces TERT
(Fig. 13.2a). Intronless genes are sometimes processed pseudogenes. If the
BmoTERT was processed pseudogenes, there would be another TERT gene in the
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Fig. 13.2 Structures of TERT genes in various organisms. a Diagram of TERT structure. Motifs
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genome of Bombyx mori. Southern hybridization experiments, however, showed
that the BmoTERT is not a pseudogene and a single-copy gene without introns.
We also found that 7¢TERT and SfTERT are intronless (Yaguchi et al. unpublished
data), whereas AmTERT of the honeybee has eight introns similar to other usual
TERT genes.

13.5.2 3’-Terminal Poly-A Tails of the Genomic Copy

The comparison of cDNA and the genomic sequences of BmoTERT also showed
that the genomic sequence of BmoTERT (and not only its cDNA) contains a poly-
A tail at the 3’-terminal region (Fig. 13.3a) (Osanai et al. 2006). The poly-A tail
structure was also found at the 3’ end both in cDNA and in genomic sequences
of SfTERT (Yaguchi et al. unpublished data). This type of poly-A-tail in the
genomic sequence is often observed in the retrotransposed copy of non-LTR ret-
rotransposons, which recognize poly-A tail of their mRNA in the initial step of
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Fig. 13.3 TERT genes of Bombyx and Spodoptera are processed gene. a Polyadenylation site
of BmoTERT and SfTERT. Polyadenylation sites in genomic DNA and cDNA are in bold. b The
schematic model for generation of processed TERT gene by reverse transcription (see text). Four
exons are shown as ExA to ExD

target-primed reverse transcription. Thus, it is possible that the intronless TERT
genes are originally generated by reverse transcription of the processed mRNA
with reverse transcriptase of some internal retrotransposable elements (Fig. 13.3b).
Because the BmoTERT and SfTERT are single-copy genes, the original TERT-
containing introns should have been lost from the genome.

13.5.3 Upstream ATG Codons

Another unusual feature of BmoTERT is that it has five ATGs in the 5'UTR,
although this feature is not found in usual TERT genes reported to date (Fig. 13.2b).
It is presumed that the ribosome initiates translation at the first ATG; thus, these
codons possibly reduce the translation efficiency of BmoTERT proteins. It is
reported that this type of upstream ATG (or upper AUG) actually reduces the trans-
lation of some genes (Jin et al. 2003). We also found four upstream ATG codons in
the 5'UTR of Tc¢TERT (Fig. 13.2b).

13.5.4 Loss of N-Terminal GQ Motif

The putative protein encoded in ORF of BmoTERT is estimated to have a
molecular weight of only 84 kDa, which is quite smaller than other TERT pro-
teins reported to date. The TERT proteins of some vertebrates, Arabidopsis,
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and Tetrahymena are about 130 kDa, and the TERT of S. pombe and S. cerevi-
siae are 116 and 103 kDa, respectively. We characterized the conserved motifs
of BmoTERT and found that it does not contain the N-terminal TERT-specific
GQ motif, whereas all other motifs, RT domains (1, 2, A, B/, C, D, and E)
and TERT-specific motifs (CP, QFP, and T) (Bosoy et al. 2003) are retained
(Fig. 13.2a) (Osanai et al. 2006). The comparison of the schematic domain
structure of TERT shows clearly that the smaller size of the BmoTERT protein
is caused mainly by loss of the N-terminal region, especially of the GQ motif.
The GQ motif is shown to be involved in the telomeric repeat processivity in
yeast and human TERT (Moriarty et al. 2004; Lue 2005), and loss of the GQ
motif may cause inefficient elongation of telomeric repeats. We found that the
TcTERT protein, which has a molecular weight of only 70 kDa, also lost the GQ
and CP motifs (Osanai et al. 2006) and that SfTERT protein exhibits a structure
that is similar to that of BmoTERT, lacking the GQ motif (Yaguchi et al. unpub-
lished data). The loss of GQ motifs in TERT proteins is consistent with marginal
elongation of (TCAGG), repeats by TcTERT (Osanai-Futahashi, unpublished)
and the very low telomerase activity of BmoTERT and SfTERT (Yaguchi et al.,
unpublished data).

13.5.5 Repressed Transcription

Northern hybridization showed that BmoTERT is transcribed at very low level
in all tissues tested (testis, ovary, trachea, silk glands, and nerves) (Osanai et al.
2006).

These unusual characters of BmoTERT gene may explain the weak telomerase
activity of BmoTERT, SfTERT, and TcTERT, in every step of transcription, transla-
tion, and enzymatic action.

13.6 Coevolution of Telomeric Repeats and Telomeric-
Repeat-Specific Retrotransposons

Because there are many similarities between the structure and activity of TERT
in Bombyx mori and T. castaneum, we searched the telomeric-repeat-specific
retrotransposons, such as TRAS and SART families (which accumulate in the
subtelomeres of B. mori chromosomes), in the genome of 7. castaneum. The tel-
omeres of 7. castaneum consist of TCAGG repeats, instead of TTAGG repeats
found in many other insects and arthropod species. The screening of insertion
elements in the TCAGG repeats of the T. castaneum genome showed that seven
types of non-LTR retrotransposons are inserted between the T and G of the
CCTGA strand of TCAGG telomeric repeats, which is similar to the insertion
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Fig. 13.4 Structural features of SART families of B. mori and T. castaneum. a Target sites of
SARTBm and SARTTc in telomeric repeats of each species and b phylogenetic relationships of
SART families and other target-specific LINEs of R1 clade

site of SARTBm (between the T and A of the CCTAA strand of TTAGG telom-
eric repeats) (Fig. 13.4) (Osanai-Futahashi and Fujiwara 2011). The orientation
of all these elements in the telomeric repeats was the same as that observed for
SARTBm. In addition, phylogenetic analyses showed that they are closely related
to the SART families of B. mori; they were named as SARTTcl to SARTTc7
(Fig. 13.4b). In contrast to a Drosophila telomere-specific retrotransposons TART
which belongs to the Jockey clade, the SART families are categorized into the
R1 clade. Although most non-LTR retrotransposons integrate randomly into the
genome, many R1 clade elements are inserted into specific sequences (Kojima and
Fujiwara 2003). Target specificity in the R1 clade was changed several times, and
SART families may have derived from some R1 clade elements or vice versa.

A modified ex vivo retrotransposition assay using baculovirus expression vector
(Takahashi and Fujiwara 2002; Osanai et al. 2004; Matsumoto et al. 2006) showed
that SARTBm1 had a target sequence preference for TTAGG repeats and that
SARTTcl had a target sequence preference to TCAGG repeats (Osanai-Futahashi
and Fujiwara 2011). Although both SARTBm and SARTTc prefer their host
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telomeric repeat sequences, they also retrotransposed into TTAGG and TCAGG
repeats. If the sequence specificity of these elements was very strict, they would not
be able to accommodate to alterations of telomeric repeats. In addition, swapping
experiments indicated that the endonuclease domain of SARTBm and SARTTc
is involved in recognizing the target telomeric sequences (Osanai-Futahashi and
Fujiwara 2011). Moreover, the SARTBm1 protein was able to retrotranspose 3’'UTR
sequence of SARTTcl, in addition to its own 3'UTR, whereas the SARTTc1 pro-
tein could only retrotranspose its own 3’UTR. These findings suggest that SARTTc
changed the target specificity from TTAGG to unconventional TCAGG repeats
mainly via the functional change of its endonuclease domain during evolution. The
telomeric repeat is complementary to the partial sequence of telomeric RNA com-
ponents (TERC); thus, the TERC sequence that is responsible for generating telo-
meric repeats should have changed in 7. castaneum, whereas no group succeeded in
identifying TERC in insects.

The highly specific integration of SARTTc elements into the TCAGG telom-
eric repeats should contribute to the generation of the subtelomere of 7. castaneum
and possibly back up the weak Tc¢TERT activity of telomerase; this situation is
very similar to the silkworm system of maintenance of telomere and subtelomere
structures.

