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Preface

Despite the recent advances made in the improvement of crucifer crops using con-
ventional breeding techniques, the yield levels and the oil and meal quality that
were expected could not be achieved. The understanding of genetic material (DNA/
RNA) and its manipulation by scientists have provided the opportunity to improve
crucifers by increasing their diversity beyond conventional genetic limitations. The
application of biotechnological techniques will have two major benefits: first, it
allows to choose from a number of techniques/methods for appropriate selection of
favorable variants, and second, it gives an opportunity to utilize alien variation
available in the crucifers to develop high-yielding varieties with good nutritional
quality and resistance to insects, pests, and diseases.

Realizing the importance of biotechnology, there is an urgent need to update cur-
rent techniques for enhancing crucifer crop production at the global level. The edi-
tor approached the leading scientists of the world for write-ups on the advances
made in the area of crucifer biotechnology to be packaged into one volume for the
benefit of students, nutritionists, and biotechnologists as well as researchers engaged
in the improvement of Brassicas. The book consists of 12 chapters. Chapter 1 deals
with the importance, origin, and evolution of Brassicas, while Chaps. 2 and 3
describe the major advances made in cytogenetics at the molecular level and the
introgression of genes from wild species. Chapter 4 deals with microspore culture
and double haploid technology, while Chap. 5 describes phytoremediation in cruci-
fers. These are followed by chapters on genome analysis (Chap. 6) and genetic
engineering of lipid biosynthesis in seeds (Chap. 7). Metabolism and detoxification
of crucifer phytoalexins, the molecular basis of cytoplasmic male sterility, and self-
incompatibility have been discussed in detail in Chaps. 8, 9, and 10. Chapters 11
and 12 provide brief accounts of the molecular basis of hybrid technology and
genetic modifications for pest resistance.

I am highly indebted to Prof. D. K. Arora, Honorable Vice-Chancellor, Sher-e-
Kashmir University of Agricultural Sciences and Technology of Jammu, India, for
encouraging me to carry out oilseed research work with all required facilities for the
same.
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vi Preface

I am indeed grateful to Prof. W. J. Zhou, Institute of Crop Science, Hangzhou,
China, for providing crucial inputs and critically reviewing some of the chapters.
Help rendered by Prof. Y. Takahata, Iwate University, Japan; Prof. Graham King,
Southern Cross University, Australia; Prof. Randall Weselake, University of Alberta,
Canada; Prof. M. S. C. Pedras, University of Saskatchewan, Canada; Prof. Takeshi
Nishio, Tohoku University, Japan; and Prof. M. H. Fulekar, Central University of
Gujarat, India, is gratefully acknowledged.

Joni Fraser, Developmental Editor for Springer Science + Business Media,
deserves special thanks for her hard work in bringing this book to life. I owe a lot to
my wife, Dr. Neena Gupta, for her support and patience during the preparation of
this manuscript.

Chatha, India Surinder Kumar Gupta
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Chapter 1
The Importance, Origin, and Evolution

Surinder Kumar Gupta

Abstract The family Brassicaceae constitutes one of the world’s most economically
group of plants which includes important vegetable oilseeds and condiment crops.
Amongst the crucifer crops, rapeseed is the main source of fats and oil and shown
an upward trend during the past 25years (Kalia and Gupta 1997). Besides improve-
ment in the nutritional profile of the Brassica oil and its meal, the conventional
breeding as well modern biotechnological tools have led to the improvement of
various agronomically important quantitative and qualitative characters. The nuclear
restriction fragment length polymorphism technology has greatly aided in deter-
mining the degree of genetic variability among various Brassicas as well in study-
ing their evolution pattern. The oldest references regarding origin and cultivation
of rapeseed come from Asia, though the evolution of this crop took place in many
countries throughout the globe. Lack of consistency in names, inclusion of too many
forms in one species, and the entirely different forms of present day Brassicas from
their ancestors make this genus a complex member of Brassicaceae and poses several
taxonomic and classification problems. Still many attempts have been made to estab-
lish the origin of various Brassica species and their interrelationships through cyto-
genetic, chemotaxonomic, and molecular studies. The present chapter focuses on the
importance origin and evolutionary developments in crucifers.

Keywords Brassicaceae * Rapeseed ® B. rapa * B. juncea ® B. carinata * Origin
* Evolution ® RFLP ¢ Oilcrops
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2 S.K. Gupta
1.1 Introduction

Brassicas are the world’s third important source of vegetable oils after palm and
soya bean (Beckman 2005) and contribute 14 % to the world’s total vegetable oil
pool. The production has shown a steady upward trend during the past 25 years.
Brassica oilseed crops grow at relatively low temperature. In temperate regions of
the world, oilseed rape (B. napus) and toria /turnip rape/Indian mustard are grown
in subtropical parts of the Asia and is the main source of oil. The mode of reproduc-
tion varies from species to species. B. napus, B. juncea and B. carinata are predomi-
nately self- pollinated, although they show some degree of cross- pollination ranging
from 5 to 30 %, whereas, B. rapa, B. oleracea and B. nigra show cross- pollination
due to sporophytic self- incompatibility. All the cultivated Brassica species are highly
polymorphic including oilseed crops, root crops, and vegetables such as Chinese
cabbage, Broccoli, and Brussels sprouts. These Brassica vegetables are dietary staple
food in various parts of the world. However, our discussion in this chapter shall con-
centrate on the importance and origin of major species of Brassicas.

B. napus and B. campestris with both spring and winter type are grown in Canada
and Europe. However, in countries like India and China, the production is also
shared by other species, viz, B. oleracea and B. juncea. Rapeseed oil has gradually
become important domestic and industrial oil in the western nations as a result of
breeding for improved oil and meal quality and better processing techniques.

1.2 History

The family Brassicaceae contains over 338 genera and 3,709 species (Al-Shehbaz
et al. 2006). The crop Brassicas have been very important as food crops in the form
of vegetables, oilseeds, feed and fodder, green manure, and condiments and have
played a great role in the human history by contributing a good share of food in one
form or another. The Greek, Roman, and Chinese writings of 500-200 BC refer to
rapiferous forms of B. rapa and also described their medicinal values (Downey and
Robellen 1989).

Species grown as oilseed crops are B. napus, B. junca, B. rapa and B. carinata.
The vegetable Brassica include B. napus, B. rapa (Chinese Cabbage, pak-choi, Chinese
mustard, broccoli and kale); B. oleracea (cabbage, broccoli, caulifiower, Brussels
sprouts, kale, etc.,) Raphanus sativus and Lepidum sativum, B. nigra (black mustard),
B. juncea, (brown mustard) and Sinapis alba are the main condiment of crops.

Early records indicate that Brassicas cultivated for several years in Asia. Seeds
of B. juncea have been excavated from Chanhundaro, a site of Indus Valley civiliza-
tion that existed in the plains of Punjab along the river of Indus ca 2300-1750
(Piggot 1950). Species from the genus Brassica were in use and also in Gallia
(Fussel 1955) and the seeds of the species had also been found in old German graves
and Swiss constructions from the Bronze Age (Neuweiller 1905; Schiemann 1932;
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Witmack 1904). In Dodoneus’s “Herbalist” (1578), a mention has been made
regarding the growing of B. rapa var. rapifera in 1470 as a winter crop. In his
“Herball,” Gerarde (1597) had very clearly differentiated between turnips (B. rapa)
and navews (B. napus). Rape has been recorded as an oilseed crop in Europe at least
since the Middle Ages., but it is still uncertain which species was cultivated
(Appelquist and Ohlson 1972).

Domestication of rapeseed in Europe appears to have started in the early Middle
Ages, although the true turnip was probably introduced by Romans since many
other oil-yielding plants, particularly olive tree, were available in Southern Europe,
B. rapa initially spread mainly as turnip rape crop within Europe. B. rapa had a
wide distribution before the recorded history. Indian Sanskrit literature first men-
tions the plants about 1599 BC as Siddharth (Prakash 1961). Seed of both B. rapa
and juncea were found in the archaeological excavation of ancient village Banpo,
China, that existed in Neolithic times 6,000-7,000 years ago (Liu 1985). B. nigra
(black mustard) is mentioned in Greek literature for its medicinal value. Ancient
records indicated the cultivation rape seed was predominant during the thirteenth
century. The rapeseed oil is used as major source of lamp oil and it was replaced by
petroleum by the end of nineteenth century

A high quality of rapeseed named as Canola developed through genetic modifi-
cation following the conventional plant breeding. Canola emerged in the 1970s as a
viable oilseed, with high quality oil and meal for both human as well as livestock
consumption (Shahidi 1990). Today, the fatty acid profile of Canola is considered
as the most desirable, of all vegetable oil profiles by nutritionists (Stringam et al.
2003). The occurrence of two important components, glucosinolates and erucic acid
were considered antinutritional for animal and humans, respectively. The high
amount of glucosinolates in the meal still remained a major concern in the expan-
sion of market of the vegetable oil derived from rapeseed. Prior to 1960, the erucic
acid (a long chain fatty acid) content of rapeseed oil was not of particular interest
while evaluating the oil use for edible purposes. The concern was felt by the
European Economic Community (EEC) in 1960 with France. West Germany, Italy,
the Netherland, Belgium, and Luxemburg as the founder members, for the develop-
ment of low erucic acid varieties (less than 5 %). As a result, the traditional rapeseed
oil started being considered as unsafe for human health. This led to the concentra-
tion of rapeseed breeding efforts toward the development of such varieties in late
1960s and early 1970. The application of gas liquid chromatography (Craig and
Murphy 1959) led to the identification of low erucic acid plants in B. napus and
B. campestris with the first low erucic acid plants in them identified in 1968 and the
first B. campestris variety in 1971. In 1977, the cultivation of such varieties was
made mandatory.

The oilseed Brassica has another important byproduct known as meal/cake. It is
an excellent source of protein with a favourable balance of amino acids. However,
its use was limited by its high glucosinolate content, which is a constituent of most
of the plants of Brassicas. Traditional rapeseed varieties contained high levels of
glucosinolates in the meal which when fed to livestock in sufficient quantities led to
the problems related with nutrition, digestion, and thyroid. The development of fast
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Brassica species

B. nigra
BB
n=§
\ B. juncea
AABB, n=18
B. carinata
/ BBCC, n=17
B. oleracea .
B. campestris
CC, n=9 ————> B napus < AA, n=10
AACC, n=19

Fig. 1.1 Evolution of cultivated Brassica species and its relatives (Nagaharu 1935)

and accurate chemical methods led to the identification of plants of the B. napus
cultivar Bronowski from Poland, which was essentially free of the harmful gluco-
sinolates normally found in rapeseed. The low glucosinolate genes were then incor-
porated in the well adapted and high yielding cultivars of B. napus and subsequently
transferred to B. campestris.

The Brassicaceae family comprise of 25 tribes (Al-Shehbaz et al. 2006). The tribe
Brassiceae contains genus Brassica and its wild relatives. It comprised of 48 genera
and approximate 240 species (Warwick and Hall 2009). Schulz (1919, 1936) estab-
lished the basic taxonomic classification and he recognized ten sub-tribes whereas
Gomez-Campo (1999) recommended 9 subtribes. The subtribes Brassicinae,
Moricandiinae and Raphaninae are of the great relevance to the scientists who are
working on the Brassica species. The relationship among the species viz., Brassica,
Sinapis, Diplotaxis, Erucastrum, Herschfeldia, Eruca and Raphanus. These sub
tribes have been studied by Prakash and Hinata (1980) and Takahata and Hinata
(1983, 1986).

Further more during the domestication, man has modified the entire plant and
the present day Brassicas are entirely different from their ancestors. Also the occur-
rence of similar plant forms in more than one Brassica species resulted in consider-
able confusion and misclassification by early botanists (Downey and Robellen
1989). The cytogenetic relationships between the Brassica species as well as their
closest allies were first explained systematically by Nagaharu (1935) about 70 years
ago (Fig. 1.1) These relationships show that B. campestris (2n=20, AA), B. nigra
(2n=16,BB) and B. oleracea (2n=18,CC) are the primary species and B. napus
(2n=38, AACCQ), B. carinata 2n=34,BBCC) and B. juncea (2n=36, AABB) are
the amphidiploids resulting from paired crossings between the primary species.
Morinaga (1928, 1929a, b, 1934a, b) discussed that crop Brassicas include six
cytodemes, three elementary ones with 16, 18 and 20 chromosomes as diploid and
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three with higher chromosomes number of 34, 36 and 38 as tetraploid, the latter
having evolved through interspecific hybridization in nature between any two of the
elementary taxa. Herberd (1972, 1976) defined coeno species and on the basis of
their chromosome number, they have been classified into 43 diploid and 13 tetra
ploid cytodemes (Warwick and Black 1993).

Morinaga and his associates carried extensive cytogenetic studies in oilseed
Brassicas and clarified the relationships between them (Prakash and Hinata 1980).
According to the hypothesis of Morinaga and his student Nagaharu (1935), the three
species with the higher chromosome number, B. napus L, B juncea L, Czern and
Coss, and B. carinata A. Braun, are amphidiploids combining in pairs the chromo-
some sets of the low chromosome number species B. nigra, B. oleracea and B.
rapa. Nagaharu (1935) verified the hypothesis with successful resynthesis of B.
napus. Resynthesis of B. juncea and B. carinata was accomplished by Frandsen
(1943, 1947). Further verification of these species relationships were obtained
from the studies on phenolic compound (Dass and Nybom 1967), protein pattern
(Vaughan 1977), isozymes (Coulthart and Denford 1982; Chen et al. 1989), nuclear
DNA and RFLP (Song et al. 1988a, b), molecular analysis of nuclear and chloro-
plast DNA and fluorescence in situ hybridization (Snowdon 2007; Warwick and
Sauder 2005; Lysak et al. 2005). Robellen (1960) suggested that the low chromo-
some number species might have developed from the ancestral species, which could
have even lower chromosome numbers. Also the chromosome analysis of the
monogenomic species revealed that only six chromosomes were distinctly different,
the remaining being homologous with one or another of the basic set of six.