13.7 Evolution of Telomeric and Subtelomeric Structures
in Higher Insects

Why did the TERT of the silkworm and the flour beetle become so fragile and
why did unusual telomeric/subtelomeric structures appear in these insects?
Hymenoptera such as Apis mellifera, which is thought to be an ancestral group
among higher insects, have the usual TERT structure with many introns and
long telomeric repeats undisturbed by retrotransposons (Fig. 13.5). However,
both Coleoptera T. castaneum and Lepidoptera B. mori, which are groups that
branched more recently phylogenetically compared with Hymenoptera, carry
intronless TERT, suggesting that a TERT mRNA was reverse transcribed in a com-
mon ancestor of Coleoptera and Lepidoptera after branching from Hymenoptera
and integrated into the genome as a processed gene. Reverse transcription occurs
from the 3’ to the 5’ end of mRNA and sometimes stops before completion of
the process, which yields a 5'-truncated processed gene (Fig. 13.3b). Thus, the
N-terminal deletion including GQ motif observed in BmoTERT, SfTERT, and
TcTERT is hypothetically explained by this 5’ truncation in the process of reverse
transcription. In the more recently evolved insect group Diptera, it is hypothesized
that the telomerase activity mediated by such a fragile TERT is attenuated and the
TERT gene itself disappeared from the genomes of these insects and that alterna-
tive systems other than telomerase, such as telomere-specific retrotransposons in
Drosophila melanogaster, save the insects from crisis.
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Fig. 13.5 Evolution of telomere/subtelomere and TERT structures in higher insects. a Loss of
introns and GQ domains from TERT genes. Appearance of telomeric-repeat-specific LINEs. b
Loss of TERT gene from the genome

It is surprising that higher insects, which are the largest and most thriving spe-
cies on earth, survive telomerase-negative conditions. To confirm the above hypo-
thetical evolutionary scenario, we need to analyze telomeric and subtelomeric
structures and the TERT structure in additional species in Lepidoptera, Coleoptera,
and Diptera. We are also interested in the loss of telomeric repeats in lower
insects: What kind of alternative telomere maintenance mechanisms are used in
these insects? What happens to the TERT gene or telomerase activity in lower
insects? Further analyses aimed at answering these questions may clarify novel
aspects of telomere maintenance and structure.
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Chapter 14
Subtelomere Plasticity in the Bacterium
Streptomyces

Annabelle Thibessard and Pierre Leblond

Like Escherichia coli or Bacillus subtilis, the bacterial models, most bacteria contain
one or several circular chromosomes. The first exception identified to this rule is
the case of the agent responsible for the Lyme disease, the spirochaete Borrelia
burgdorferi, whose chromosome linearity has been revealed in 1989 (Ferdows and
Barbour 1989). This bacterium carries a single and small chromosome of 0.91 Mb
(Fraser et al. 1997). Then came the case of the plant pathogen Agrobacterium
tumefaciens, a a-proteobacterium inducing crown gall tumours, which carries two
chromosomes: one circular (2.84 Mb) and one linear (2.08 Mb) (Allardet-Servent
et al. 1993; Wood et al. 2001). Gram-positive bacteria and more precisely actino-
mycetes (Streptomyces, Rhodococcus) also harbour exceptions to the bacterial
circular chromosome dogma. The only genus where chromosomal linearity is an
exclusive character is Streptomyces. Hence, all the wild-type strains so far studied
harbour 8—12 Mb unique linear chromosomes (Hopwood 2006).

Streptomyces are common bacteria in soil and inhabit various ecologi-
cal niches such as plant rhizosphere, mycorrhizosphere and mineralosphere. In
soils, they interact with many other bacterial genera as well as different symbi-
otic, pathogenic and saprotrophic fungi. They produce a variety of extracellular
enzymes and secondary metabolites, such as the well-known antibiotics by which
Streptomyces play a key role in biogeochemical cycles and microbial communi-
ties” homoeostasis.

The Streptomyces chromosome exhibits a remarkable degree of genome plastic-
ity associated with a very specific genetic organization: The genus is characterized
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by a single large linear chromosome with a conserved central ‘core’ region and
variable chromosomal arms including a large portion of genes assumed to derive
from lateral gene transfer. Chromosomal rearrangement events observed in labo-
ratory conditions were shown, using compared genomics, to constitute a driving
force shaping the subtelomeres of the chromosome. The strong variability and
specificity of the terminal region is assumed to contribute to the adaptation to soil
biotic and abiotic environmental changes.

14.1 Bacterial Telomeres: Structure and Replication
Mechanisms

Linear replicons face progressive loss of genetic information resulting from
incomplete replication of the 3’ ends parental strands by the selection of specific
strategies to ensure end replication and maintenance.

Hence, Borrelia harbour a linear chromosome with covalently closed hairpin
ends. This unique end structure requires a telomere resolution mechanism involv-
ing the resolvase ResT to form hairpin telomeres from intermediates of replica-
tion. This mechanism is assumed to promote plasticity by stabilizing telomere
fusions. Hence, telomere resolvases can generate Holliday junctions, which are
recombination intermediates (Chaconas and Kobryn 2010). It was noticed that
this hairpin is similar to those of some eukaryotic viruses (poxviruses) sharing the
same tick vector. This suggests that, in Borrelia, linearity resulted from the acqui-
sition of viral sequences by horizontal transfer.

Streptomyces linear replicons are typified as ‘invertrons’, structure consisting of per-
fect repeats (TIR for terminal inverted repeats) covalently attached by their 5’ end to
specific proteins (Sakaguchi 1990). The size of the repeats varies widely from a mini-
mum of about 160 nt constituting the strict telomere (e.g. Streptomyces avermitilis
chromosome) to several hundreds of kilobases (1 Mb in Streptomyces coelicolor A3(2),
550 kb in Streptomyces rimosus, 210 kb in Streptomyces ambofaciens chromosomes,
Hopwood 2006).

In Streptomyces, the linear replicons are replicated from a centrally located typ-
ical bacterial replication origin. Processing of the replication forks on both repli-
chores leaves a 3’ end single-stranded DNA over 250-300 nt (Chaconas and Chen
2007). This single-stranded DNA region adopts hairpin structures capped with ter-
minal proteins (TP)—two proteins, Tpg and Tap, were characterized—involved in
the terminal replication mechanism called ‘patching’ (Bao and Cohen 2001). The
TP complex is absolutely needed to perpetuate the replicons under their linear form.
Indeed, when TPs are defective, survival plasmids have circularized. Two telomere
maintenance systems have been characterized in Streptomyces which differ by the
palindrome sequence and by the terminal protein actors. These observations sug-
gest different evolutionary origins. Thus, the ‘archetypal’ telomere described by
Huang et al. (2007) typifies the models S. coelicolor A3(2) and S. lividans 66 chro-
mosomes; S. ambofaciens and Streptomyces bingchenggensis whose sequence was
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recently released share similar telomere motifs (Wang et al. 2010). The ‘atypical’
telomeres were found on the linear plasmid SCP1 from S. coelicolor and on the
chromosomes of Streptomyces griseus (Goshi et al. 2002). Surprisingly, the tel-
omere sequence of Streptomyces cattleya (NRLL 8057, Barbe et al. 2011) did not
seem to belong to either group (our analysis). Hence, the chromosome sequence
does not show any terminal redundancy, but instead shares one end (100 % identity
over 90 nt) with its cognate linear plasmid (1.8 Mb). This is reminiscent of a hybrid
chromosome resulting from chromosome—plasmid interaction, but no identity
could be found at the other chromosome and plasmid ends ruling out this tempting
hypothesis. This genome sequence deserves to be investigated to this regard.

While in rhodococci, linear replicons (plasmids and chromosome) share the
‘archetypal’ Streptomyces telomere and encode classical TP proteins (McLeod
et al. 2006), no specific terminal structures were documented in A. fumefaciens
(Wood et al. 2001).

14.1.1 Chromosomal Linearity is an Apomorphic Trait

The scarcity of linearity and the diversity of the terminal structures argue in favour
of the recent acquisition of this character in the some branches of bacterial phyla.