Olsson (1954) suggested that all the 20 chromosome forms of leafy, oleiferous,
and rapiferous Brassicas should be grouped into one species B. campestris. This was
in support of the views of Howard (1940) that the name B. campestris should be
reserved for the forms with 2n=20 and napus for the forms with 2n=38. He proposed
that the name sarson and toria should be B. campestris L. var. sarson and B. camp-
estris L. var. toria, respectively. Singh (1958) considered yellow and brown sarson as
varieties whereas Prakash (1973) considered them as the form of subspp. oleifera.
Toxopens et al. (1984) suggested a classification and nomenclature of B. campestris
should be changed to B. rapa.

1.2.1 B.rapa

The name B. rapa was mentioned as annual weed by Linnaeus (1973) in “Species
Planatarum”. It was described as a plant with rough, stiff hairs when young, and just
like B. rapa by DeCandolle et al. (1824). However, when it was realized that
B. campestris and the turnip rape B. rapa have been classified as same species, a
confusion was created in nomenclature and the wild type was often subordinated
under B. rapa (Reiner et al. 1995). B. rapa subspp campestris (formerly subspp.
sylvestris), the wild form of oleifera is morphologically indistinguishable from the
cultivated spring oilseed rapa. B rapa subspp. dichotoma commonly referred as
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toria, is an oilseed crop grown in Indian subcontinent. The yellow sarson and brown
sarson (B. rapa subspp. trilocularis) are also grown in this continent.

B. rapa is thought to have originated in the mountainous areas near the
Mediterranen sea (Tsunoda 1980). The orginal progenitor of the Indian and European
forms was the same and that the Indian brown sarson evolved in the northwest of the
Indian subcontinent from the original stock as suggested by the Russian workers,
(Sinskaia 1928; Vavilov and Bukinich 1929), who regarded India as one of the inde-
pendent centers of origin. The species appears to have attained a wide distribution
throughout the Europe, parts of Africa, Asia and the Indian subcontinent before the
recorded history. As B. rapa was most intensively grown at that time, it can be con-
cluded that this crop was the major source of producing large quantities of vegetable
oils. Seeds of B. rapa were first recorded in Europe in 1620 by the Swiss botanist
Casper Banhin. However, Boswell (1949) was of the view that these existed much
earlier than this. As per some anonymous authors, rapeseed was grown in Europe as
early as in the thirteenth century. Prakash and Hinata (1980) also suggested that ole-
iferous B. campestris subspecies developed in two places giving rise to two different
races, one European and other Asian. There is a lot of evidence that European oilseed
type B. rapa must be very close to the turnip type B. rapa genetically because it was
produced out of it only some 100 years ago. On other hand in China Lintao Caizi
very well known to the world as B. chinensis (leafy type B. rapa n=10) is used as
oilseed crop. This can interpreted as parallel to the evolution of the oilseed type of
the turnip type B. rapa in Europe (Sun et al. 1991). Alam (1945) concluded that sar-
son and toria types of B. rapa grown as oilseed crops in India and Pakistan evolved
in Afghan that Persian area and migrated South India and further East. Song et al.
(1988a, b) studied the phylogenetic analysis of 17 cultivated and 5 wild population
of B. rapa. All the 17 cultivated forms were designated into two distinct groups as
European and East Asia group. The phylogenetic grouping seems to correspond with
the respective geographic distribution of the cultivated and wild forms of Brassica.

1.2.2 B. napus

B. napus is an amphidiploid resulting from the cross between the plants of B. oleracea
and B. rapa and is comparatively of recent origin (Olsson 1960). It is uncertain to
maintain if B. napus is found wild or not, since wild forms of this crop are difficult
to find (Hinata and Prakash 1984). However, if wild napus exists, it must be a
European- Mediterranean species that originated in the area of overlap between
B. oleracea and B. campestris. Olsson (1960) suggested that B. napus could have
arisen several times by spontaneous hybridization between the different forms of
B. rapa and B. oleracea. Song and Osborn (1992) on the basis of chloroplast and
mitochondrial DNA analysis suggested that B. montana (n=9) might be closely
related ancestral species of B. rapa and B. montana was the maternal donor. The
parental origins of B. napus were also investigated using six microsatellite markers
located in the chloroplast genome by Allender et al. (2005). Allender and king
(2010) using chloroplast and nuclear markers concluded that it is highly unlikely
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that B. oleracea or any of the C- genome species are closely related to the maternal
progenitor of most B napus accession. They also suggested that either of B. rapa
and montana or a common ancestor could have been the maternal parent of B. napus.
Though, they suggested that B. oleracea was not the parent of most of B. napus
accessions, a small number of accessions shared B. oleracea haplotype. Similarly,
the phylogenetic analysis based on nuclear RFLP data also suggests that B. napus
has multiple origins (Song et al. 1990, 1993). The various cytoplasm types
found in B. napus accessions correspond to the progenitor diploid species which
provide a strong evidence for the multiple origins of this crop (Song et al. 1997).

In B. napus as well as B. campestris, a range of morphological forms are found
both having annual and biennial types. Keeping this in view, Olsson (1960) sug-
gested that B. napus could have arisen several times by spontaneous hybridization
of different forms of B. campestris and B. oleracea. The majority of the cultivated
B. napus accessions appear to have arisen by an interspecific cross in which a wild
nine or ten chromosome species having the B. montana cytoplasm type.

Mizushima and Tsunoda (1967) inferred that B. napus was found in the coast of
northern Europe because B. oleracea extended its territory up to northern Europe
from the Irano Turanean regions with its high adaptability to low temperature.
Sinskaia (1928) and Schiemann (1932) were also of the view that it might have
originated in the Mediterranean region or in the western or northern Europe. In
Europe, production of oleiferous, B. napus might have started during the middle
Ages. In Asia, it was introduced during the nineteenth century. The Chinese and
Japanese germplasm was developed by crossing European B. napus cultivars with
indigenous B. rapa cultivars (Shiga 1970). Today most of the oilseed rape produced
in China, Korea and Japan is harvested from B. napus cultivars. It is less adapted to
the Indian sub continent due to the short days and warm growing conditions.

1.2.3 B. juncea

B. juncea is an amphidiploid and results from an interspecific cross between the
plants of B. rapa and B. nigra and it has longer history than B napus. A number of
workers have suggested that China as the centre of origin where the maximum
diversity is found (Prain 1898; Sinskaia 1928; Vavilov 1949). It came to India from
China through a North Eastern route and its immigration to India has been indepen-
dent of an Aryan incursion (Prain 1898). According to Sun (1970), B. juncea origi-
nated in Middle East from where it spread to Asia. Afghanistan is thought to be as
secondary centre of origin (Olsson 1960; Mizushima and Tsunoda 1967; Tsunoda
and Nishi 1968) from where it spread to secondary centre on the Indian sub conti-
nent as an major oilseed crops (Hemingway 1995; Prakash and Hinata 1980).
The analysis of Fraction I protein data (Uchimiya and Wildman 1978) and chloro-
plast DNA established the fact that B. rapa served as female parent in the formation
of the species (Erickson et al. 1983; Palmer et al. 1983; Palmer 1988; Song et al.
1988a, b; Warwick and Black 1991; Yang et al. 2002). Qi et al. (2007) reported that
some phenotypes may have evolved with B. nigra as maternal parent as evidenced
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from the investigation on nuclear Internal Transcribe Spacer (ITS) regions of ribo-
somal DNA from 15 different Chinese vegetables and one oilseed form. Wu et al.
(2009) studied the relationship among 95 B. juncea accessions originated from
China, India, Pakistan and Japan following the sequenced Related Amplified
Polymorphisms (SRAPs). Although winter sown accessions exhibited more genetic
diversity than the spring sown accessions yet, SRAP markers did not provide clear
cut separation between Indian/Pak and China winter sown mustard. Data supporting
the polyphyletic origin are parallel variation observed a nuclear RFLP pattern of
B. campestris and B. juncea (Song et al. 1988a, b). Wu et al. (2009) and Qi et al.
(2007) also supported the idea that vegetables and oilseed forms have polyphyletic
origin and evolved separately during the course of evolution.

1.2.4 B. carinata

B. carinata is commonly known as Abyssinian or Ethiopian mustard and it is indige-
nous Brassica oilseed and vegetable crop in Ethiopia. It is also an amphidiploid species
derived from two parental species B. nigra as a female and B. oleracea a male parent
(Uchimiya and Wildman 1978; Palmer et al. 1983; Song et al. 1988b; Erickson et al.
1983). Quiros et al. (1988) suggested on the basis DNA analysis that B carinata is an
amphidiploid of the recent origin and may have the multiple origin. Song et al. (1988a, b)
also confirmed on the basis of RFLP study that B. carinata came from B. nigra and
B. oleracea. This species is a new introduction to India however it is being bred for
potential commercial production in Spain, Canada, India and Australia.

1.2.5 B.nigra

B. nigra is an ancient crop which finds mention in the Sanskrit Upnisdas as a Sarshap
(Prakash 1961). Hemingway (1995) placed it in Irano-Turanian, Saharo-Sindian
region This species became wide spread in old world probably having its origin in
Asia minor. The distribution in Europe, Mediterranan and Ethopian plateau (Bailey
1930; Schulz 1919; Mizushima and Tsunoda 1967) suggest that B. nigra originated
in central and Southern Europe.

1.3 Conclusion

Brassica have a range of morphotypes and accordingly vary in their origin, cultivation,
use, and history. The evolution of each species of Brassica has witnessed a shift in
their morphophysiological traits from their original form to present day cultivars.
Canola is one of the examples in rapeseed. In B. oleracea present day cultivars have
resulted from mutation followed by adaptation and selection.
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Chapter 2
Molecular Cytogenetics

Annaliese S. Mason

Abstract Cytogenetics has played a key role in the history of scientific research in
the Brassicaceae since the start of the last century. The discovery of the Brassica
“U’s Triangle” species, elucidation of phylogenetic relationships and investigations
of chromosome evolution all contributed to building up the basic genomic under-
standing of the Brassicaceae we have today. The advent of molecular cytogenetics
in this family in the last 20 years has led to a progressively greater understanding of
the factors underlying chromosome dynamics and organisation, meiotic and mitotic
mechanisms and cell division processes. In addition, linking molecular cytogenetics
with other molecular techniques, such as marker studies, DNA sequencing and pro-
tein expression analysis, has bridged the gap between chromosomes and linkage
groups, resulting in a wealth of new information in this family. Future prospects for
molecular cytogenetics in the Brassicaceae are bright. The recent and imminent
release of additional Brassicaceae genomes will greatly facilitate development of
probes for fluorescent in situ hybridisation as well as a comprehensive understanding
of gene expression and protein interactions during cell division.

Keywords Cytogenetics * Fluorescent in situ hybridisation ¢ Chromosomes ¢
Brassica * Arabidopsis

2.1 Introduction

Cytogenetics, literally “cell genetics”, traditionally refers to the study of chromo-
somes. Cytogenetics conventionally encompasses studies of chromosome number,
structure and organisation, chromosomal aberrations and chromosome behaviour
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during mitosis and meiosis. Early cytogenetics studies were crucial in defining
species and genera in the Brassicaceae, and for elucidating complex species rela-
tionships in the Brassica crop species and wild allies (Morinaga 1934; Nagaharu
1935; Mizushima 1980). However, the advent of molecular cytogenetics has opened
up whole new avenues of exploration in this family. Molecular cytogenetics
describes techniques made possible by breakthroughs in molecular genetics over
the last 30 years or so, starting with radioactive labelling and genomic in situ
hybridisation of DNA to chromosome spreads, and moving through to chromosome
and protein labelling using fluorescently tagged antibodies and other molecules
(Speicher and Carter 2005). Modern molecular cytogenetics offers a suite of tools
suitable for integrating physical and linkage maps, observing protein expression and
co-localisation during mitosis and meiosis, investigating chromosomal architecture
such as nucleolar organisational regions (NORs), centromere and telomeres, identi-
fying locations of genes and repetitive elements and molecular karyotyping in
hybrid and mutant studies.

A great deal of molecular cytogenetic functionality is currently in use or in the
process of development in the Brassicaceae. The Brassicaceae is informally known as
the crucifer or cabbage family, and comprises approximately 3,700 species in about
338 genera (Warwick and Al-Shehbaz 2006). The bulk of this review will focus on the
well-studied and agriculturally important Brassica genus and on model plant species
Arabidopsis thaliana, as these comprise the species upon which the majority of
molecular cytogenetics studies in the Brassicaceae have been pioneered. Molecular
cytogenetics has been used extensively in the Brassicaceae to characterise and track
chromosome behaviour in interspecific hybrids, synthetic canola lines, chromosome
addition and genomic introgression lines and in experimental genotypes. Outcomes of
molecular cytogenetics in this family include elucidation of nucleolar organisational
regions (NORs) and characterization of other meiotic mechanisms, tracking and iden-
tifying genomic introgressions between Brassica species for breeding purposes and
the integration of physical and genetic linkage maps.

The advent of next generation and third generation sequencing technologies
facilitating the cheap and rapid sequencing of many Brassica and wider Brassicaceae
species genomes looks to bring forth a new spectrum of uses for molecular cytoge-
netics in this family. Future prospects for molecular cytogenetics in the Brassicaceae
will be discussed.

2.2 C(Classical Cytogenetics in the Brassicaceae

Classical cytogenetics, or the use of light microscopy to interrogate chromosome
number, meiotic chromosome behaviour in natural species, haploids and interspe-
cific hybrids, has taught us a lot about the Brassicaceae family. Classical cytogenet-
ics provides a base upon which molecular techniques can build and expand on, and
is still informative and relevant today in many poorly-examined clades. The unfor-
tunately small size and relative lack of differentiation of most Brassicaceae
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chromosomes relative to some other plant genera has provided somewhat of a handicap,
particularly in the use of karyotyping through “C-banding”, or observation of het-
erochromatin patterns in chromosomes, but nevertheless many highly informative
studies have been carried out using only classical cytogenetics. The most widely
known use of cytogenetics in the Brassicaceae is the discovery of the relationship
between the six agriculturally significant species Brassica rapa (buk choy, turnip),
B. nigra (black mustard), B. oleracea (cabbage, cauliflower, broccoli), B. juncea
(Indian mustard), B. napus (rapeseed, canola) and B. carinata (Ethiopian mustard).
Although this relationship was first elucidated almost incidentally by T. Morinaga
in a paper entitled “Interspecific hybridization in Brassica VI. The cytology of F,
hybrids of B. juncea and B. nigra” in table form (Morinaga 1934), it is usually
attributed to Nagaharu U, who produced the figure commonly known as the Brassica
“U’s Triangle” or “Triangle of U” (U Nagaharu 1935). The six “U’s Triangle” spe-
cies were found to comprise three diploid species, with genome complements
2n=2x=AA (B. rapa), 2n=2x =BB (B. nigra) and 2n=2x =CC (B. oleracea), and
three allotetraploid species formed from additive genome combinations of the dip-
loid species: 2n=4x =AABB (B. juncea), 2n=4x =AACC (B. napus), and
2n=4x =BBCC (B. carinata). Interestingly, Nagaharu U’s original figure also con-
tained Brassica napocampestris (Frandsen and Winge 1932), 2n=6x =AAAACC,
an artificial hybrid between B. napus and B. rapa (previously referred to as B. camp-
estris). These early cytogenetics studies involved very basic techniques: production
of interspecific hybrids through cross-pollination and observations of chromosome
number and chromosome behaviour in these hybrids at mitosis and meiosis. The ease
in which many different species in the Brassicaceae hybridise, either through hand-
pollination or via embryo rescue, protoplast fusion or other methods (FitzJohn et al.
2007), has provided a wealth of cytogenetic information. Pairing between chromo-
somes from different Brassica genomes was observed in haploids with genome
complements A, B, C, AC, BC and AB, as well as in interspecific Brassicaceae
hybrids of various types (Harberd and McArthur 1980) (Fig. 2.1). The propensity of
chromosomes to associate at meiosis through regions of ancestral homoeology in
the absence of meiotic control provides a crude but effective means of determining
phylogenetic relationships (Mizushima 1980). Classical cytogenetics in Brassica
and Arabidopsis has also been used in the identification of nuclear organisational
regions (NORs) and provision of a basic karyotype using C-banding (Olin-Fatih and
Heneen 1992; Koornneef et al. 2003).

The advent of molecular marker technologies initiated a decline in interest in
cytogenetics, but modern molecular cytogenetics often provides a means of investi-
gating regions of repetitive DNA which are otherwise recalcitrant to pure molecular
studies, as demonstrated in studies of Arabidopsis centromere sequences (Murata
et al. 1994; Heslop-Harrison et al. 1999). Molecular cytogenetics techniques have
enabled further resolution of chromosomal relationships and genetic control of meio-
sis in the Brassicaceae, with numerous studies utilising genomic in situ hybridisation
and more refined fluorescent in situ hybridisation techniques to confirm and expand
upon these early findings.
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Fig. 2.1 Observations of meiosis in Brassica interspecific hybrids using classical cytogenetics
and fluorescent in-situ hybridisation. (a) Metaphase 1 in a B. junceaxB. carinata hybrid
(2n=BBAC=35), taken using 1 % acetic acid carmine stain with a phase contrast microscope and
1,000 x magnification. (b) Metaphase I in a B. junceax B. napus hybrid (2n=AABC=37), taken
using 1 % acetic acid carmine stain with a phase contrast microscope and 1000 x magnification.
(c) Metaphase I in a B. junceax B. napus hybrid (2n=AABC=37), taken using DAPI stain with a
fluorescent microscope and 1,000 x magnification. (d) Metaphase I in a B. juncea x B. napus hybrid
(2n=AABC=37), taken using a fluorescent microscope and 1,000x magnification, after fluores-
cent in-situ hybridisation labelling of the B genome (green, fluorescein isthiocyanate), C genome
(red, Texas Red) and background stain using DAPI (A genome, blue)

2.3 Fluorescent In Situ Hybridisation

Fluorescent in situ hybridisation (FISH) refers to the use of fluorescently-labelled
DNA probes to bind (hybridise) to specific regions on chromosome spreads on
microscope slides. Initially, the FISH protocol was based on the methods used pre-
viously for RFLPs, given the presumed similarity in the hybridisation protocol,
but over the years many research groups have developed in-house modifications and
optimisations. A particularly useful approach was taken in recent years: removing
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each protocol step one by one and assessing if the protocol still worked, the end
result of which was a greatly reduced FISH protocol (Kato et al. 2004). However, all
FISH protocols involve basically the same process: firstly, the fluorescent labelling
of the probe (usually by nick translation or random priming techniques, which insert
fluorescently labelled nucleotides into the probe DNA sequence), secondly, the
hybridisation of the probe to a denatured genomic chromosome spread on a micro-
scope slide, and thirdly, visualisation of the probe label. Additional steps are mainly
concerned with optimisation of the probe signal to background noise ratio, which
involves steps such as removal of RNA using RNAse enzyme treatment and washes
with salt solutions at various temperatures. Denaturing the genomic DNA to allow
probe binding may also be done through a number of different mechanisms, of
which heat and treatment with formamide are the most common.

Genomic in situ hybridisation (GISH) is a special case of FISH whereby whole
genomic DNA is used as a probe instead of specific DNA sequences. Early FISH stud-
ies used radioactive labels, but this has given way to use of fluorescent molecules
(such as fluorescein isthiocyanate (FITC)) bound to antibodies such as avidin, biotin
or digoxigenin as DNA probes, with a background chromosome stain of 4',6-diamid-
ino-2-phenylindole (DAPI) or propidium iodide (PI). In recent years the use of directly
labelled fluorescent dNTPs, which can be integrated into the probe DNA directly
using techniques such as nick translation, has also become popular in Brassica cyto-
genetics labs (Xiong and Pires 2011). The addition of fluorescent labels to chromo-
some spreads can result in a wealth of additional information (Fig. 2.1).

2.4 Chromosome Painting: Early Genomic and Fluorescent
In Situ Hybridisation in the Brassicaceae

The earliest use of FISH in the Brassicaceae involved the mapping of repetitive
DNA sequences (Iwabuchi et al. 1991) and rDNA loci (Maluszynska and Heslop-
Harrison 1993). These and subsequent studies were useful in elucidating the number
of rDNA loci (Snowdon et al. 1997a) and in presenting some information about the
highly repetitive centromeric regions and conserved telomeric regions in Brassica
(Hasterok et al. 2005). Molecular cytogenetics studies in model plant Arabidopsis
thaliana have been highly informative in investigations of meiosis, repetitive DNA
sequences and chromosome structure (Koornneef et al. 2003). In the agriculturally
important Brassica genus, a common application of molecular cytogenetics involves
the use of GISH to track chromosome introgressions through generations of back-
crosses after interspecific hybridisation (Chen et al. 2011; Snowdon et al. 1997b;
Navabi et al. 2011), and more recently the use of FISH probes to differentiate
between more closely related genomes for the same purpose (Schelfhout et al.
2006). The ready hybridisation between species in the Brassicaceae has been utilised
to effect transfer of useful genetic diversity or genes of interest into crops in breed-
ing programs (Saal et al. 2004; Rygulla et al. 2007), and GISH allows these genomic
introgressions to be tracked and analysed.
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Another common use of GISH is to investigate meiotic pairing behaviour in
interspecific hybrids, in order to assess genomic relationships and predict the
success of genomic introgressions for crop improvement. Pairing between each of
the genomes in the allotetraploid Brassica species B. juncea (2n=AABB), B. napus
(AACC) and B. carinata (BBCC) has been observed using FISH and GISH (Mason
et al. 2010), as has extensive pairing between B. napus, B. oleracea and B. rapa of
different genotypes and ploidy levels (Leflon et al. 2006; Nicolas et al. 2008; Nicolas
et al. 2009; Leflon et al. 2010). More distant relatives have also been noted using
GISH to form chiasmatic associations at meiosis and recombinant chromosomes
with B. napus or B. rapa, such as Orychrophragmus violaceus (Ma et al. 20006),
Isatis indigotica (Tu et al. 2008), Lesquerella fendleri (Du et al. 2008) and Capsella
bursa-pastoris (Chen et al. 2007).

FISH has also been used for the establishment of monosomic addition lines in
the Brassicaceae, whereby a single chromosome from an alien genome is added to
a known genomic complement (e.g. chromosome C1 of B. oleracea added to the ten
chromosomes of the B. rapa A genome). This technique allows for the expression
of genes belonging to a single linkage group to be analysed in the absence of other
genomic loci. The production of C-genome addition lines in a B. rapa background
allowed the complex trait of seed colour to be investigated (Heneen et al. 2012), as
well as the pairing behaviour of individual homoeologous chromosomes. Trisomics
and monosomics have also been greatly beneficial in Arabidopsis research (reviewed
in (Koornneef et al. 2003)). However, the establishment of chromosome addition
lines for the small, poorly-differentiated Brassica and Arabidopsis chromosomes
necessitates the use of fluorescent in situ hybridisation. The process of backcrossing
to eliminate all but one alien chromosome is not selective for a particular chromo-
some, and conclusively identifying which chromosome is present and confirming
lack of chromosome fusions with the host genome can most readily be achieved by
the use of FISH. GISH may also be used to label the alien genome if the alien chro-
mosomes are not readily distinguishable from the host genome, or again to confirm
that the alien addition chromosomes are not recombinants (Wang et al. 2006).

FISH can also be used to identify homoeologous non-reciprocal translocations
and recombinant chromosomes in other systems, such as synthetic B. napus
(Szadkowski et al. 2010). In the Brassica genus, resynthesis of allotetraploid
B. napus 2n=AACC), B. juncea 2n=AABB) and B. carinata (2n=BBCC) from
diploid progenitors B. rapa (2n=AA), B. nigra (2n=BB) and B. oleracea
(2n=CC) is possible. However, synthetic B. napus is generally unstable due to the
high degree of homoeology and hence meiotic interaction between the A and C
genomes (Szadkowski et al. 2010), which are far more closely related to each other
than either is to the B genome (Lagercrantz and Lydiate 1996; Parkin et al. 2003).
Although the A and C genomes are known to associate at meiosis due to conser-
vation of the ancestral relationships between the chromosomes, the degree of
association is also mediated by genetic factors (Mason et al. 2010; Leflon et al.
2006; Nicolas et al. 2009). Fluorescent in situ hybridisation has been used suc-
cessfully in the Brassicaceae to determine why particular meiotic behaviours occur,
and what kinds of genetic and genomic factors underlie the meiotic process.
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Notable successes in using fluorescent in situ hybridisation to investigate meiosis
in the Brassicaceae include the discovery of a major gene affecting the number
of crossovers during meiosis in B. napus (Jenczewski et al. 2003), the elucidation
of mechanisms behind stable polyploid formation in Arabidopsis (Comai et al.
2003) and the development of an Arabidopsis thaliana karyotype (Armstrong
and Jones 2003).

2.5 BAC-FISH and Fluorescently Labelled Antibodies

The field of molecular cytogenetics is still expanding. New techniques are con-
stantly being developed in humans and model species (Figueroa and Bass 2010),
and many of these have potential applications in the Brassicaceae family. In particu-
lar, fluorescently-labelled antibodies and BACs have been used in timing and
observing protein expression and co-localization during meiosis and mitosis (Zhang
et al. 2008) and molecular karyotyping (Koornneef et al. 2003; Xiong and Pires
2011) in the Brassicaceae. In 2011, a molecular karyotyping set consisting of a
chromosome “paintbox” of BAC probes was released for Brassica napus, in the
hopes of providing a generally applicable means for cytogenetic identification of
each of the 19 B. napus chromosomes (Xiong and Pires 2011). This consisted of a
set of three BAC probes and four DNA markers (45S, 5S, CentBrlI and CentBrII).
The BACs were selected from a pool of BACs generated from B. rapa sequence:
two produced a set of signals across the B. napus chromosomes (Xiong and Pires
2011), and the third acted as a GISH-like marker for the C genome, hybridizing to
a C-genome specific repetitive sequence in a similar fashion to the BAC BoB0140O06
used previously for the same purpose (Alix et al. 2008). The 45S and 5S markers for
ribosomal nucleolar organisational regions are well-characterized in Brassica and
Arabidopsis, and added additional chromosome information. Lastly, the CentBrI
and CentBrII probes bind to Brassica centromeric repeats: the two probes represent
different repeats, and chromosomes in Brassica have CentBrl, CentBrIl or both
types of repeats. However, this toolkit has yet to be proven to be of wide use in
Brassica napus, and may be susceptible to genotypic differences in hybridisation of
BAC sequence probes.

FISH can also be used to integrate genetic maps (such as those generated by
linkage mapping with molecular markers) with physical maps (such as those pro-
duced by classical karyotype observations). This can be done through the hybridi-
sation of fluorescently labelled BACs containing known molecular marker sequence
to chromosome spreads, and was successfully used to integrate the B. oleracea
physical and genetic maps in 2002 (Howell et al. 2002) and the B. rapa physical
and genetic maps in 2009 (Kim et al. 2009). Co-localization and ordering of FISH
markers along single chromosomes can also be used to determine the relative posi-
tion of difficult-to-map genomic regions and for fine-scale integration of physical
and genetic maps, as has been demonstrated in chromosome A7 of B. rapa (Xiong
et al. 2010).
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2.6 Future Prospects

Molecular cytogenetics advances in other fields, particularly in the medical domain,
offer a glimpse of a promising future for the Brassicaceae. In future, molecular cyto-
genetics may aid in genetic engineering, such as development of mini-chromosome
platforms for transgene expression (Dhar et al. 2011), and full elucidation of the link
between physical behaviour of chromosomes at mitosis and meiosis, DNA sequences
and expression of proteins during cell division in the Brassicaceae. The increasingly
wide-spread use of fibre-FISH, whereby hybridisation takes place on extended DNA
fibres, now allows fluorescently-labelled clones to be separated at a resolution of
only a few kB, rather than the few Mb allowed by conventional FISH (Walling and
Jiang 2012). In addition, the B. rapa genome was released last year (Wang et al.
2011), and the imminent release of the B. oleracea and B. napus genomes will in
upcoming years be joined by a larger set of wild Brassicaceae as well as the genomes
of mustard species B. juncea, B. carinata and B. nigra. This unprecedented avail-
ability of sequence information will both facilitate the development of FISH probes
and complement the ability of molecular cytogenetics to interrogate meiosis and
meiotic behaviour. In addition, molecular cytogenetics offers a toolkit to aid in inte-
gration of physical and genetic maps, and in particular in addressing chromosome
rearrangement, duplication and deletion events that are difficult to identify solely
from sequencing or mapping information and are known to be prevalent in the com-
plex ancestral and recent polyploid genomes of the Brassicaceae. From the birth of
molecular cytogenetics in the Brassicaceae 20 years ago, technological develop-
ments and pioneering research studies have taken molecular cytogenetics in this family
to exciting new heights, and the next 20 years of cytogenetics in the Brassicaceae
promise to be equally eventful.
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Chapter 3
Distant Hybridization Involving Different
In Vitro Techniques

Dan Liu, Ling Xu, Xinxin Geng, Yuanfei Zhou, Zhenchao Zhang,
Bing Wang, and Weijun Zhou

Abstract The Brassicaceae family has extensive genetic type and variation, which
makes distant hybridization to be a potential strategy for integrating important traits
such as quality and resistance to diseases and/or pests into the cultivated species
from wild species. However, wide cross incompatibility, often leading to fail to
obtain hybrids, limits the application of distant hybridization to crucifers’ breeding.
Nowadays, with the development of in vitro techniques, it is possible to use these
genetic resources by distant hybridization. This chapter reviews the in vitro tech-
niques including somatic hybridization, embryo rescue, microspore embryogenesis,

and chromosome doubling that are involved in distant hybridization.
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3.1 Introduction

Distant hybridization, also known as wide hybridization or wide cross, is defined as
the distant crossing between two kinds of plants belonging to different species,
genera, subfamilies, or families and so on. Among these crossings, interspecific and
intergeneric hybridization between crop plants and between crops and their wild
relatives has been widely carried out by breeders. Distant hybridization is a useful
strategy for introducing useful genes, e.g., resistance genes from wild relatives or
other cultivated species into target crops to widen the genetic base of crops or to
construct stocks for genetic analysis (Li and Liu 2001).