For instance, linearity is an exclusive feature in all wild-type streptomycetes
species so far studied, while other actinomycetes including Mycobacterium tuber-
culosis (Cole et al. 1998), Corynebacterium diphtheriae (Cerdeno-Tarraga et al.
2003) and Saccharopolyspora erythraea (Oliynyk et al. 2007) harbour a circu-
lar chromosome. The central region of 8.7 Mb S. coelicolor linear chromosome
shows a significant synteny with the entire circular chromosome of M. tuberculosis
(4.4 Mb) (Bentley et al. 2002). This suggests that Streptomyces emerged from a
bacterial ancestor harbouring a circular genome with a much smaller chromosome
similar to that of contemporary mycobacteria. Linear replicons (plasmids, bacteri-
ophages, etc.) widely distributed in gram-positive bacteria might have played a key
role in linearization. Subsequently or at the same evolutionary time all or part of
the subtelomeric regions might have been acquired. Hence, based on a wide com-
parison of chromosome structures of Actinomycetales, it was recently suggested
that the streptomycetes chromosome expanded in a two-step evolutionary process
with the early acquisition of a first chromosomal arm (called the Actinomycetales-
specific arm) followed by the late acquisition of the second subtelomeric region
(called the Streptomyces-specific arm, Kirby 2011).

In rhodococci, the situation is even more interesting to track down linearity
acquisition (Letek et al. 2010). Hence, the largest genome sizes are associated
with linearity. R. jostii and R. opacus, which are environmental species harbour
large linear chromosomes of 9.7 and 8.17 Mb, respectively, while R. equi (an ani-
mal pathogen) has a unique circular chromosome of rather smaller size (5 Mb).
The smaller genome do not show any trace of genome ‘degeneration’ (i.e. quasi
absence of pseudogene), supporting the fact that the genomes of environmental
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species experience expansion (Letek et al. 2010). Indeed, linearity appears as
an apomorphic trait; the largest chromosomes including the genetic information
from the ancestor, which probably possessed a smaller circular chromosome. The
acquisition of linearity could have been concomitant to that of a large portion of
the contingent (accessory) genome likely to contribute to the occupation of envi-
ronmental niches. Since linearity is not an exclusive character in rhodococci, the
acquisition by horizontal transfer of DNA linearity is a tempting hypothesis.

Whether the chromosomal linearity favoured genome expansion remains an
open question. If the latter hypothesis seems to be supported by the rhodococci
and streptomycetes genome evolutions, the case of the large circular (8.2 Mb)
S. erythraea chromosome seems to mitigate this scenario. Hence, while a 4.4-Mb
region showed gene-order conservation with both S. coelicolor and S. avermitilis,
the remaining part of its circular of chromosome showed all the features of gene
acquisition and genome expansion (Oliynyk et al. 2007).

14.1.2 Interactions Between Linear Replicons

Linearity itself may favour gene exchange between linear replicons since single
crossovers are sufficient to promote DNA exchanges. Hence, Streptomyces linear
plasmids carry traces of multiple recombination events including accretion events
revealed by the presence of internal pseudo-telomeres as typified in the 356-kb lin-
ear SCP1 plasmid of S. coelicolor (Bentley et al. 2004). The recent analysis of
the 1.8-Mb megaplasmid of Streptomyces clavuligerus also revealed that intimate
interactions have shaped the plasmid and chromosome content, presumably by
successive terminal exchanges (Medema et al. 2010). Earlier, similar interactions
were shown to lead to terminal exchanges in S. rimosus transferring the oxytetra-
cycline biosynthetic genes from the chromosome onto the 387-kb pZG101 linear
plasmid (Gravius et al. 1994). Similarly, interactions between SCP1 (385 kb) and
the chromosome of S. coelicolor A3(2) were shown to produce chimerical repli-
cons: SCP1’ (SCP1’-cysD) reaching 1.85-Mb and a residual 7.2-Mb linear chro-
mosome (Yamasaki and Kinashi 2004). The recombinant plasmid could not be
cured out of the strain, indicating that the plasmid gained at least one essential
gene. In S. ambofaciens, this kind of event probably promoted the specificity of
the terminal inverted repeats (TIR): About 60 and 48 kb of DNA were unique to
each of the strains studied (DSM40697 and ATCC23877, Choulet et al. 2006b).
These interactions may have also led to genomic expansion as suggested in rhodo-
cocci and/or to the strong diversification of the ancestral contingent DNA acquired
together with termini. Interactions may also be stimulated by the spatial organi-
zation of the chromosomal telomeres. Recently, telomeres (plasmid and chro-
mosome) were found to interact in vivo at both intra- and intermolecular levels
through the terminal protein complex (Tsai et al. 2011) confirming the early obser-
vation of the co-localization of terminal regions in cells (Yang and Losick 2001).
These data are consistent with the circularity of the genetic map (Hopwood and
Wright 1979). These interactions may also play a key role in the mobilization of
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chromosomal DNA via linear plasmids. The model called ‘end first’ (Chen 1996)
was indeed recently supported by the report that linear plasmids mobilize chro-
mosomal DNA from cells harbouring a linear chromosome, while no transfer is
observed from cell harbouring a circular one (Lee et al. 2011).

14.1.3 Chromosome Compartmentalization and Subtelomere
Plasticity in Streptomyces

In most circular bacterial genomes, accessory genes are concentrated into variable
regions, which are prone to DNA loss and gene replacement. These loci were fre-
quently identified in the terminus of the chromosomal replication as in E. coli or
B. subtilis. The high variability of these regions was understood as resulting from
(1) the recombinogenic nature of these regions and from (2) the assumed low con-
tribution of their gene content. The replication termini are indeed associated with
a high frequency of recombination triggered by the slowdown of the replisome
progression at Tus—ter sites (antihelicase activity of the Tus—ter complex) and by
the chromosome dimer resolution (site-specific recombinase XerCD onto the dif
sites). This region is also deemed to favour acquisition of exogenous sequences.
Finally, the dispensability of these regions was evidenced in E. coli and B. subti-
lis by deletion in laboratory conditions over several hundreds of kilobases without
significant loss of viability (Henson and Kuempel 1985; lismaa and Wake 1987).

14.1.4 Subterminal Plasticity in Laboratory Conditions

The study of chromosome plasticity associated with genetic instability was the
first evidence of the specific genetic organization of the Strepfomyces genome.
Various phenotypic traits are highly unstable in streptomycetes (colony pigmenta-
tion, differentiation, antibiotic production, resistance to drugs, etc.) with spontane-
ous mutants arising at frequencies reaching 0.1-1 %. Spontaneous mutants show
overlapping deletions extending over several hundreds of kilobases including the
determinants of unstable phenotypes. The mutants also showed DNA amplifica-
tions (tandem repeats of amplifiable units of DNA, AUD) at high frequencies
which were for long times the landmark of genetic instability. Selective pressure
for DNA amplification is mostly unknown although the phenotype conferred by the
amplification can sometimes be positively selected (e.g. increased antibiotic). The
reiterative structure of the AUDs seems to favour intralocus recombination events
(e.g. unequal crossovers) as supported by the decrease in DNA amplification fre-
quencies in recA mutants (Volff and Altenbuchner 1997). The AUDs were located,
together with the deletable loci, in the same chromosomal region which was called
the ‘unstable’ region. This region which turned out to correspond to the subterminal
regions of the chromosome: When the chromosome linearity was proved by Lin
et al. (1993) in S. lividans and extended to our model S. ambofaciens (Leblond
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et al. 1996), the unstable region overlapped the subterminal regions of both arms by
several hundreds of kilobases. In the same way, Windebrant et al. (2007) reported
spontaneous terminal duplication exceeding 2,500 kb in S. coelicolor.

Mutants having lost both chromosomal telomeres and subtelomeres harboured
circular chromosomes, while strains having lost only one arm were shown to keep
their chromosome linear. Subterminal deletions internal to a chromosome arm
were subsequently characterized. In some other cases, two deleted chromosomes
were fused to give a giant duplicated chromosome (reaching 14—15 Mb vs. 8 Mb
in the wild type, Wenner et al. 2003; Denapaite 2005). In S. ambofaciens, this
structure was highly dynamic and produces a strong terminal diversity with TIRs
varying in size from 5 to 1,440 kb (Wenner et al. 2003).