The Brassicaceae (Cruciferae) family comprises approximately 330 genera,
including more than 3,500 species, the majority of which grow in the Northern
Hemisphere. Several genera, such as Brassica, Sinapis, and Raphanus, are the most
important sources of edible vegetable oils, vegetables, forage, and spices. The gene
pool of Brassicaceae family is quite large with extremely rich genetic type and
extensive genetic variation, which provides solid material base and genetic back-
ground for wide cross between relative species or genera, breeding new varieties of
crops, and creating new types of plants (Momotaz et al. 1998; Qian et al. 2003). In
the classical triangle of U (U 1935), the three amphidiploids species (Brassica
napus, 2n=AACC=38; B. juncea, 2n=AABB=36; B. carinata, 2n=BBCC=34)
were derived from natural spontaneous interspecific hybridization between B. rapa
(2n=AA=20), B. oleracea (2n=CC=18), and B. nigra 2n=BB =16) (Fig. 3.1).

A number of wide crosses are, however, often incompatible as a result of barriers
to crossing such as the abortion of hybrid embryos (Liu 1984; Zhang et al. 2001).
However, with the development of in vitro techniques such as ovary culture and
embryo culture, it is now possible to utilize these genetic resources by distant
hybridization (Agnihotri et al. 1991).

3.2 Major Barriers to Overcome in Distant Hybridization

3.2.1 Pre-fertilization Barriers

The barriers in distant hybridization may occur at both the stage from pollination to
fertilization (pre-fertilization) and the stage from fertilization to development of the
embryo into a seed and then a fertile plant (post-fertilization). It was suggested that
the pre-fertilization barriers in wide cross among Brassica species might be mainly
due to the incompatible reaction caused by pollen-stigma interaction (Meng 1990).
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B. carinata

BBCC. 2n=34

B. oleracea B. nigra
CC, 2n=18 BB, 2n=16

B. napus B. rapa B. juncea
AACC, 2n=38 AA, 2n=20 AABB, 2n=36

Fig. 3.1 Relationship of six natural Brassica species in U’s triangle. (Adapted from U 1935)

Pre-fertilization barriers include failure of pollen adherence, hydration or germination,
pollen tube growth, pollen tube growing into stigma, pollen tube growing into style,
and pollen tube penetrating into ovule (Meng 1990; Bhat and Sarla 2004).

3.2.2 Post-fertilization Barriers

Successful formation of wide cross hybrids may also be limited by post-fertilization
barriers, which include embryo and endosperm abortion, abnormal growth of result-
ing hybrids and sterility of resulting hybrids. The possible mechanism of post-
fertilization barriers is a dysfunctional embryo-endosperm relationship during seed
development (Friedman and Ryerson 2009). Embryo and endosperm abortion may
be overcome by sequential ovary culture or embryo rescue (Ayotte et al. 1987, 1989;
Mohapatra and Bajaj 1988; Abel et al. 2005). Abnormal growth and sterility of
hybrids may be overcome by selection or doubling the chromosome number of the
hybrids (Pradhan et al. 2010).
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3.3 Somatic Hybridization

Somatic cell fusion, which has been applied to transfer genes between various
crucifers for increasing yield and disease resistance, is an important technique to
bypass the sexual incompatibility barriers in distant hybridization. By somatic
hybridization it is possible to transfer some useful genes such as disease resis-
tance, nitrogen fixation, rapid growth rate, more product formation rate, protein
quality, frost hardiness, drought resistance, herbicide resistance, heat and cold
resistance from one species to another (Verma et al. 2004). Somatic hybridiza-
tion generates novel hybrid and cybrid combinations of species that are sexually
incompatible through new nuclear-cytoplasmic combinations (Davey et al.
2005).

3.3.1 Methods of Protoplast Fusion

In general, isolated protoplasts do not fuse with each other spontaneous because
the surface of protoplasts carries negative charges around the outside of the plasma
membrane. Thus, the fusion usually needs a fusion inducing chemicals which actu-
ally reduce the electronegativity of the isolated protoplasts and allow them to fuse
with each other (Narayanswamy 1994). Currently, the most commonly used proce-
dures of protoplast fusion are electrofusion, chemical treatment of protoplasts with
polyethylene glycol (PEG) or a combination of these treatments.

Several chemicals have been used to induce protoplast fusion such as sodium
nitrate, PEG, calcium ions (Ca®). Most somatic hybrid plants have been produced
after the treatment of PEG. The PEG treatment induces agglutination of the proto-
plasts and fusion will occur after dilution of the PEG with a solution containing a
high concentration of calcium ions at high pH. The resulting fusion frequency can
vary roughly from 1 % to 20 % depending upon cell types and fusion conditions
employed. Chemofusion is inexpensive, but it is cytotoxic and non selective, has
low fusion frequency and the resulting products are not single ones (Waara and
Glimelius 1995).

The electrofusion process is initiated by resuspending protoplasts in a medium of
low conductivity in a chamber separated by two electrodes and applying a high
alternating electric field. The protoplasts will move in the electric field by dielectro-
phoresis and will thereby become attached to each other like chains of pearls.
A short pulse of direct current is then applied to induce fusion (Bates and Hasenkampf
1985). Electrofusion, having fusion frequency up to 100 %, is easy to control and
has less cytotoxic. But the equipment is sophisticated and expensive (Senda et al.
1979).
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3.3.2 Application of Somatic Hybridization in Brassicaceae
Family

Since Schenck and Robbelen (1982) obtained the hybrids of Brassica oleracea and
B. rapa by using somatic cell fusion for the first time, considerable interspecific and
intergeneric hybrids have been produced by somatic cell fusing in Brassicaceae.
Qian et al. (2003) fused B. rapa and B. napus to transfer yield genes. B. rapa and B.
oleracea have been fused to produce the somatic hybrids resistant to bacterial soft
rot (Ren et al. 2000). Somatic hybridization has been used to produce very wide
crosses. Skarzhinskaya et al. (1996) reported a wide somatic hybrid that was formed
by the fusion of mesophyll protoplasts of B. juncea and Lesquerella fendlert. Two
plants from symmetric fusions could be fertilized and set seeds after cross-
pollination with B. napus. From the asymmetric fusions nine plants could be selfed
as well as fertilized when backcrossed with B. napus. Somatic hybridization combi-
nations between Brassica cultivated species and wild relatives of Brassica, Sinapis,
Moricandia, Raphanus, Eruca, Armoracia, Diplotaxis, Crambe, and
Orichophragmus are shown in Table 3.1. Intertribal somatic hybridization combina-
tions between Brassica cultivated species and Arabidopsis, Barbarea, Camelina,
Lesqurella, and Thlaspi are shown in Table 3.2.

Cytoplasmic male sterility (CMS) plays an important role in oilseed rape hybrid
seed production. However, the natural occurrence of CMS has rarely been found in
Brassica species. Recently, a number of new male sterile lines in Brassica have
been developed by somatic hybridization within species or between species and
genera. Barsby et al. (1987) reported that ‘Polima’ CMS, widely used in seed pro-
duction of oilseed rape, was transferred in one step within Brassica napus L. by
protoplast fusion. The ‘Polima’ CMS was transferred from a spring line Polima
Regent to a winter line AWR of oilseed rape. The transfer was confirmed by restric-
tion fragment length polymorphism (RFLP) analysis of mitochondrial DNA. All
agronomic traits studied were stable through subsequent sexual generations. This
introduction of CMS to winter lines was achieved in approximately only 9 months
by protoplast fusion, which would take 3 years by a conventional backcross nor-
mally. Male-sterile cybrids have also been produced by the fusion of protoplasts of
B. rapa and B. oleracea (Cardi and Earle 1997). The ‘Anand’ cytoplasm, which was
derived from the wild species B. tournefortii, was transferred from B. rapa to B.
oleracea. Prior to fusion with PEG, donor protoplasts were inactivated with 30 krad
y-rays and recipient ones with 3 mM iodoacetate, respectively. Sixty four percent of
the cybrids were male-sterile. After crossed with fertile pollinations by both hand
and insect pollinations, they found that some of sterile lines had good female fertil-
ity. Hu et al. (2002a, b) obtained the male-sterile cybrids of B. napus and Sinapis
arvensis (Xinjiang wild mustard), B. napus and Orychophragmus violaceus, respec-
tively, by somatic hybridization. Somatic hybridization between Arabidopsis thali-
ana and B. napus also produced the male-sterile hybrids (Leino et al. 2003). Hu and
Li (2006) summarized the new male-sterile lines of Brassica which were produced
by the fusion of protoplasts between genera or tribes (Table 3.3).
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Table 3.2 Intertribal somatic hybridization combinations between Brassica cultivated species and
other species within crucifer family

Method F1

Somatic hybridization combination of fusion hybrid® Reference

Brassica napus (+) Arabidopsis thaliana (n=5) PEG induced + Forsberg et al.
(n=19) irradiated or unirradiated (1994; 1998);

with X-ray or UV Bohman et al.
(1999)

B. napus (+) Barbarea vulgaris (n=8) PEG induced Fahleson et al.
(n=19) (1994a)

B. napus (+) Camelina sativa (n=13) Electrofusion + Jiang et al. (2009)
(n=19)

B. napus (+) Lesquerella fendleri (n=6) PEG induced + Skarzhinskaya et al.
(n=19) irradiated or unirradiated (1996)

with X-ray

B. napus (+) Thlaspi caerulescens (n=7) Electrofusion + Brewer et al. (1999)
(n=19)

B. napus (+) T perfoliatum (n=21) PEG induced + Fahleson et al.
n=19) irradiated or unirradiated (1994b)

with X-ray

B. oleracea (+) A. thaliana (n=5) irradiated PEG induced + Nitovskaya and

(n=9) with y-ray Shakhovskii
(1998)

B. oleracea (+) Camelina sativa (n=13) PEG induced + Hansen (1998)
(n=9)

B. rapa (n=10) (+) A. thaliana (n=5) PEG induced + Gleba and Hoffmann

(1978)

B. nigra (n=8) (+) A. thaliana (n=5) PEG induced + Siemens and
irradiated Sacristan (1995)
with X-ray

B. carinata (+) A. thaliana (n=5) PEG induced + Gleba and Hoffman
(n=17) (1980)

B. carinata (+) C. sativa (n=13) PEG induced + Narasimhulu et al.
(n=17) (1994)

a+: Hybrids more than one plant

3.4 Embryo Rescue to Overcome in Abortion of Hybrid
Embryos

Embryo rescue is one of the earliest and most successful in vitro culture techniques
that are used to assist in the development of plant embryos that might not survive to
become viable plants (Sage et al. 1999). The basic premise for this technique is that
integrity of the hybrid genome retained in a developmentally arrested or an abortive
embryo and that its potential to resume normal growth may be realized if supplied
with the proper growth substances. The technique depends on isolating the embryo
without injury, formulating a suitable nutrient medium, and inducing continued
embryogenic growth and seedling formation (Bridgen 1994).
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Table 3.3 Alloplasmic male sterility systems established by somatic hybridization in oilseed
Brassica crops (Adapted from Hu and Li 2006)

Brassica Mitochondrial
species Kindred species  type Chloroplast type Restorer Reference
Brassica  Trachystoma Recombinant Recombinant Found Kirti et al.
Juncea ballii (n=38) 1995a
(n=18)
B. juncea  Moricandia Moricandia Recombinant Found Kirti et al.
(n=18) arvensis arvensis 1998;
(n=14) Prakash
et al. 1998
B. napus  Raphanus Recombinant Recombinant Found Sakai and
(n=19) sativus (n=9) Imamura
1992
B. napus  Brassica Recombinant Brassica napus  Found Stiewe and
(n=19) tournefortii Robbelen
(n=10) 1994
B. napus  Arabidopsis Mix or Brassica napus Not Known Leino et al.
(n=19) thaliana (n=5) Recombinant 2003
B. napus  Sinapis arvensis ~ Recombinant Not Determined Found Hu et al.
(n=19) (n=9) 2002a
B. napus  Orychophragmus Recombinant Not Determined Found Hu et al.
(n=19) violaceus 2002b
(n=12)

The primary use of embryo rescue is considered to develop the interspecific and
intergeneric hybrids. Since the hybrid embryos of distant hybridization are prone to
abortion soon after they begin to develop because of the cross incompatible, rescue
of the very-early stage embryos is often necessary to overcome the abnormal devel-
opment of hybrid embryos (Cisneros and Tel-Zur 2010). Embryo rescue techniques
also have been utilized to obtain progeny from hybrid seeds that are too weak to
germinate normally.

Embryo rescue techniques considerably help in obtaining wide hybrids in which
failure of endosperm to properly develop causes embryo abortion. Since its first use
in Brassica by Nishi et al. (1959), extensive investigations have been carried out to
improve the techniques for obtaining higher seed set in crucifers (Inomata 1976,
1978a, b, 1979, 2003; Zhang et al. 2003, 2004). It has been well summarized by
Kaneko et al. (2009) that different embryo rescue techniques to overcome hybrid
inviability and breakdown in early stages between Brassica crops and wild relatives
of Brassica, Sinapis, Diplotaxis, Moricandia, Eruca, and Orichophragmus.

3.4.1 Procedures of Embryo Rescue

Embryo rescue may be classified as embryo, ovule, and ovary cultures depending
on the organ cultured. The most commonly used embryo rescue procedure is embryo
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culture, in which embryos are excised and placed directly in culture medium. In
some case, however, it is not technically possible to take embryos out of the ovules
without injury. Thus, to rescue these embryos, the whole ovule or even ovary is
cultured.

3.4.1.1 Embryo Culture

Since embryos are located in the sterile environment of the ovule, surface steriliza-
tion of embryos is not necessary. Instead, surface sterilization of whole ovules or
ovaries is applied and then embryos are removed aseptically from the surrounding
tissues. A harsh disinfestation procedure is usually enough since the embryo is well-
protected by the surrounding tissue. Thus, axenic cultures of embryos are often
easily established (Reed 2004). For example, Li et al. (1995) obtained the hybrid
plants of Brassica napus and Orychophragmus violaceus by embryo culture with
only seed coats sterilized (using 70 % ethanol for 5 min and then 0.15 % HgCl, for
15 min) before embryos were excised from the seeds.

Since the embryo is very small, micro-dissecting tools and a dissecting micro-
scope are usually used to excise the embryo without injury. The intactness of the
embryo is crucial to the embryo culture. The embryos should not be damaged either
when they are dissected from the ovule or during culture (Rangan 1984). The point
of incision into the ovule is also important. In some cases, the embryos are excised
at the micropylar end of the ovule, while for heart-stage and younger embryos, it is
important to keep the suspensors intact (Hu and Wang 1986). After its excision, the
embryo should be placed directly into culture medium so that it does not become
dry (Reed 2004).

The culture of immature embryos is difficult due to the micro-dissection opera-
tion and the complex nutrient medium requirements (Monnier 1978; Raghavan
1980). Thus, in practice embryo culture is sometimes preceded by ovule or ovary
culture (ovary-embryo or ovary-ovule culture) to delay the embryo excision until
the embryo becomes large enough to be removed without damage. Brown et al.
(1997) obtained hybrid plants of Sinapis alba and Brassica napus by using ovary-
embryo culture technique. Firstly, developing ovaries were excised from the plant 8
days after pollination and surface sterilized for 15 min in a 15 % bleach solution.
The ovaries were then rinsed with sterile water and transferred to a sterile culture
medium for a further 10-14 days. At this time the ovaries were removed from the
media, under sterile conditions, and examined for developing ovules and subse-
quently developing embryos. These embryos were rescued and cultured in the fresh
media. When hybridizing B. rapa with Diplotaxis erucoides and B. maurourm, the
sequential ovary-ovule culture technique was used to rescue the hybrid embryos
(Garg et al. 2007). For the ovary culture, pistils were excised 2-3 days after pollina-
tion, surface sterilized with mercuric chloride (0.01 %) for 8 min and cultured.
Pollinated ovaries 8-9 days after the initial culture were dissected and enlarged
ovules were re-cultured in a fresh culture medium.
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3.4.1.2 Ovule Culture

The embryos are difficult to excise from the ovule when they are very young or from
small-seeded species. To avoid embryos excision process, the whole ovules are some-
times cultured in a culture medium directly. Ovaries are collected and surface-
sterilized, and then the ovules are removed from the ovaries and placed into culture
media. For large-seeded species, this step is easy to accomplish, while for small-
seeded polyovulate species, it is time-consuming and difficult to achieve (Reed 2004).
Some successful ovule culture systems have been established to save the hybrid
embryos in the wide hybridization between crop brassicas and their wild relatives.
Rawsthorne et al. (1998) reported that an intergeneric hybrid plant was produced
between Moricandia nitens and Brassica napus by sexual hybridization and in vitro
ovule culture. The developing ovules were dissected aseptically from the ovaries and
placed into tissue culture media for 2—-3 weeks after pod-set occurred. Seven interspe-
cific hybrids were also produced between B. maurorum, a wild species resistant to
Alternaria blight and white rust, and all the monogenomic (B. campestris, B. nigra
and B. oleracea) and digenomic (B. juncea, B. napus and B. carinata) crop brassicas
through embryo rescue (Chrungu et al. 1999). For ovule culture, pistils 10 days after
pollination were surface-sterilized and the ovules were dissected and cultured.

3.4.1.3 Ovary Culture

Ovary culture, without dissecting ovule or embryo, is convenient to operate. In
ovary culture, the entire ovary is placed into culture medium. When ovaries are
sampled, the residual parts of flower should be cleared. The ovary should be surface-
sterilized thoroughly without injury. Then, place the ovary into culture and make
sure the cut end of the pedicel is in the medium (Reed 2004).

According to the review of Kaneko et al. (2009), ovary culture is more widely
used in the distant hybridization between Brassica crops and their wild relatives.
Rapeseed (Brassica napus) was synthesized from interspecific hybridization
between B. rapa and B. oleracea through ovary culture techniques (Zhang et al.
2004; Wen et al. 2008). Intergeneric hybrids between Moricandia arvensis and B.
campestris and B. nigra were also produced through ovary culture (Takahata and
Takeda 1990). The ovaries were excised at 3—7 days after pollination and sterilized
followed by being placed into agar-solidified culture medium.

3.4.2 Factors Affecting Embryo Rescue

3.4.2.1 Cross Combination

When attempting to rescue the hybrid embryos of incompatible crosses, the cross
combination greatly influences success. Embryos of some cross combinations are
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easier to grow in culture medium than the others. Hybrids were obtained through
either ovary culture from crosses Brassica napusxHirschfeldia incana, B.
rapax Moricandia arvensis, and their reciprocal ones, or embryo culture from
crosses B. napus x Sinapis alba and their reciprocal ones (Lefol et al. 1996; Takahata
and Takeda 1990; Heyn 1977; Brown et al. 1997). However, Batra et al. (1990) and
Inomata (1994) using ovary culture technique, produced hybrids from the crosses of
Diplotaxis siifoliax B. napus, Diplotaxis siifoliax B. rapa, and B. napus X Sinapis
pubescens, but not in the reciprocal ones. Similarly, the combination Enarthrocarpus
lyratus x B. oleracea and Eruca gallicum x B. juncea also produced hybrids through
ovule culture and ovary culture, respectively, but the reciprocal ones did not do
(Gundimeda et al. 1992; Lefol et al. 1997).

3.4.2.2 Time of Sampling

As with the cross combination, the time of sampling of explants is also important.
It is critical that the cultures be initiated prior to embryo abortion. The time of
embryo abortion can be evaluated by histological examinations, but these evaluations
are very laborious. Thus, the explants sampling is often started at various time points
following pollination to maximize chances of obtaining viable plants (Reed 2004).
The sampling time is ranged widely with different cross combinations and culture
techniques. Wen et al. (2008) investigated the sampling time of both ovary culture
and embryo culture using the reciprocal crosses between Brassica oleracea and
B. rapa. They found that when ovaries were cultured at 4—7 days after pollination
(DAP) the efficient of hybrid production was higher in B. rapa x B. oleracea.
In embryo culture, the hybrid rate was significantly enhanced at 16—18 DAP, up
to 48.1 % in B. oleraceax B. rapa.

3.4.2.3 Culture Media

The most widely used basal media in embryo rescue are Murashige and Skoog
(MS) (Murashige and Skoog 1962) and Gamborg’s B5 (Gamborg et al. 1968)
culture media. The media supplements required depend on the development stage
of embryos. In the heterotrophic phase, the young embryo depends on the endo-
sperm and requires complex media supplemented with various vitamins, amino
acids, growth hormones, and natural extracts such as coconut milk and casein
hydrolysate. In the autotrophic phase, embryos usually can germinate on a simple
inorganic medium supplemented with sucrose (Raghavan 1966; Sharma et al.
1996). The most commonly used energy source in embryo rescue is sucrose,
which also serves as an osmoticum in the media (Bridgen 1994). Agar with the
concentrations of 0.5-1.5 % is generally used to solidify culture media in embryo
rescue (Hu and Wang 1986).

Although they are extensively used in embryo rescue studies, plant growth regu-
lators seem to be not necessary for embryo rescue. Bridgen (1994) thought auxins



3 Distant Hybridization Involving Different In Vitro Techniques 35

and cytokinins were not generally used for embryo culture unless callus induction
was needed. To rescue the hybrid embryos of the cross between Sinapis alba and
Brassica napus, Brown et al. (1997) used the ovary-embryo technique. For ovary
culture, the most productive media was MS basal medium added 30 mg/L sucrose
and 8 mg/L agar. Subsequently, the embryos were excised from the ovaries and
placed in fresh culture media in which the constituents were the same as for the
ovary culture until small plantlets were produced. No plant growth regulators were
referred to through all the culture process. Takahata (1990) also obtained many
hybrid embryos in the Moricandia arvensis x Brassica oleracea cross through ovary
culture using hormone-free MS medium. However, the embryos produced in the
ovaries failed to develop into plantlets on hormone-free MS or B5 medium. When
the embryos failed to develop into plantlets, hypocotyls were cultured on MS
medium containing 1.0 mg/L 6-benzyladenine (BA) or no hormones in order to
induce shoot regeneration.

3.5 Microspore Embryogenesis

Microspore culture technique is widely used in Brassica breeding and also in genetic
research, biochemical and physiological studies for plant breeding and experimental
purposes due to its simplicity, efficiency in haploid and doubled haploid (DH)
production, mutation and germplasm generation, and gene transformation (Palmer
et al. 1996; Xu et al. 2007; Pratap et al. 2009). Microspore culture is relatively sim-
pler and more effective to produce a DH population, which helps breeders develop
homozygous lines from heterozygous parents in a single generation and allows fix-
ing the recombinant gametes directly as fertile homozygous lines (Pratap et al. 2009).
The BC,S; lines from a cross between Brassica napus and B. carinata were fixed by
Navabi et al. (2010) using microspore culture. Besides shortening breeding cycle,
microspore culture also can be helpful in experimental purposes. It was used by
Nelson et al. (2009) and Mason et al. (2011) to analyze the male gametes of interspe-
cific hybrids of B. napusx B. carinata. Mason (2010) also used microspore culture
technique to obtain male gametes from a near-hexaploid individual developed by
hybridizing three allotetraploid species. Chen et al. (2011) suggested that this tech-
nique may help stabilize the trigenomic Brassica hybrids (AABBCC).

3.5.1 Microspore Culture

The microspore culture technique is relatively simpler and easier than that of anther
culture in Brassica (Pratap et al. 2009). The flower buds of Brassica napus were
selected as the donor, and the growth conditions were set as follows: a 16 h photo-
period (approximately 350 pE m™ s7!), a day/night temperature of 20/15 °C and a
high nutritive status (Xu et al. 2007). For winter B. napus genotypes, the
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vernalization was conducted under the conditions of 4 °C and 8 h photoperiod for 8
weeks. One week before microspore isolation the day/night temperature was
adjusted to 12/10 °C (Zhou et al. 2002b).

For microspore isolation, flower buds with appropriate size, which contained
microspores at the late uninucleate stage and early binucleate stage, were selected.
The proper stage of microspore development was determined from a combination of
flower bud size (usually 2-3 mm in length for B. rapa, 3-4 mm for B. napus, and
5-6 mm for B. oleracea) and the ratio of petal length to anther length (P/A, usually
0.5-0.75 for B. rapa and B. napus, and 1.0-1.2 for B. oleracea), followed by the
identification of microspore development under a dissecting microscope (Gu et al.
2004a; Xu et al. 2007). These buds are surface sterilized in 0.5 % sodium hypochlo-
rite or 0.1 % HgCl, prior to washing 3 times with sterilized water, and then macer-
ated in cold B5-13 medium (Gamborg et al. 1968), supplemented with 13 % sucrose
at pH 6.0, and subsequently filtered through a 40-pm nylon filter into a centrifuge tube.
The filtered microspores were centrifuged at 750 rpm for 5 min, and then were
resuspended in NLN-13 medium (Lichter 1982) with 13 % sucrose at pH 6.0.
The microspore density was about 3—10 x 10* per ml (Pratap et al. 2009).

Activated charcoal is added prior to dispending the suspension into 60 x 15 mm
Petri dishes, 4 ml in each. The dishes are sealed with Parafilm and incubated at
30 °C in the dark for 7 days in the case of Brassica napus, or at 32 °C for 2 days in
the case of B. rapa and B. oleracea, and then moved to 24 °C still in the dark (Xu
et al. 2007). After 1 day of incubation following microspore isolation, the medium
should be refreshed, for which the suspension should be centrifuged at 750 rpm
for 5 min and the medium should be then changed with the same amount of fresh
NLN-13 medium, and cultured as described above (Gu et al. 2003, 2004b).

3.5.2 Embryogenesis and Plant Development

Once embryos are visible to the naked eye (approximately 9-15 days after isolation),
cultures are transferred to a slow rotary shaker (45 rpm) in the dark at 24 °C (Zhang
et al. 2006a, b). After cultured 2-3 weeks, various embryos at different develop-
mental stages such as globular to torpedo to cotyledonary stage are observed (Pratap
et al. 2009). For plantlet induction, large embryos at the late torpedo stage are trans-
ferred to solid MS regeneration medium (2 % sucrose, half-strength macro nutrients
and 2 mg/L 6-benzylaminopurine, solidified with 0.9 % agar, pH 5.8). The cultures
are incubated under a 16 h photoperiod at 24 °C with low light density (approxi-
mately 100 pmol m=2 s7!) (Zhang et al. 2006a, b). When shoots developed they are
cut off from any callus or hypocotyl tissue and transferred to plastic growth vessels
with fresh solid MS medium (Murashige and Skoog 1962; 2 % sucrose, 0.9 % agar,
pH 5.8) for roots induction. Plantlets are transferred to a soil-perlite mixture and
kept for 2 weeks in a nursing room under 16 h daylength at 24 °C with low light
intensity and high relative humidity. Gradual adaptation to greenhouse conditions
followed (Zhou et al. 2002a; Zhang et al. 2006a, b; Xu et al. 2007).
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The microspore embryogenesis and haploid production are influenced by various
factors including donor plant genotype, anther and microspore developmental stage,
donor plant physiology, culture media and pretreatments, culture conditions, culture
environment (Gu et al. 2003; Zhang et al. 2006b; Pratap et al. 2009). These various
factors affecting microspore embryogenesis have been reviewed by Xu et al. (2007)
and Pratap et al. (2009).