The high instability of this structure might result from the impairment of chro-
mosome segregation in daughter cells triggered by the presence of two cis-located
centromere-like onto the fusion chromosomes and was reminiscent of the break—
fusion-bridge described by McClintock (1939) in maize. Interestingly, it was
shown that the deficiency in FtsK which is a DNA translocase involved in chro-
mosome segregation during division was associated with an increase in frequency
of genome rearrangements in the terminal regions of Streptomyces chromosome
(Wang et al. 2007). The dynamics of terminal inverted repeats (TIR) associated
with the formation of double-strand breaks (DSB) suggests that the formation of
TIR may result from recombinational repair of DSB by the break-induced replica-
tion mechanism (BIR) as described in yeast (Signon et al. 2001).

These DNA rearrangements resulted from different recombination mechanisms.
While homologous recombination was involved in chromosomal arm translocations
in S. ambofaciens and S. griseus (Uchida et al. 2003), transposition was involved
in the formation of a large inversion in S. griseus (Murata et al. 2011). However, in
most cases where several large DNA rearrangements were characterized at the nucle-
otide level, the involvement of illegitimate recombination was revealed by the find-
ing of either short microhomologies (3—6 bp; Chen et al. 2010; Wenner et al. 2003)
or even no nucleotide homology at the break points (Birch et al. 1991; Chen et al.
2010). This suggests the involvement of a single-stranded annealing (SSA) joining
mechanism or a non-homologous end joining (NHEJ) repair event (see perspectives).

14.1.5 Gene-Order Conservation Along Streptomyces
Chromosome

The genomic comparison of complete genome sequences of Streptomycetes
confirmed genome instability studies and showed that the central part is mostly
conserved, while terminal regions are variable (Fig. 14.1a). Based on functional
annotation of S. coelicolor, it was early noticed that the identifiable essential
genes were concentrated in the central region (‘core’) while large terminal areas,
the arms (1.6 and 2.3 Mb) did contain either genes with undetermined function
or genes assumed to be contingent (Fig. 14.1b; Bentley et al. 2002). Later, the
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Fig. 14.1 Schematic organization of the Streptomyces chromosome. a Definition of the core and
arms of the linear chromosome based on functional annotation. This terminology was founded
by Bentley et al. (2002) on S. coelicolor. b Delimitation of the unstable regions at the end of
the chromosome through the studies on genetic instability in several species. ¢ Definition of the
conserved, variable and the degenerated synteny regions by compared genomics of differently
related species by Choulet et al. (2006a). The schema does not reflect the respective sizes of the
different chromosomal regions

comparison of S. avermitilis and S. coelicolor (Ikeda et al. 2003) gave a more
precise picture with a conserved region constituting the core genome and variable
regions overlapping the ends of the chromosome. This picture can be extrapolated
to the newly sequenced Streptomyces genomes: S. bingchenggensis despite its
large genome size shows a central conserved region of about 7.2 Mb and two extra
large arms of 3.2 and 1.5 Mb for the right and left arms, respectively (Wang et al.
2010) (Fig. 14.2b). Conversely, S. cattleya NRRL 8057 which is characterized
by the smallest chromosome ever identified up to now in the Streptomyces genus
(6.3 Mb) shares the common organization with however shorter chromosomal
arms (Fig. 14.2c). The organization of its 1.8-Mb linear megaplasmid revealed a
complete absence of synteny with the chromosome of S. coelicolor (our analysis,
Fig. 14.2c). Thus, the megaplasmid does not seem to derive from the interaction
between the ancestral chromosome and a smaller linear plasmid.

The comparison of couples of genomes of species sharing more or less close
phylogenetic relationships gave a more dynamic view of the evolution of the
Streptomyces linear chromosome and suggested a specific and original evolution-
ary scenario. Hence, in a previous study, we compared four complete genome
sequences and that, partial, of S. ambofaciens, to trace the molecular events, lead-
ing to terminal diversity in Streptomyces (Fig. 14.2d, e). For that purpose, the
level and evolution along the genome of gene-order conservation were assessed
by pairwise comparisons (Choulet et al. 2006a). The index used was the GOC,
for gene-order conservation, developed by Rocha (2006) to study the archi-
tecture of bacterial genomes over evolutionary times. Hence, except for large
genomic islands (e.g. 12 islands extending from 26 to 149 kb were specific of
S. coelicolor compared to the related species S. ambofaciens) scattered in the
core region, genome variability was found to be mostly confined to the chromo-
somal arms (Fig. 14.1b). Surprisingly, the variable regions increased in size when
the compared species were chosen with more tenuous phylogenetic relationships.
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Fig. 14.2 Subtelomere variability in Streptomyces. a Degenerated synteny between S. aver-
mitilis, S. ambofaciens and S. coelicolor as revealed by protein-to-protein comparison Artemis
Comparison Tools (Rutherford et al. 2000). Putative genes are represented by arrows in the 6
frames, and pairs of homologues are linked by a grey area. The window presented here corre-
sponds to a 100-kb region of the Streptomyces ambofaciens chromosome included into the
degenerated syntenic regions compared with S. coelicolor and S. avermitilis. b Dot-plot compari-
son of S. coelicolor and S. bingchenggensis. Each dot represents the best reciprocal hit between
the two compared genomes. The axes reflect gene numbers according to the annotation of the
genomes. ¢ Comparison of S. coelicolor versus S. cattleya (chromosome; main frame, 1.8-Mb
linear plasmid, small window, Sco: S. coelicolor, Sca: S. cattleya). d, e Illustrate the comparison
of S. coelicolor chromosome with the left and right chromosomal arms of S. ambofaciens
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S. ambofaciens-specific region increased from 1.2 Mb (left and right arm sizes
cumulated) when compared to the closely related S. coelicolor species (1.1 %
of divergence between 16S rRNA) to almost 2 Mb when compared to the more
distant S. avermitilis (2.9 % of divergence between 16S rRNA). Reciprocally,
the size of the ‘core’ region, mostly assessed to be vertically inherited, tended to
decrease. Although not all the genes present in the terminal regions are unique
to each species, the levels of amino acid homology when existing are quite low,
and suggest that these homologues are inherited from horizontal gene transfer (i.e.
xenologues). These data suggest (1) that horizontal gene transfer is massive in this
bacterial genus and (2) that recombination events promoting the integration of
exogenous genetic material either preferentially occur or is less counter-selected
(and consequently fixed) in the chromosomal arms; these two hypotheses being
non-exclusive.

The central conserved and terminal-specific regions are connected by a region
showing a progressive decrease in the gene-order conservation (Fig. 14.1c). This
amazing phenomenon was called degenerated synteny. This decrease (intermedi-
ate values of GOC) reflected the occurrence of multiple insertions and deletions
(indels) of short DNA stretches (including up to several genes) with a frequency
that gradually increases until total loss of synteny (Fig. 14.2a). This phenomenon
resulted from both the increase in the frequency of fixed DNA rearrangements
and the incoming of exogenous information. The degenerated synteny did affect
regions which were more internally located on the chromosome when the com-
pared species were more distantly related. The replacement of terminal region by
interaction with linear plasmids (as reported in several species) cannot explain by
itself this situation. Indeed, such events would have led to the complete loss of
synteny at the recombination point and consequently to a sudden fall of GOC.

In contrast, the progressive loss of synteny suggests that (1) integrations of DNA
fragments cumulated in this region and (2) more and more integration events were
fixed towards the ends of the chromosome. Two hypotheses can explain the contem-
porary situation: (1) DNA acquisitions and losses occurred all along the genome
but are counter-selected according to the contribution of each locus; the corollary
of this hypothesis is that the order of the loci along the terminal region reflects their
contribution to the bacterium fitness. (2) The insertion and deletion events occur
according to a gradient of increasing frequencies towards the ends of the linear
chromosome. This would provide a powerful driving force that would have shaped
Streptomyces chromosome, excluding essential genes from the terminal ends and
cumulating accessory genes in the specific regions. The frequent rearrangements
would also provide a low cost mean to test new versions of genes (chimeric genes,
duplicated and diverged gene sequences) or gene clusters (reassortments of genes).
Deleterious alleles or clusters could easily be eliminated through recombination. In
both scenarios, the specific regions (over several hundreds of kilobases) would have
been saturated with integration events, and the integration flux would have erased
the assumed ancestral information.