3.6 Doubling Chromosomes

The chromosomes are usually unpaired in hybrids of distant hybridization, thereby
causing the hybrids sterile. Intergeneric hybridization followed by chromosome
doubling of sterile hybrids produce allopolyploids, which might be fertile
(Momotaz et al. 1998). Chen et al. (2011) reported that the trigenomic allohexa-
ploids could be obtained via crossing tetraploid x diploid species to produce ABC
triploids, followed by chromosome doubling. In the other hand, 70-90 % of regen-
erated plants from microspore-derived embryoids are haploid from rapeseed
microspore culture (Charne et al. 1988; Chen and Beversdorf 1992). To develop
the DH lines, the chromosome doubling technique is needed.

Colchicine, which is an anti-microtubule agent to inhibit spindle formation during
mitosis in actively-dividing cells, is the most widely-used chemical to double the
chromosome (Xu et al. 2007). Chromosome doubling of sterile haploid plantlets is
usually achieved by culturing plantlets in colchicine-containing medium in the
greenhouse (Mathias and Robbelen 1991), or soaking roots or whole plants in a col-
chicine solution (Fletcher et al. 1998; Zhang et al. 2004, 2006a). These methods as
well as injecting colchicine into the secondary buds or applying a colchicine-soaked
cotton swab to axillary buds often cause the development of chimeric with small and
uneven sectors of diploidization (Lichter et al. 1988; Chen et al. 2011). During
microspore culture, Zhou et al. (2002a) reported that a high doubling efficiency
(83-91 %) of haploid microspores of spring Brassica napus was achieved by treating
them immediately with colchicines at 500 mg/L for 15 h. Immediate colchicine treat-
ment of isolated microspores is superior to colchicine treatments of microspore-
derived plants and microspore-derived embryos because it has higher efficiency of
embryogenesis and lower chimeric percentages in Brassica napus (Chen et al. 1994;
Zhou and Hagberg 2000). Thus, colchicine application of isolated microspores is
safer, quicker and more efficient (Pratap et al. 2009; Chen et al. 2011).

3.7 Conclusion

The Brassicaceae family is pretty huge, in which a great number of wild species are
the potential sources of novel and valuable characteristics of economic importance.
This enables breeders to use distant hybridization, a useful strategy for introducing
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genes from wild relatives or other cultivated species into target crops, to breed new
varieties of crops or create new types of plants. Although there are cross-
incompatibility barriers in distant hybridization, it is possible to utilize these new
genetic resources to broaden the genetic diversity for the breeding of cruciferous
crops due to the development in in vitro techniques such as somatic hybridization
and embryo rescue technique. A synergy of conventional sexually cross and bio-
technological approaches will certainly enhance Brassica breeding by using the
gene pool resource and transferring the novel quality and resistance traits from wild
crucifers.
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Chapter 4
Microspore Culture and Doubled Haploid
Technology

Yoshihito Takahata, Yu Takahashi, and Ryo Tsuwamoto

Abstract Haploids and doubled haploids (DHs) produced by in vitro culture of
gametophytic cells, especially male gametophyto, are of great importance to plant
breeding and basic science. The routine protocol of isolated microspore culture of
Brassica has been established, and used worldwide. However, recently, new protocols
dealing with multiple samples have been developed. Although various factors
influencing microspore embryogenesis, plant regeneration and diplodization have
been examined, attempts to enhance these efficiencies have continued. With the
advancement of molecular genetics, many approaches from both forward- and
reverse-genetics for understanding the mechanism of microspore embryogenesis have
been attempted. This chapter reviews the recent progress of microspore embryogen-
esis of Brassica in relation to culture protocol and factors affecting microspore
embryogenesis, and recent achievements in elucidating the mechanism of microspore
embryogenesis.

Keywords Microspore embryogenesis ® Doubled haploid ¢ Protocol development ®
Mechanism

4.1 Introduction

Haploids and doubled haploids (DHs) are of great importance to practical breeding
and basic science. In plant breeding, homozygous lines are utilized as final varieties
in self-pollinating crops and as parent lines in F1 hybrid varieties in
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cross-pollinating crops. Since successful production of haploids via an embryogenesis
from isolated microspore culture of B. napus was reported by Lichter (1982), a large
number of studies have been performed to improve this technique in genus Brassica
and allied genera (reviewed by Takahata 1997; Palmer and Keller 1999; Ferrie and
Keller 2004; Pratap et al. 2009). Numerous studies have also been performed to
apply to genetic manipulation such as mutation, in vitro selection, transformation
and artificial seed because of the haploid and/or DH production system from a single
cell (reviewed by Takahata et al. 2005; Ferrie and Mollers 2011). Furthermore, this
system can be utilized as a model system of zygotic embryogenesis and cell differ-
entiation. In addition, DH populations are utilized as materials for construction of
linkage map and for QTL analysis (Pink et al. 2008).

In this chapter, we describe the recent progress of microspore embryogenesis
of Brassica in relation to culture protocol and factors affecting microspore embryo-
genesis, as well as recent achievements elucidating the mechanism of microspore
embryogenesis.

4.2 Improvement of Culture Technique

The methodology of microspore culture of Brassica, whose basic components
(sterilization, isolation of microspores and culture medium) almost have barely
changed, was established in 1980s, and has been employed routinely around the
world (Custers 2003; Dias 2003; Ferrie 2003). Although the routine protocol of
microspore culture has been established, genotypic variations remain as a non-
dissolved factor. For breeding and basic science, it is important to identify high
responsive genotypes. However, surveying the response of a large number of geno-
types is laborious. Recently, we developed the microspore culture method for dealing
with multiple samples (Takahashi et al. 2011), and are now developing the method
for super-multiple samples (Takahashi et al. unpublished). Such improved protocols
can deal with 2—-10 times more genotypes than the conventional one during the same
period. Figure 4.1 shows the comparison of these three methods. In the conventional
method (Fig. 4.1 A—F), generally 4-6 genotypes at maximum have been used in one
experiment (Ferrie 2003). On the other hand, in the improved method for multiple
samples (Fig. 4.1 G-L), 12 or more genotypes are used in one experiment. In addi-
tion, the improved method is characterized by (1) easy handling of samples in a
plastic tube, (2) easy microspore isolation using a beads cell disruptor, and (3) a
simple method of sterilization of tools used. When compared between the improved
method and the conventional method, the number of isolated microspores per bud
and the number of embryos per dish were not significantly different between the
two methods (Takahashi et al. 2011). This improved method provides some advan-
tages in breeding and basic science in various phases such as the survey of high
responsive genotypes and QTL analysis on microspore embryogenesis.
Furthermore, we are developing the protocol for super-multiple samples (Fig. 4.1
M-S). This method can deal with 96 genotypes at maximum in one experiment.
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Fig. 4.1 The procedure of three microspore culture methods for Brassica and allied genera.
The conventional method (A-F), multi-sample method (G-L) and supermulti-sample method
(M-S). The buds in a Petri dish (A), 2 ml plastic tube (G) and 96-well plate (M). Sterilization of
buds by sodium hypochlorite in tea egg (B), 2 ml plastic tube (H) and 96 well-plate on vortex mixer
(N). Maceration of buds by a pestle and mortar (C), multi-beads shocker (I) and shake with stain-
less steel balls (O, P). Filtration of the microspore suspension through Miracloth (D), CellTrics
filters (J) and 96-well filters plate (Q). Centrifuges (E, K, R). Isolated microspores (F, L, S)
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This method is characterized by using a 96-well plate for bud sterilization and isolation
of microspores. Microspore isolation is carried out in a 96-well plate with stainless
steel balls. Preliminary experiments using B. napus showed that the number of
isolated microspores per bud and the number of embryos per dish were not signifi-
cantly different among the three methods.

4.3 Factors Influencing Microspore Embryogenesis

As mentioned by many reviews, various factors influence microspore embryogenesis,
involving pre-isolation factors such as genotypes and physical conditions of donor
plants, microspore developmental stage and pretreatment, and post-isolation factors
such as culture media and culture conditions (Takahata 1997; Palmer and Keller
1999; Ferrie and Keller 2004; Pratap et al. 2009). In this part, we describe factors
affecting microspore embryogenesis with a focus on recent progress.

4.3.1 Genotypes and Growth Conditions of Donor Plants

Although the routine protocol of microspore culture of Brassica has been
established, studies on finding high responsive genotypes of recalcitrant species and
subspecies and on overcoming genotypic variation have been attempted (Table 4.1).

As in various tissue culture and microspore embryogenesis of other crops, genotype
is one of the most important factors. Large genotypic variations on embryo yield
were reported not only within the same subspecies, but also among different species.
It is unclear whether high responsive genotypes have some common characters or
not. In B. napus, B. rapa ssp. pekinensis and B. juncea, genotypes of spring type,
which bolts irrespective of chilling exposure, showed high response of embryogen-
esis (Ohkawa et al. 1987; Kuginuki et al. 1997; Hiramatsu et al. 1995; Ferrie 2003).
On the other hand, Keller et al. (1987) reported that winter types had a high response
in anther culture of B. napus. Despite recent progress in the study of molecular
markers, molecular markers closely linked to microspore embryogenesis have not
yet been found.

The ability of embryogenesis is known to be enhanced by selection. High respon-
sive line Topas DH4079, which is frequently used as a model plant of Brassica
microspore culture, is a selected line of cv. Topas of B. napus (Ferrie and Mollers
2011). Embryogenic Westar DH-2 was reported to be selected from cv. Westar, one
of recalcitrant cultivars of B. napus (Malik et al. 2008). The ability of embryogen-
esis could be transferred from a high responsive genotype to recalcitrant genotypes
by sexual crossing (Fig. 4.2). Zhang and Takahata (2001) reported genetic analysis
of microspore embryogenic ability in rapeseed (B. napus) and Chinese cabbage (B.
rapa) using diallel analysis. They indicated that (1) the dominant genes had positive
effects on microspore embryogenesis, (2) both additive and dominant effects were
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Table 4.1 High responses of microspore embryogenesis in Brassica and allied genera

Species Subspecies Embryo yields Reference

Brassica carinata 325.6/bud Ferrie (2003)

B. juncea 586.5/1.2x 10° microspores  Agarwal et al. (2006)

B. napus oleifera 50 % of microspores Pechan and Keller (1988)
rapifera 81.4/bud Hansen and Svinnset (1993)

B. nigra 22.3/bud Ferrie and Keller (2007)

B. oleracea acephala 43.4/6 x 10° microspores Zhang et al. (2008)
alboglabra 42.0/bud Ferrie and Keller (2007)
botrytis 0.24/bud Duijs et al. (1992)
capitata 223.0/bud Yuan et al. (2012)
Sfimbriata 4.2/bud Duijs et al. (1992)
gemmifera 1.17/bud Duijs et al. (1992)
italica 0.99 % of microspores Takahata et al. (1993)
sabauda 12.1/bud Duijs et al. (1992)

B. rapa (syn. B. broccoletto 0.08/2 x 10° microspores Takahashi et al. (2012)

campestris) chinensis 57.4/bud Cao et al. (1994)

niposinica 4.07/2 x 10° microspores Takahashi et al. (2012)
oleifera 407.6/bud Ferrie (2003)
parachinensis  0.46/bud Wong et al. (1996)
pekinensis 227/1 % 10° microspores Kuginuki et al. (1997)
perviridis 4.67/2x 10° microspores Takahashi et al. (2012)
rapa 108/2 x 10° microspores Takahashi et al. (2011)

Crambe abyssinica 0.16/bud Ferrie and Keller (2007)

Eruca sativa 80.0/2 x 10° microspores Leskovsek et al. (2008)

Raphanus oleifera 10.0/bud Ferrie and Keller (2007)

R. sativa 9.0/1 x 10° microspores Takahata et al. (1996)

Sinapis alba 0.42/bud Ferrie and Keller (2007)

significant, (3) no significant maternal effects were observed, (4) the heritability
was high, especially broad-sense heritability was higher than 0.9, and (5) narrow-
sense heritability was higher in B. napus than in B. rapa, because of a larger contri-
bution of dominant effects in B. rapa. Furthermore, from the results of microspore
embryogenesis in the F2 population of ‘Lisandra’ (high responsive)x ‘Kamikita’
(recalcitrant), Zhang and Takahata (2001) considered that microspore embryogen-
esis in B. napus is mainly controlled by two multiple gene loci with additive effects.

Growth and physiological conditions of donor plants are an important factor in
microspore embryogenesis. It is empirically known that the donor plants used for
microspore culture are needed to grow healthfully and vigorously (Ferrie 2003).
Although donor plants are grown in a controlled environment chamber, greenhouse
or field conditions, the best conditions are in a controlled growth chamber.
The growth temperature after bolting is especially important. Donor plants grown
at low temperature are more productive and the productivity is maintained for long
periods of time (Keller et al. 1987; Takahata et al. 1991; Ferrie 2003). This is sup-
ported by the result of Prem et al. (2012) who reported that donor plants grown in a
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Kamikita x Topas

Fig. 4.2 Comparison of embryo production of B. napus among high responsive cultivar (cv.
Topas), recalcitrant cultivar (cv. Kamikita) and their reciprocal F1 hybrids

growth chamber at 15/10 °C showed seven times higher microspore embryogenic
ability compared to donor plants in a greenhouse at 18 °C. Although the influence
of the age of donor plants and bud position (main vs. lateral raceme) were formerly
reported, they do not influence embryogenesis when the suitable developmental
stage of microspores was used (Takahata et al. 1991).