The gene flux hypothesis is further supported by the composition bias of the
subtelomeres. Hence, GC % of the species-specific DNA regions (about 650 kb
on each chromosomal arm between S. ambofaciens and S. coelicolor) declines
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progressively towards the DNA ends. The lower GC content is a characteristic
shared between mobile genetic elements (plasmids, bacteriophages, transposons)
and genes inherited from horizontal transfer (Rocha and Danchin 2002). Another
noticeable composition bias in favour of the gene flux hypothesis is that of mobile
genetic elements: 45 and 79 % of the insertion sequences (IS) are terminally
located in S. avermitilis and S. coelicolor, respectively (Chen et al. 2002).

14.1.6 Functions Encoded by Subtelomere Sequences

As revealed by Konstantinidis and Tiedje (2004), genome expansion in bacterial
genomes is correlated with the explosion of functions related to gene regulation
and transport. In S. ambofaciens, while the terminal regions are assumed to be
accessory regions (i.e. variable and dispensable), there is no marked enrichment in
regulatory genes with 12.3 % of the CDS (including 27 putative alternative sigma
factors) that is equivalent to analysis of the complete genome of S. coelicolor
(Bentley et al. 2002).

In contrast, the subterminal regions of S. ambofaciens genome show a high
level of gene redundancy. Hence, a functional categorization of the coding
sequences distinguished 33 families with more than 5 paralogues for each in the
terminal regions (e.g. the largest gene family corresponds to oxydoreductases).
The subtelomeres also encode functions involved in organic polymer degrada-
tion (chitin, chitosane, cellulose). Interestingly in some cases, a function may be
insured by two redundant gene clusters, one of them being orthologue of a cluster
found in streptomyctes, the second one being a clear paralogue acquired by gene
transfer (xenologue). Although the presence of paralogues in bacterial genomes
is most often explained by gene transfer, gene duplication seems also to occur in
the terminal regions. Hence, two sigma factor-encoding genes (hasR/hasL) shar-
ing 98 % nucleotide identity were involved in a large chromosomal rearrangement
(Fischer et al. 1998). Interestingly, the two chimeric genes formed by the rear-
rangements were found to be functional (Roth et al. 2004).

The most salient feature of the subtelomeres is probably their richness in gene
clusters putatively or actually involved in secondary metabolism. This trend was
noticed in S. coelicolor (Bentley et al. 2002) and S. avermitilis (Ikeda et al. 2003)
and was also observed in S. ambofaciens with more than half (14 of the 23) of
the putative secondary metabolite biosynthetic gene clusters located in the chro-
mosomal arms representing roughly one-third of the total genome size (Aigle
2011). Interestingly in S. erythraea which possesses a circular chromosome, most
of those gene clusters (21 of 25) were also found located in the ‘non-core’ region
corresponding to half of the total genome size (Oliynyk et al. 2007). This over-
all striking distribution could reveal frequent transfers of all or part of the gene
clusters. Exchange and recombination of such genes could lead to the creation
of chimeric gene cluster and could participate to the diversification of secondary
metabolites. Such a hybrid locus was found in S. ambofaciens (Pang et al. 2004).
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Hence, the Type II PKS gene cluster responsible for the biosynthesis of kinamycins
(Bunet et al. 2011) is flanked by a block of genes related to the biosynthesis mith-
ramycin. If the synthesis of kinamycins relies on the only kinamycin gene block,
the mithramycin block lacks one key function (acyl carrier protein, ACP). Whether
this gene block is non-functional or participates to the synthesis of another metab-
olite is under investigation. A third adjacent gene block is involved in a complex
regulation cascade (Bunet et al. 2011) and shows a high level of synteny with the
regulatory subcluster controlling tylosin biosynthesis. This is surprising, since
tylosin is a macrolide antibiotic produced by a Type I PKS gene cluster (Cundliffe
et al. 2001). Horizontal gene transfer is indeed strongly suspected to have shaped
this biosynthesis gene cluster.

14.1.7 Perspectives

The mechanisms driving the evolution of Streptomyces genome since the acquisi-
tion of linearity remains to be investigated. We learned from compared genomics
that the genetic compartmentalization is extreme with a conserved and constrained
central part and highly plastic chromosomal arms.

Our working hypothesis is that plasticity is intensified in the chromosomal arms
through a spatiotemporal regulation of the different recombination mechanisms
(i.e. homologous recombination, HR, and illegitimate recombination, IR). Beside
homologous recombination (HR) which is ubiquitous in prokaryotes, illegitimate
recombination pathways were revealed in the genome of about 20 % of the bacte-
rial species whose genome was sequenced including Streptomyces (Rocha et al.
2005). While the roles and mechanisms of HR are well-known, illegitimate recom-
bination by non-homologous end joining (NHEJ) has been described only recently
in B. subtilis or M. tuberculosis (Weller et al. 2002; Della et al. 2004). This mecha-
nism mainly involves two proteins (Pitcher et al. 2007): The first one, ku, inter-
acts with broken DNA ends and recruits the second one, ligD, a multifunctional
enzyme carrying at least a DNA polymerase domain, a ligase domain and some-
times a nuclease domain.

While HR is an accurate DSB repair system, NHEJ is mostly mutagenic and
triggers endogenous rearrangements as well as exogenous DNA acquisition. In
Streptomyces, the subterminal variability may well result from a higher tolerance
of these regions for DNA rearrangements (error free or prone) rather from a higher
frequency of recombination events.

Several hypotheses can be drawn to explain the formation of an ‘indel’ gradient.
The first one, which is not our favourite explanation, is to imagine that the toler-
ance for DNA rearrangements is increasing towards the ends of the chromosome.
The corollary would be that the contribution of the genes to bacterial fitness would
decrease progressively in the subtelomere. The second relies on an increasing gra-
dient of DSB occurrence towards the ends of the chromosome. Indeed, DSBs can
indeed be triggered by (1) the frequent arrest of the replication fork, chromosomal
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ends providing natural replication termini, or (2) breaks induced during the partition
of the daughter chromatids during sporulation (the sole differentiation phases
accompanied by an active partitioning process). The latter hypothesis was supported
by the report of increased subtelomeric instability in fzsK mutants of S. coelicolor
(Wang et al. 2007), suggesting that guillotining occurred in the terminal regions in
this partitioning defective context. Another origin of frequent recombinogenic ends
may also be related to the structure of the incoming exogenous DNA. Hence, it was
recently shown that a mechanism of transfer of chromosomal markers would be ini-
tiated from the ends of the linear chromosome (Lee et al. 2011). Linear conjugative
plasmids indeed mobilize the linear chromosome from its telomeres thanks to inter-
actions between terminal complexes (Tsai et al. 2011) as earlier suggested in the
‘end first’ model (Chen 1996). The broken ends of the exogenote would then initiate
recombination with the recipient chromosome and trigger terminal replacement.

Finally, the gradient may result from a differential efficiency of DSB repair sys-
tems along the genome. Such a spatial regulation of repair systems was described
in yeast where DSB are more efficiently repaired through HR when occurring in
the telomere regions (Ricchetti et al. 2003), while IR keeps the same efficiency
along the chromosome. Interestingly, repair of DSB by IR is accompanied by
insertion of mitochondrial DNA (Ricchetti et al. 1999) opening the opportunity to
insert foreign DNA.