4.3.2 Culture Medium

NLN medium, which is a minor modification of Lichter’s (1982) medium, has been
widely used for microspore culture of Brassica and allied genera. One-half NLN medium,
in which the concentration of major salts is reduced to half, was often used (Takahata and
Keller 1999; Wakui et al. 1994; Dias 2003; Takahashi et al. 2012), and was reported to
induce better embryo production than full strength NLN medium in several genotypes
(Dias 2001; Wang et al. 2009a). Of major salts, reduction of NO; was considered to
mainly relate to promotion of embryogenesis (Dias 2001). Ohkawa et al. (2000)
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Table 4.2 Factors to enhance microspore embryogenesis in Brassica and allied genera

Treatments

Substance

Reference?

Addition to medium
Anti-auxin

Auxin
Cytokinin

Brassinosteroid

Buffer agent

Carbide

High medium pH

Inhibitors of ethylene
biosynthesis

Osmoticum

Plant proteoglycans
Stress and pretreatment
Antimicrotuble
Glycopeptide antibiotic

Mutagen
Low temperature

p-Chlorophenoxyisobutyric acid

Naphthalene acetic acid
6-benzylaminopurine

24-epibrassinolide, Brassinolide

2-(N-Morpholino) ethanesulfonic acid
Activated charcoal

pH6.2, 6.4

Aminoethoxyvinylglycine

Cobalt chloride

Silver nitrate

Polyethylene glycol

Arabinogalactan proteins

Cholchicine
Bleomycin

Ethyl methane sulphonate

Agarwal et al. (2006)
Ahmadi et al. (2012)
Zhang et al. (2011)
Zhang et al. (2012)
Takahashi et al. (2012)
Zhang et al. (2012)
Ferrie et al. (2005)
Belmonte et al. (2010)
Yuan et al. (2012)
Prem et al. (2008)
Yuan et al. (2012)
Leroux et al. (2009)

Prem et al. (2005)
Ferrie and Keller (2007)
Yuan et al. (2012)

Agarwal et al. (2006)
Ahmadi et al. (2012)
Zeng et al. (2010)
Ferrie et al. (2008)
Takahashi et al. (2012)
Yuan et al. (2011)

“The recent paper is listed

reported that nitrate was not used for early embryogenesis in B. napus because of the lack
of nitrate reductase activity, and was an ideal source of nitrogen at the later stage of
embryogenesis.

High concentration of sucrose is essential for induction of embryogenesis.
Although 10-13 % sucrose is used as a standard concentration in Brassica (Takahata
1997), 8-17 % sucrose is sometimes favorable depending on genotypes (Baillie
et al. 1992; Lionneton et al. 2001; Ferrie and Keller 2007). Such high concentration
of sucrose is considered to work as a nutrient and osmoticum. Ilic-Grubor et al.
(1998) reported that 25 % polyethylene glycol (PEG) with a very low level of
sucrose induced similar embryo yields as 13 % sucrose in B. napus. Similar results
were obtained in many genotypes of B. napus, and several species of Brassicaceae
(Ferrie and Keller 2007). In particular, they reported that substitution of PEG for
sucrose enhanced embryo yields in B. nigra, Crambe abyssinica, Raphanus oleifera
and several genotypes of B. napus, and produced embryos, which are morphologically
more similar to zygotic embryos.

Although the exogenous plant growth regulators and other additives are not
essential in the embryogenesis of Brassica (Keller et al. 1987), several kinds of
additives were recently reported to enhance microspore embryogenesis (Table 4.2).
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The anti-auxin, p-chlorophenoxyisobutyric acid (PCIB) improved microspore
embryogenesis by 2—6 fold in B. juncea, B. rapa and B. napus (Agarwal et al. 2006;
Zhang et al. 2011; Ahmadi et al. 2012). The methods of treatment were different
among these studies; one was pretreatment (1 day) of PCIB (Agarwal et al. 2006;
Ahmadi et al. 2012), and another was treatment of PCIB during culture period
(Zhang et al. 2011). Brassinosteroids (BRs) such as 24-epibrassinolide (EBR) and
brassinolide (BL) increased the production of microspore embryogenesis in B.
napus and B. juncea, however, they had no effects in B. carinata, B. nigra and B.
rapa (Ferrie et al. 2005). The positive effect of BRs was recently reported by Belmonte
et al. (2010), who found that BL increased embryo yield in B. napus, whereas treat-
ment with brssinazole, a BL biosynthetic inhibitor, decreased the embryo yield. Ferrie
et al. (2005) speculated that BRs have a role in protecting microspores from initial
heat shock treatment. Low concentration of 6-benzylaminopurine (BA) has some-
times been used to increase embryo yield in B. napus (reviewed by Takahata 1997). In
B. rapa, BA was also recommended in microspore culture without data (Ferrie 2003),
and recently Takahashi et al. (2012) demonstrated that BA enhanced embryo yields in
all genotypes of B. rapa. Aminoethoxyvinylglycine (AVG) and CoCl,, inhibitors of
ethylene biosynthesis, and silver nitrate (AgNOs), an inhibitor of ethylene action, led
to increased embryo yields in B. napus and B. juncea, respectively (Prem et al. 2005;
Leroux et al. 2009). In addtion, Leroux et al. (2009) reported that S-adenosyl-
methionine (SAM), an ethylene biosynthesis precursor, and ethephon, the ethylene-
releasing agent, decreased embryo yields. Yuan et al. (2012) reported that though
adding 2-(N-Morpholino) ethanesulfonic acid (MES) or the arabinogalactan proteins
(AGPs) alone had small effects for embryogenesis of B. oleracea, the combination
of AGPs and MES in medium at pH6.4 enhanced the embryo yield. The use of acti-
vated charcoal (AC) has been reported to improve microspore embryogenesis in
Brassica spp. (reviewed by Palmer and Keller 1999). In contrast, AC gave a nega-
tive effect in some reports (Prem et al. 2005; Takahashi et al. 2012). In almost all
reports showing positive effect, addition of AC with agarose was used, but in reports
showing negative effect, AC was used without agarose.

4.3.3 Stress and Pretreatment

In order to induce microspore embryogenesis, it is known that exposure of
microspores to stress is needed (Shariatpanahi et al. 2006; Islam and Tuteja 2012).
Heat shock is generally used, but other stressing agents have been developed.
A high temperature treatment (32-33 °C) for 1-4 days is required for induction of
embryogenesis in Brassica microspore culture. The exposure periods depend on the
species. Treatments for 3—4 days bring about effective embryogenesis in B. napus,
B. juncea and B. carinata, while 1 day exposure is optimum in B. rapa, B. oleracea
and B. nigra (Takahata 1997). Ferrie and Keller (2007) reported that microspore
embryogenesis was induced in B. napus without 32 °C heat shock treatment (3-day
treatment at 4 °C, 15 °C, 18 °C, 24 °C), when microspores were cultured in the
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medium containing PEG instead of sucrose. Recently, a milder (short) heat-stress
treatment (32 °C for less than 24 h) induced a higher frequency of embryos with
suspensor-like structure (Joosen et al. 2007; Supena et al. 2008; Dubas et al. 2011).
Prem et al. (2012) reported that embryogenesis with a producing suspensor was also
induced at 18 °C. In particular, they demonstrated that such a system at lower
temperatures induced embryogenesis through two different development pathways:
one involving the formation of a suspensor-like structure (52.4 %) and another pro-
ducing embryos without a suspensor (13.1 %). In addition, they observed that
34.4 % of non-responsive microspores followed a gametophytic-like development
leading to trinucleate mature pollen.

In order to stimulate embryogenesis, other treatments, which substitute heat shock
or are used in conjunction with heat shock, have been reported (Table 4.2). It is known
that treatment of colchicine instead of heat shock or with heat shock stimulates
embryogenesis (Zhao et al. 1996; Zhou et al. 2002; Agarwal et al. 2006).
Furthermore, bleomycin (0.1-0.2 pg/ml), a glycopeptide antibiotic, for 20-30 min
pretreatment increased embryo yields in B. napus, (Zeng et al. 2010; Ahmadi et al.
2012). Some mutagens such as y-rays irradiation, N-Nitroso-N-Methyl Urethane
(NMU) and ethyl methane sulphonate (EMS) were reported to promote microspore
embryogenesis in B. napus, B. oleracea and B. juncea (Jeung and Lee 1997; Pechan
and Keller 1989; Ferrie et al. 2008).

Low temperature (4 °C) pretreatment of buds is known to increase microspore
embryogenesis (reviewed by Palmer and Keller 1999; Pratap et al. 2009). Recently,
such pretreatments for 1-2 days and for 10 days were reported to enhance embryo
yields in B. oleracea and B. rapa, respectively (Yuan et al. 2011; Takahashi et al.
2012). In addition to positive effects, the storage of buds at a low temperature could
avoid the concentration of works in limited time (Sato et al. 2002).

4.4 Plant Regeneration and DH Production

In order to effectively obtain haploids and DHs, not only effective induction of
microspore embryogenesis, but also a high frequency of plant regeneration from
embryos is needed. The frequency of direct plant regeneration from embryos is
often low, depending on genotypes and culture conditions. Several treatments of
embryos such as low temperature, ABA and desiccation enhanced direct plant
regeneration (reviewed by Takahata 1997; Palmer and Keller 1999). These treat-
ments are considered to involve embryo maturation, because ABA relates to seed
maturation and accumulation of storage substances, and other stress treatments are
known to increase ABA concentration. Instead of these treatments, culturing
embryos on filter paper placed on top of medium and/or on the medium containing
high concentration of gelling agents (1.6% agar) increased the frequency of plant
regeneration in B. oleracea, B. napus and B. rapa (Takahata and Keller 1991; Peng
et al. 1994; Takahashi et al. 2012). Peng et al. (1994) indicated that optimum matric
potential for regeneration was from —3 to —4 kpa, which was caused by 1.6 % agar.
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The embryos induced by PEG showed more morphologically similarity to zygotic
embryos (Ilic-Grubor et al. 1998; Ferrie and Keller 2007; Supena et al. 2008) and
higher plant regeneration ability than those induced by sucrose in B. napus (Ferrie
and Keller 2007). Belmonte et al. (2010) reported that the embryos induced in the
medium supplemented with brassinolide (BL) had higher regeneration ability, because
BL-treated embryos developed zygotic-like shoot apical meristem. Further, they indi-
cated that the application of BL switched the glutathione and ascorbate pools to the
oxidized forms, and these metabolic alterations were related to embryo structure
and performance. In contrast, Ferrie et al. (2005) observed that brassinosteroids did
not affect the plant regeneration from embryos. Although the exogenous plant
growth regulators are not essential in the plant regeneration from microspore-
derived embryos, 0.05-0.1 mg/l GA;, 2.0 mg/l BA or 0.1 mg/l BA+0.2 mg/l IAA
were reported to enhance the regeneration in B. napus (Ahmadi et al. 2012).

Chromosome doubling is needed for both plant breeding and basic science.
DHs can be obtained by treating microspores in vitro or plants with antimicrotubule
agents such as colchicines and trifluralin (Palmer and Keller 1999; Ferrie 2003;
Pratap et al. 2009). Spontaneous chromosome doubling is advantageous, because it
omits the need of doubling treatments. Although the frequency of spontaneous dip-
loids in B. rapa tends to be higher than those of B. napus and B. oleracea (Takahata
1997), they depend on genotypes. Recently, Ferrie and Keller (2007) demonstrated
that in B. napus higher spontaneous diploids (64-92 %) were obtained from embryos
developed in the medium containing PEG instead of sucrose, in comparison with
2-18 % spontaneous diploids from those in the sucrose medium. The embryos
obtained in the medium supplemented with brassinosteroids increased the frequency
of spontaneous diploids in B. napus (Ferrie et al. 2005).

4.5 Mechanism

Microspore embryogenesis is an efficient single-cell system and this developmental
pathway is morphologically similar to zygotic embryogenesis. Various studies have
been carried out to understand the mechanism of induction from gametophytic to
sporophytic development. In particular, morphological, molecular biological and
genetic studies have contributed to the understanding of microspore embryogenesis.
Late uninucleate to early binucleate microspores are well known to be suitable for
induction of embryogenesis in Brassica. In pollen development, late uninucleate
microspores, which are characterized by vacuole, divide asymmetrically to form a
small lens-shaped generative cell and a large vegetative cell. The former cell divides
again to produce two sperm cells, resulting in a mature pollen grain (Fig. 4.3 A-C).
In microspore embryogenesis, symmetrical division of uninucleate microspores is
the first symptom (Zaki and Dickinson 1991, Fig. 4.3 D). Subsequently, random cell
divisions repeat to produce proembryos (Fig. 4.3 E). In addition to uninucleate
microspores, the vegetative cell of binucleate microspores was observed to
contribute to embryogenesis (Fig. 4.3 F).
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Fig. 4.3 Transmission electron micrographs of gametophytic (A—C) and sporophytic (D-F)
developments of microspores of B. napus. (A) Uninucleate stage, N nucleus, V Vacuole, E Exine,
(B) Binucleate stage, GN Generative nucleus, VN Vegetative nucleus, (C) Trinucleate stage, GN
Sperms, VN Vegetative nucleus, (D) Symmetric devision, (E) Multicellular proembryo, (F)
Multicellure derived from vegetative cell. Bar=10 pm (A, B, D-E), 5 pm (Reprinted from Takahata
and Nitta (1996) Ultrastructure of pollen embryogenesis. Tiss Cult 22: 178-181 (in Japanese) with
permission)

Although morphological development of microspore embryogenesis is similar to
zygotic embryos, early cell division is different between them. In zygotic embryos,
cell linage during the early phase is obvious. At first, a fertilized cell undergoes
asymmetric division to produce a large basal and a small proper cell. The former
cell produces root apical meristem and suspensor, and the latter cell differentiates to
produce the embryo proper (Tykarska 1976; Harada 1999). In microspore embryo-
genesis induced by the conventional method, such distinct establishment of apical-
basal axis cannot be observed, but a series of random cell divisions produce embryos
without suspensors. Recently, novel microspore culture systems producing embryos
with a suspensor (zygotic-like microspore derived embryo) have been developed in
B. napus (Joosen et al. 2007; Supena et al. 2008; Prem et al. 2012; Tang et al. 2013).
Since these embryos follow the highly regular cell division pattern typical for
zygotic embryos (Joosen et al. 2007), these culture systems provide a tool to clear
zygotic embryogenesis, especially cell polarity in early embryogenesis. Supena
et al. (2008) observed that in this culture system, the microspore first divided trans-
versely to form a filamentous structure, from which the distal cell formed the globular
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embryo, while the low part resembled the suspensor. Dubas et al. (2011) also
reported that this system induced microspores to elongate, to rearrange their micro-
tubular cytoskeleton and to re-enter the cell cycle, and embryogenesis was charac-
terized as being preceded by pre-prophase band formation and DNA synthesis.
On the other hand, Tang et al. (2013) reported that the exine-dehiscing microspore
showed cell polarity and subsequent asymmetric cell division resulting in the two
daughter cells having different cell fate, which finally developed an embryo with a
suspensor.