In contrast in Streptomyces, we speculate that DNA recombination is favoured
in the terminal regions through an increased DSB repair by IR. This could result
from a transient (at some growth phase or in response to some stimuli) or con-
stant higher efficiency of IR over HR in these regions. In Mycobacterium, a cross-
regulation between HR and NHEJ pathways was recently revealed (Gupta et al.
2011). Hence, ku appears to suppress HR by binding to the DNA ends. This regu-
lation seems asymmetric since while HR is elevated in ku deficient context, NHEJ
does not significantly increase in HR mutants. The relative abundance of ku dur-
ing the cell cycle or in response to environmental stimuli may thus influence the
choice of DSB repair mechanisms and favour exogenous DNA insertion in specific
conditions. In yeast, it is interesting to note that HR shows the highest efficiency
to repair DSB when an intact sister chromatid is present, while NHEJ is increased
during G1 phase. It was shown that the DNA end resection activities (processing
the DNA ends at the DSB) varies along the cell cycle and that ku seems to play
a key role in that phenomenon by regulating access to the ends by the DNA end
resection complexes (Clerici et al. 2008). In B. subtilis, ku and ligD mutants were
shown to be sensitive to exposition to damaging agents (Moeller et al. 2007) and
the expression of the ku and ligD genes was found to be under the control of the
fore-spore-specific sigma G factor (Wang et al. 2006). In the intracellular symbi-
ont of legume plants Sinorhizobium meliloti, 4 ku and 5 ligD homologues were
identified and involved in a NHEJ repair system functioning in free-living cells
as well as bacteroid cells located in the host plant (Kobayashi et al. 2008). In both
bacterial cases, the role of NHEJ could be to take over HR to carry out DSB repair
when a single chromosome is present such as in unigenomic spores (B. subtilis) or
in stationary phase of growth (S. meliloti).
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In Streptomyces, in silico analyses predict the existence of a NHEJ repair system
with a high complexity level. Hence, up to 4 ku-like genes are present in the
sequenced genomes. No ligD gene is present as such, but genes encoding a sin-
gle functional domain (putative polymerase or putative ligase) could be identified.
Our current perspective is to study the relative contributions of the different DNA
repair pathways in DSB repair along the chromosome and to understand their role
in the mechanisms of subtelomere diversification and in bacterial adaptation.
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Chapter 15
Genomics of Subtelomeres: Technical
Problems, Solutions and the Future

Marion M. Becker and Edward J. Louis

Abstract Genome projects invariably are missing the subtelomeric regions due
to cloning, sequencing and informatic problems. The repetitive nature of these
sequences and the shared homology between different subtelomeres in most
organisms preclude assembly of the regions leaving them incomplete. This is
clearly an issue when a great deal of interesting biology, as seen in the previous
chapters, involves the subtelomeres. In some cases, organism-specific or individ-
ual strain-specific approaches have been used to obtain material for sequencing
and analysis as well as assembly. However, a more general approach applicable
to most organisms has been elusive. Various cloning techniques have been tried
and developed with mixed success. The most promising general approach involves
individual telomere regions cloned as yeast artificial chromosomes (YACs), isolat-
ing them from all the other subtelomeres that have overlapping homology. This is
time-consuming, and there is still a bottleneck in sequencing these. New sequenc-
ing technologies may solve many of the technical problems, yet there are still
informatic problems with assembly because of the repetitive nature of the regions.
Although progress has been made, the solution to efficient completion of subtelo-
meric regions will likely take combined approaches, such as deep sequencing in
pedigrees to look for genetic linkage (associations) with known segregating sites
near the ends of chromosomes. An efficient and cost-effective approach is needed
before individual genome projects can move into population genomics involving
the subtelomeres which is crucial for studies of diversity in parasites as well as in
quantitative genetic studies in many organisms.
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15.1 Introduction

Most genome projects, including the human genome, are incomplete as they typi-
cally are missing the subtelomeric regions. In whole genome shotgun libraries,
subtelomeric sequence is frequently missing, rearranged or underrepresented,
and despite enormous effort, gaps remain in the subtelomeres. This is true for
the Caenorhabditis elegans project (Consortium 1998), the Drosophila genome
project (Adams et al. 2000; Celniker et al. 2002), the human genome project
(Riethman et al. 2001), the Schizosaccharomyces pombe project (Wood et al.
2002), the Plasmodium falciparum project (Gardner et al. 2002), the Trypanosoma
brucei project (Berriman et al. 2005) and many others. This is not a coincidence,
and the following chapter will highlight the problems and some of the solutions
that have been used to close the gaps on some of these projects.
The problems historically and currently are as follows:

. Lack of telomeric and subtelomeric clones

. Difficulty in cloning large enough fragments to connect with genome contigs
. Difficulty in sequencing clones

. Difficulty in assembling sequences

AW N =

Some of these difficulties have been solved in some cases, but there has been no
general approach that solves all of these for a generic genome project, though for
some fungi an efficient approach has been developed (Farman 2011; Farman and
Leong 1995; Li et al. 2005).

15.1.1 Underrepresentation of Subtelomeres in Standard
Libraries

In the early days of genome projects, using first-generation Sanger sequencing and
shotgun, cosmid and bacterial artificial chromosome (BAC) libraries, it was clear
that telomeres and subtelomeres were underrepresented in these libraries by 10- to
100-fold (Becker et al. 2004). In the case of human subtelomeres, this is a conse-
quence of the proximity to telomeres and the lack of restriction sites used in clon-
ing procedures (Mefford and Trask 2002), the high GC content and the presence
of telomeric repeats (Costa et al. 2009). T. brucei subtelomeres were more than
10-fold underrepresented in BAC libraries, and all clones isolated and sequenced
were incomplete and in some cases rearranged (Berriman et al. 2002, 2005). This
is due to several problems, one simply being the structure of the end of the chro-
mosome, which needs to be enzymatically processed before being ligated into a
vector. In addition, the telomere repeats are unstable in Escherichia coli. Even in
BAC libraries, the presence of inverted repeats, AT-rich sequences and Z-DNA
sequence structures are extremely unstable in E. coli (Kouprina et al. 2003) and
cannot be cloned efficiently or at all in bacteria. Interestingly, in fungal genome
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projects, the telomere sequences were overrepresented in cosmid libraries yet not
incorporated into assemblies due to the region being recalcitrant to shearing dur-
ing shotgun cloning (Schwartz and Farman 2010).

15.1.2 Problems with Mapping Subtelomere Clones Onto the
Genome

Mapping clones of subtelomeres, if they are obtained, back to the genome is
difficult due to the shared homologies between subtelomeres. Inserts in the
clones from various libraries are generally smaller than the large regions of
shared homology between subtelomeres, precluding a direct mapping onto
the core genome. This was true for many genome projects including C. elegans
(Consortium 1998), S. pombe (Wood et al. 2002) and 7. brucei (Berriman et al.
2005). Gap filling has helped some of these projects with a great deal of effort.
One method for direct isolation of chromosomal fragments is PCR, which could
help with some of the problems. However, the major limitation is that DNA frag-
ments much larger than ~20 kb cannot be easily amplified due to the shearing of
template sequence and the low processivity of thermostable DNA polymerases
(Kouprina and Larionov 2006). If shared homology regions are large and there
are gaps within several subtelomeres, then it would not be possible to uniquely
amplify a given subtelomere region. For most genomes, the only cloning vectors
with large enough inserts to cover the long regions of homology are BACs and
yeast artificial chromosomes (YACs). BACs are problematic as described above,
but YACs have other problems as described next.

15.1.3 Problems with Sequencing Large Subtelomere Clones

As will be described below, there are now good methods for obtaining large tel-
omere containing subtelomeric clones that map back to the core of the genome,
involving linear YACs. These clones are still difficult to deal with at the sequenc-
ing level for different reasons. As already mentioned, even in telomere-enriched
libraries of large insert clones, the shotgun approach can result in lack of assem-
bled sequence due to problems with shearing (Schwartz and Farman 2010).
Second-generation sequencing that does not have a cloning step in a host organ-
ism overcomes much of this problem. However, there is another problem encoun-
tered with large-subtelomere-containing clones: subtelomeres cloned as YACs
must be isolated away from the yeast host genome before sequencing. This usu-
ally involves separation of the YAC from the yeast chromosomes using pulsed-
field gels, purification and then sequencing, either through a shotgun library or by
second-generation methods without cloning in a vector (Hertz-Fowler et al. 2008).
These sequence projects, both first generation and second generation, have large
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amounts of host yeast genome contamination as seen in a collection of 7. brucei
subtelomere clones (Hertz-Fowler et al. 2008). Better purification methods are
required to make the whole process more efficient.

15.1.4 Assembly Problems in Repetitive Regions

The final difficulty is not a subtelomere-specific problem but one involving
repeats. Most sequence assemblers have difficulties when reads map to more
than one contig location precluding completion of repetitive regions and in par-
ticular the subtelomeric regions of most organisms. For fungi where the subtelo-
meric repetitive regions are relatively small, informatic approaches have solved
this problem (Li et al. 2005), but for many projects, including yeast, with smaller
genomes than most fungi, the informatic approach has not been sufficient (Liti et
al. 2009, 2013). Part of the solution is through isolated individual clones away
from the rest of the genome as for example in 7. brucei (Becker et al. 2004;
Hertz-Fowler et al. 2008) and the human subtelomeres (Riethman et al. 2004),
but this is time-consuming and still does not help with repeats within a given
subtelomere.

15.2 Yeast to the Rescue and Other Solutions

Being the first eukaryotic genome project (Goffeau et al. 1996, 1997) and one
of the first eukaryotic population genomics projects (Liti et al. 2009), yeast has
exposed many of these problems and has lead to the development of various solu-
tions to these problems.

15.2.1 Cloning Subtelomeres to Finish Genome Projects

Approaches have been developed for specific projects, but these are not gener-
ally applicable to all genome projects. The yeast genome project is a case in
point where these technical difficulties were solved with yeast-specific tech-
niques. Once it was recognized that the standard library approach was not going
to complete the ends, as the first eukaryotic chromosome sequenced (Oliver et
al. 1992) actually was not complete (Louis 1994), each telomere was marked
uniquely by inserting a vector into the telomere repeats (Louis and Borts 1995).
Thirty-two strains, one for each telomere, were then used to either clone the
sequences adjacent to the inserted vector as a plasmid or generate long-range
PCR products using the vector as a unique anchor (Louis 1995). This approach
successfully tagged and allowed the sequence and assembly of every telomere



15 Genomics of Subtelomeres: Technical Problems, Solutions and the Future 263

despite the shared homologies as the marked telomeres were at specific chro-
mosome ends and the length of the clones or PCR products spanned the large
regions of homology. The standard approach for the core of the genome had built
contigs for each chromosome that were close enough to overlap the telomere-
specific clones (Goffeau et al. 1996, 1997). For other projects, there were small-
telomere-containing clones (Consortium 1998; Wood et al. 2002), but these did
not map back onto the genomes as the core chromosome contigs did not extend
far enough into the subtelomeres. The gaps for some projects such as C. elegans
and S. pombe have been slowly filled with a great deal of effort. For genomes
with more chromosomes and therefore more telomeres, such as humans, and
those with complex repetitive structures of the subtelomeres, such as P. falci-
parum and T. brucei, the screening of libraries and subsequent gap filling would
take many person-years of labour (see 7. brucei for example (Becker et al. 2004;
Berriman et al. 2005; Hertz-Fowler et al. 2008) and the human subtelomere pro-
ject (Riethman 1997, 2008a, b; Riethman et al. 1989, 2001, 2004, 2005). For
some genome projects, generalizable techniques have worked well such as in
various fungi, where a fosmid library approach for enriching telomere-contain-
ing clones resulted in a large insert library that could be mapped back to the core
genome (Dean et al. 2005; Farman 2011; Li et al. 2005; Rehmeyer et al. 2006;
Wu et al. 2009).

15.2.2 Yeast to the Rescue I

Yeast first came to the rescue by its ability to recognize telomere sequences
from other organisms as a telomere (Szostak and Blackburn 1982) and its abil-
ity to tolerate large extra chromosomes of foreign genomes as YACs (Burke et al.
1987). In contrast to E. coli, AT-rich genomic fragments and long inverted repeats
are more stable in yeast (Gardner et al. 2002; Glockner et al. 2002; Hayashi et
al. 1993). The original YAC approach involved two telomeres with yeast mark-
ers, which were ligated onto the ends of large genomic fragments from another
organism. Transformation of this into yeast usually resulted in a YAC with the
markers at both ends, though occasionally YACs with only one added telomere
came through and these had ‘captured’ a telomere from the other organism. A
half-YAC approach to the human genome projects’ telomeres and subtelomeres
then ensued (Riethman et al. 1989), though it has taken over 15 years to almost
complete a set of human telomere and subtelomere clones as YACs (Riethman
2008b; Riethman et al. 2001, 2004, 2005). This approach has worked for other
organisms as well such as Pneumocystis carinii, which was unculturable at the
time, but was labour intensive and not efficient (Underwood et al. 1996). One
problem with this approach was that many of the YACs were chimeras, contain-
ing fragments from more than one genomic location (Larionov et al. 1996a, b;
Underwood et al. 1996).
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15.2.3 Yeast to the Rescue II: Transformation-Associated
Recombination (TAR) Cloning

Yeast came to the rescue a second time through the combination of several tech-
niques and approaches into an elegant and generalizible method for cloning
genes as well as large chromosomal fragments of up to 300 kb as YACs, called
transformation-associated recombination (TAR) cloning (Larionov et al. 1996a).
The technique is based on simultaneous transformation of yeast spheroplasts
with genomic DNA and a TAR vector containing gene or sequence-specific tar-
geting sequences (hooks) of minimally 60 bp length. Homologous recombination
in the yeast cell between targeting sequences in the vector and the complimen-
tary, chromosomal DNA sequence, captures the chromosomal region between
the targeting hooks as circular YAC molecules (Kouprina and Larionov 2006;
Larionov et al. 1996a; Noskov et al. 2001, 2003). These are faithfully replicated
and segregated in the yeast host alongside its usual unaltered set of chromosomes
(Kouprina and Larionov 2006). Positive recombinants are selected for further
analysis using PCR or hybridization-based screening methods. Yeast has several
properties that have made this possible. The high rates of homologous recom-
bination and the use of positive and negative selectable markers (HIS3, URA3)
produce positive YAC recombinants at high rates (up to 40 %) and suppress
negative background caused by vector recircularization from non-homologous
end-joining (Kouprina and Larionov 2006; Noskov et al. 2002). The transforma-
tion efficiency of yeast is 100 times higher than E. coli and some human DNA
sequences, including coding DNA, that were instable in E. coli, and were there-
fore entirely missed, are stable in yeast (Kouprina et al. 2003). This combination
led to the development of very efficient gap repair of plasmids transformed into
yeast by recombination with homologous sequences in the genome (Ma et al.
1987). The amount of homology required could be very small and diverse, less
than 60 base pairs and up to 15 % sequence divergence is tolerated. Although
chromosomal recombination is greatly reduced in the presence of mismatches in
the interacting DNA molecules, the recombination associated with transforma-
tion is tolerant of high levels of mismatches (up to 30 % divergence) (Larionov
et al. 1994). These were combined to create the TAR cloning method which
remarkably could result in large circular YACs using short Alu repeats as homol-
ogous targets in their vector (Larionov et al. 1996a). Numerous improvements
over the years to increase efficiency have been made, including counter-selecta-
ble markers for enriching for recombinants, leaving the yeast origins out of the
vector as the short consensus that functions in yeast can be found randomly in
foreign genome sequences, development of specific sequence targets, vector
improvements for movement into E. coli as BACs, etc. (Kouprina and Larionov
2006, 2008). The generation of YACs by TAR has several advantages over the
original YAC method including no chimeras and the ability to target specific
genomic locations.
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Principle of subtelomere trapping using TAR cloning
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Fig. 15.1 The principle of TAR cloning of subtelomeres. The trapping of subtelomeres by TAR
is based on the use of a target sequence, homologous recombination and the fact that telomere
repeats from most organisms function to seed new yeast telomeres, and the requirement of tel-
omeres on both ends of a linear molecule in order to be maintained in yeast. As used to clone
the subtelomeres of 7. brucei (Becker et al. 2004), the vector contains all the necessary elements
for replication and maintenance in yeast (centromere, one telomere, origin of replication (ARS
element)), as well as a positive selectable marker (URA3), a counter-selectable marker (CYH2
conferring dominant sensitivity to cycloheximide) and the homologous target sequence. The
yeast strain is deficient in ura3, has a recessive marker for cycloheximide resistance (cyh2r) and
is deficient in the non-homologous end-joining specific ligase (dnl4). Co-transformation of the
genomic DNA of interest with the linear vector into appropriately treated yeast cells results in
colonies after 1 week on selective media. These are then ready for screening and further analysis

15.2.4 TAR Cloning of Subtelomeres

The existing TAR cloning method was modified to specifically capture telomeric
and subtelomeric sequences and was first successfully used to isolate 7. brucei
subtelomeres (Becker et al. 2004). Firstly, a purpose-built basic vector was con-
structed in which there was a single targeting hook and a yeast telomere. In addi-
tion, the vector contains the yeast selectable marker URA3, a counter-selectable
marker CYH2, a yeast centromere and an origin of replication (ARS). As shown
in Fig. 15.1, a successful targeted recombination event traps a telomere from the
hook to the end of the chromosome of interest, as telomeres from virtually any
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organism function to seed new yeast telomeres. Selection for URA3 and against
CYH?2 enriches for the desired recombinants. Secondly, the deletion of the non-
homologous end-joining specific ligase gene (DNL4) created a highly efficient
yeast strain (ura3-, leu2-, dnl4-, cyh2-recessive resistance to cycloheximide),
resulting in a threefold increase in the frequency of subtelomere clones over
ligase-positive yeast (Becker and Louis unpublished results). The vector acts as a
telomere trap whereby the yeast telomere repeats serve as a telomere on one end
and the telomere of the genome of interest is captured using subtelomeric DNA
sequence as targeting hook, resulting in linear half YACs, with a vector derived tel-
omere on one and captured telomere on the other end of the linear molecule. The
entire procedure, as shown in Fig. 15.1, can be conducted for multiple samples
simultaneously within 7 days and typically generates thousands of recombinants.
The targeting sequence can be subtelomeric specific, either shared between
many subtelomeres or specific to a given chromosome end, or they can be generic
repeated elements such as transposable elements, few genomes being without
any. Using the shared promoter region for the blood stream form expression sites
(BES) of T. brucei, most expression sites of several isolates of Trypanosoma have
been isolated (Becker et al. 2004; Young et al. 2008) and subsequently sequenced
(Hertz-Fowler et al. 2008). The use of more dispersed transposable element
repeats has successfully been used on T. brucei, Brugia Malaya and the planar-
ian Schmidtea mediterranea (Becker and Louis, unpublished). Chromosome-end-
specific targets have been used to clone individual telomeres in S. pombe (Becker
and Louis, unpublished) as well as T. brucei (see databases (Aslett et al. 2010;
Logan-Klumpler et al. 2012)). The use of two hooks flanking subtelomeric genes
of the VAR gene family of P. falciparum successfully generated a library of the
diverse flanking subtelomeric genes virulence factor from a novel isolate and
could be used to assess diversity in endemic areas of infection (Gaida et al. 2011).
The frequency of subtelomere-positive clones in these TAR clone libraries was
up to 30 % which is up to 100-fold higher than in many standard libraries. This
demonstrates that subtelomeres and telomeres can be cloned from any genome
even when little information is available using any the following 3 basic strate-
gies: (1) For genomes that contain a known conserved subtelomeric sequence of
at least 60 bp, multiple subtelomeres can be cloned simultaneously using a sin-
gle TAR vector containing this element as targeting hook. This has been used to
isolate subtelomeric blood stream form expression sites (BES) from 7. brucei and
Trypanosoma brucei gambiense using a conserved promoter element found at
all BESs as targeting hook. These subtelomere libraries contained BES-positive
clones at a frequency of up to 26 % with clone sizes ranging from 20 to 150 kb.
This provided valuable insight into the architecture of BESs and aspects of their
use in host adaptation and immune evasion (Becker et al. 2004; Hertz-Fowler et
al. 2008; Young et al. 2008). (2) The cloning of specific telomeres using a unique
sequence as targeting hook is applicable if telomere-proximal sequences are availa-
ble that can be used to construct TAR vectors containing chromosome-end-specific
targets. This method was successfully used to isolate up to 230 kb of subtelom-
eric regions of 14 missing chromosome ends of 7. brucei for the genome project
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using the end-most unique sequences of chromosome-specific contigs (see genome
project databases (Aslett et al. 2010; Logan-Klumpler et al. 2012)). Here, the fre-
quency of positive clones is less, 5.4 %, but still significantly more than standard
libraries. (3) The cloning of multiple telomeres using dispersed repeated sequences
or mobile genetic elements as targets is a useful strategy to clone subtelomeres in
the absence of subtelomeric sequence information. This was successful in cloning
subtelomeres from 7. brucei using the 197-bp-RIME-A element and from Brugia
malayii using the highly frequent Hhal element (Becker and Louis unpublished).

15.3 Bottlenecks

Despite the development of new cloning strategies including TAR cloning to gen-
erate subtelomere libraries, there are still bottlenecks in analyzing these clones,
which prevent a wider use and affordable high-throughput approaches. Firstly, the
purification of subtelomeric clones away from the yeast host genome is a time-
consuming process, which involves several rounds of separation and isolation by
pulsed-field gel electrophoresis with poor yields of enriched DNA. This has turned
out to be very inefficient, for example taking 4 years to sequence a small set of the
BES clones (Becker et al. 2004; Hertz-Fowler et al. 2008). The telomere-specific
TAR clones for the genome project took longer and are still being analysed (Aslett
et al. 2010; Logan-Klumpler et al. 2012). Secondly, the assembly of subtelomeres
is still difficult due to their mosaic and repetitive nature. Even with subtelomeric
sequences isolated away from others, the assembly of these regions has proven
difficult due to the internal repetitive regions. Current assemblers cannot handle
this complex repetitive structure. Developing such methodologies is particularly
pertinent, considering the increasing reliance on genomic data generated using
second-generation sequencing platforms with diminishing resources dedicated to
targeted finishing, which is traditionally the only realistic way of tackling assem-
blies of subtelomeric regions. This is even more of a problem when many indi-
viduals are to be sequenced such as with the 1,000 human genome project (Kuehn
2008) or the population genomics of yeast project (Liti et al. 2009) with the desire
to map genetic causes of phenotypic variation.

15.3.1 Possible Solutions

Some of the technical problems will be solved soon or could have solutions
in existing technologies. Underrepresentation of telomeric and subtelomeric
sequences is likely no longer a problem as second-generation sequencing has
no cloning steps in E. coli. The short reads of most approaches exacerbates the
assembly problem; however, the isolation of individual subtelomeres away from
the rest of the subtelomeres of an organism helps with some of the assembly
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issues. There is still the issue of purification of the clones from the yeast host.
There are a few potential solutions to this:

1. Sequence the whole yeast genome along with the YAC without any purification.
Although the YAC DNA will represent only 2 % of the DNA to be sequenced,
current costs and coverage with short second-generation reads make this an
affordable and relatively fast solution despite the obvious inefficiency.

2. Oligo-affinity enrichment: Each subtelomere containing YAC has the unique
cloning vector at one end. Hybridization with a high-affinity oligo, using cus-
tom-made peptide nucleic acids (Chandler et al. 2000) for example, can be used
to enrich for the vector and its attached subtelomeric DNA. This may not effi-
ciently enrich the sequences far from the vector on long clones.

3. Use the old standard of CsCl gradients for genome with a different GC content
than yeast.

4. Subtract the yeast genome DNA by targeted affinity capture leaving the sub-
telomeric YAC in solution.

The problem of assembly of repetitive regions is a generic one and in projects
where the subtelomeres are not individually cloned remains a big problem, par-
ticularly with shorter reads of the current sequencing technologies. A possible
solution will come through third-generation sequencing of single long molecules,
which may span the shared homology regions of telomeres.

15.4 The Future

The study and analysis of subtelomeres has come a long way, and there are now
reasonably efficient approaches towards completing individual genomes. One of
the remaining big challenges will be population genomics, genome-wide associa-
tion studies and quantitative genetics involving the subtelomeres. For this, there will
have to be more rapid and efficient high-throughput means to obtaining the ends
of chromosomes for many individuals. Yeast is a case in point where advances are
being made in determining the underlying genetic cause of phenotypic variation. In
genetic crosses between 4 different strains of yeast, used to map the genes responsible
for a number of phenotypes, 25 % of the genes responsible for any given phenotype
mapped beyond the last known segregating marker (Cubillos et al. 2011). This is a
significant lack of understanding of quantitative traits and is likely to hold in other
organisms such as humans and the study of disease-causing loci through genome-
wide association studies. In yeast, the missing subtelomeric sequences represent about
8 % of the genome, indicating an enrichment of genes of interest in this unknown
genomic region (Liti and Louis 2012). Even if there is no enrichment for such loci in
human studies, there must be a great deal of genetic information on polygenic traits
and disease in humans missing as they are in the subtelomeric regions. Not only are
the subtelomeres interesting in their own right, having exciting biology as seen in the
previous chapters, there is more biology to learn that we are not even aware of yet.
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