To understand the mechanism in induction of microspore embryogenesis and
subsequent development, differential display, subtractive hybridization and micro-
array analysis have been carried out to reveal changes in gene expression during
microspore embryogenesis (Custers et al. 2001; Boutilier et al. 2002; Malik et al.
2007; Joosen et al. 2007; Tsuwamoto et al. 2007; Tsuwamoto and Takahata 2008;
Malik and Krochko 2009). Of a large number of genes specific to microspore
embryogenesis isolated in B. napus, some genes have been examined using ectopic
expression of the genes in order to understand their roles in embryogenesis. Boutilier
et al. (2002) reported that ectopic expression of BABY BOOM [ (BBM1) induced
somatic embryogenesis from vegetative tissues. Tsuwamoto et al. (2010) found that
ectopic expression of EMBRYOMAKER (EMK) also induced somatic embryos from
cotyledons, and enhanced the efficiency of somatic embryogenesis in vitro culture.
These phenomena are similar to ectopic embryogenesis caused from over-expression
of LEAFY COTYLEDON 1 (LECI), LEC2, WUSCHEL (WUS), PGA37/MYBI118
and MYBI15, and from disruption of PICKEL (PKL) and VPI/ABSCISIC ACID
INSENSITIVE 3-LIKE (VAL) genes (Lotan et al. 1998; Stone et al. 2001; Zuo et al.
2002; Wang et al. 2009b; Ogas et al. 1999; Suzuki et al. 2007). Whether these factors
act as critical triggers in the initiation of microspore embryogenesis has remained
obscure. Although the expression of LECI, LEC2, BBM and EMK in early embryogen-
esis of B. napus has been found (Boutilier et al. 2002; Tsuwamoto et al. 2007; Malik
et al. 2007), there is no direct evidence to combine them to the induction of microspore
embryogenesis. Mutants, in which their gene activities are up and down regulated,
are needed for more analysis. Tsuwamoto et al. (2008) demonstrated that GASSHO
gene, which was isolated at early stage of microspore embryogenesis, are essential for
the formation of a normal epidermal surface during embryogenesis. Apart from iso-
lated genes, Elhiti et al. (2010) reported that Brassica SHOOTMERISTEMLESS
(STM) gene gave effects on the microspore embryogenesis in B. napus, that is, the
yield of embryos increased in lines overexpressing BnSTM and decreased in lines
down-regulating BnSTM.

On the other hand, one of the problems in gene expression studies is the difficulty
in selecting embryogenic microspores from non-embryogenic ones. When compara-
tive analysis of gene expression between induced embryogenic microspores and non-
induced microspores is carried out, a large number of non-embryogenic microspores
is contained in the former, because of low frequency of embryogenesis (embryogenic
microspores are less than 10 % of cultured microspores). Sakai et al. (2008) devel-
oped the method for selection of embryogenic microspores using embryo specific
promoter 22al (Fukuoka et al. 2003). When B. napus transformed with p22a-1:sGFP
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Fig. 4.4 Fluorescent (A—C) and light (D-F) microscopy in cultured microspores of B.napus trans-
formed with p22al:sGFP. (A, D) Single cell, (B, E) Two cells, (C, F) Four cells. (Sakai et al.
unpublished)

chimeric gene was used for microspore culture, only embryogenic microspores
showed GFP expression (Fig. 4.4). Using only GFP-expressed microspores, Sakai
et al. (2008) isolated microspore embryogenesis-specific genes.

As described before, genetic analysis of microspore embryogenesis indicated
that both additive and dominant effects contributed to embryogenesis with high
heritability and that microspore embryogenesis was mainly controlled by two mul-
tiple gene loci (Zhang and Takahata 2001). Mapping of the genomic regions related
to and identification of DNA marker linked to microspore embryogenesis have been
carried out in B. napus and B. rapa (Cloutier et al. 1995; Ajisaka et al. 1999; Zhang
et al. 2003). These analyses are based on the comparison of DNA marker segrega-
tion between a microspore-derived (MD) population and a F2 population derived
from F1 of high responsive parent x low responsive parent. In MD populations,
several DNA markers are known to deviate from an expected 1:1 Mendelian ratio.
Of these distorted markers, those which are not distorted in the F2 population are
considered to originate from selection pressure during microspore embryogenesis.
Such markers with distorted segregation are speculated to link to gene(s) controlling
microspore embryogenesis. Cloutier et al. (1995) reported that chromosome regions
of linkage groups 1 and 18 were related to embryogenesis in B. napus. Ajisaka et al.
(1999) found that a certain region of linkage group 6 played a role in embryogenesis
in B. rapa. Zhang et al. (2003) identified 7 and 3 DNA markers associated with
embryogenic ability in B. rapa and B. napus, respectively. Furthermore, they found
that these markers had additive effects on embryo yield, that is, the plants having
more alleles of high responsive parent produced higher embryo yields. Such analyses
are based on a hypothesis that distorted marker segregation arises from the linkage
to loci associated with microspore embryogenesis, but distorted segregation on the
DH population is also able to be caused by linkage of loci related to ability of plant
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regeneration from embryos and/or to diplodization ability. To precisely determine
the loci related to microspore embryogenesis, it is necessary that distortion analysis
is carried out in the phase of embryos (Ferrie and Mollers 2011).

4.6 Conclusion

Isolated microspore culture of Brassicas has been routinely used not only for practical
breeding, but also for genetic manipulation and basic science because of the effec-
tive haploid and/or DH production system from a single cell. However, there still
are some problems. In particular, large genotypic variations are present within the
identical species as well as among species. For example, we have been attempting
microspore culture of a large number of genotypes of Rahpanus sativus, but have
not yet obtained an effective system. Although routine protocol has already been
established and used worldwide, improvement of protocol will provide us with a
powerful tool for solving these problems. Recently, noble microspore culture sys-
tems were developed; one is a culture system for dealing with multiple samples
(Takahashi et al. 2011), and another is a culture system producing suspensor-bearing
embryos (Joosen et al. 2007). The former is utilized to effectively locate high
responsive genotypes, and a developing protocol dealing with super-multiple sample
will provide a useful tool for QTL analysis on microspore embryogenesis. The latter
has been utilized as a model system for studying early embryogenesis of zygotic
embryos.

Elucidation of the mechanism of microspore embryogenesis is fundamentally
needed for overcoming problems existing in this system. In order to molecular-
genetically reveal the mechanism of microspore embryogenesis, both analyses of
forward- and reverse-genetics have been carried out. Candidate genes isolated by
transcriptome analysis are not yet positioned in the chromosome region identified by
DNA marker segregation analysis. Recently, Kitashiba et al. (personal communica-
tion) found that several genes isolated using subtraction hybridization by Tsuwamoto
et al. (2007) are linked to chromosome regions showing distorted segregation in
the F1DH population.
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Chapter 5
Biotechnological Strategies for Enhancing
Phytoremediation
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Abstract Phytoremediation to clean up soil or sediments contaminated with metals
and other pollutant compound has gained increasing attention as environmental
friendly and cost effective. Achievements of the last decade suggest that genetic
engineering of plants can be instrumental in improving phytoremediation. Members
of the Cruciferae plant family have a key role in phytoremediation technology.
Many wild crucifer species are known to hyperaccumulate heavy metals and pos-
sess genes for resistance or tolerance to the toxic effects of a wide range of metals.
Many of these species are well adapted to a range of environmental conditions.
Some species are tolerant to high levels of heavy metals, and there is the potential
to select superior genotypes for phytoremediation. They are well suited to genetic
manipulation and in vitro culture techniques and are attractive candidates for the
introduction of genes aimed at phytoremediation. The use of genetic engineering
to modify plants for metal uptake, transport and sequestration may open up new
avenues for enhancing efficiency of phytoremediation. Metal chelator, metallo-
thionein, phytochelatin and metal transporter genes have been transferred to plants
for improved metal uptake and sequestration in crucifers. The purpose of this article
is to review different biotechnological approaches to enhance phytoremediation in
crucifers.
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5.1 Introduction

Over the last century, continued population growth and increased industrialization
have resulted in the degradation of various ecosystems on which quality of life
depends (Khan et al. 2012). In addition to this, mining, agriculture, metallurgy,
combustion of fossil fuels, faulty waste disposal and military operations have
released enormous amounts of toxic compounds, heavy metals and metalloids into
the environment with a consequent impact on health (Wijnhoven et al. 2007; Kotrba
et al. 2009). Of these, the metals may include lead, cadmium, zinc, selenium,
chromium, nickel, cobalt, copper and mercury; the radioactive compounds may be
uranium, strontium or cesium; and the other inorganic compounds might include
arsenic, sodium, nitrate, ammonia or phosphate. In addition to the above-mentioned
inorganic compounds, soils and water systems may also be contaminated with
organic compounds including chlorinated solvents like trichloroethylene; explosives
such as trinitrotoluene (TNT) and 1,3,5-trinitro-1,3,5-hexahydrotriazine (RDX);
petroleum hydrocarbons including benzene, toluene and xylene (BTX), polyaro-
matic hydrocarbons (PAHs); and pesticides such as atrazine and bentazon (Glick
2003). Co-existence and persistence of these compounds and heavy metals in soils as
multiple contaminants and human exposure to them through ingestion of heavy
metal contaminated food or uptake of contaminated drinking water can lead to their
accumulation in humans, plants and animals (Khan 2005). Cleaning up of the envi-
ronment by removing these persistent and hazardous contaminants needs effective
approaches that allow for a precise restoration of polluted sites. Established methods
to remediate contaminated soils and groundwater are frequently expensive, environ-
mentally invasive, labour intensive, and do not make cost-effective use of existing
resources. Especially in case of large scale contaminated areas, phytoremediation is
considered to be a cost-effective and sustainable remediation alternative, as it works
in situ, is solar powered and demands minimal site disturbance and maintenance
(Weyens et al. 2010).

As an environmentally-friendly alternative, the use of plants to remedy soils
contaminated with inorganic and organic xenobiotics has gained increasing attention
in recent years, giving rise to the phytoremediation concept (Eapen et al. 2007,
Jadia and Fulekar 2009). Phytoremediation possesses some particularly important
advantages over bioremediation using microorganisms: the capability of autotrophic
plants to produce high biomass with low nutrient requirements; the capacity to
reduce the spread of pollutants through water and wind erosion; and a larger public
acceptance. Conventional soil and crop management methods such as increasing the
soil pH, draining wet soils and applying phosphate can help prevent the uptake of
heavy metals by plants, leaving them in the soil and the soil becomes the sink of
these toxic metals in due course of time (Selvam and Wong 2009). Plants also pro-
duce various beneficial root exudates which support the proliferation of soil micro-
flora, participating in remediation, especially at the rhizosphere, as well as specific
chelating agents mobilizing elements in bioavailable forms (Kotrba et al. 2009).
Phytoremediation covers several different strategies, of which bioremediation
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pollutant compounds employs phytoextraction, rhizofiltration, phytostabilization
and phytovolatization. In phytoextraction, metal-accumulating plants are used that
are able to concentrate pollutants in aboveground harvestable parts. Rhizofiltration
uses plant roots to absorb, concentrate and/or precipitate pollutants from contami-
nated effluents. Phytostabilization aims at using plants to prevent the migration of
pollutants, rendering them harmless. Phytovolatization is a process by which plants
allow the accumulated pollutants to evaporate through their leaf surface when con-
verted in plants to volatile forms (Kotrba et al. 2009; Doty 2008; Macek et al. 2008;
Eapen and D’Souza 2005).

Plants with extensive root system help for absorption and transport of large
amounts of contaminants which can be directed to the shoots and removed by biomass
harvesting. The metal-enriched plant material can then be removed from the site,
the contaminants concentrated, disposed or if possible, the metal element recovered
and valuable metal recycled. In such cases, some species are very efficient at heavy
metal accumulation in shoots and are being exploited for phytoremediation and
phytomining (Baker et al. 1994; Anderson et al. 1998; Brooks et al. 1998).

Phytoextraction using hyperaccumulator plants has been proposed as a promising,
environmental friendly, low-cost technology for decreasing the heavy-metal con-
tents of contaminated soils and has emerged as an alternative to the engineering-
based methods (Selvam and Wong 2009; McGrath et al. 2002). The uptake of heavy
metals and metalloids by plants is influenced by many soil factors, including the
presence of competitive ions in the rhizosphere (Schiavon 2012; Hopper and Parker
1999). Metalliferous soils, with abnormally high concentrations of some of the ele-
ments that are normally present only at minor or trace levels, vary widely in their
effects on different plant species and some plant species have the inherent ability to
sequester high concentrations of metals in the shoot tissues (Table 5.1).
Hyperaccumulators are defined as plants with leaves able to accumulate at least
100 mgkg™" of Cd; 1,000 mgkg™" of As, Cu, Pb, Ni, Co, Se, or Cr; or 10,000 mgkg™"
of Mn or Zn (dry weight) when grown in a metal-rich environment (Reeves and
Baker 2000; Brooks 1998; Hoang Ha et al. 2011). To date, there are approximately
400 known metal hyperaccumulators in the world (Reeves and Baker 2000) and the
number is increasing. However, the remediation potential of many of these plants is
limited because of their slow growth and low biomass. The ideal plant species for
phytoremediation should have high biomass with high metal accumulation in the
shoot tissues (Lasat 2002; McGrath et al. 2002). The advantages of phytoremediation
compared to other approaches are: (1) it preserves the natural structure and texture
of the soil; (2) energy is primarily derived from sunlight; (3) high levels of biomass
in the soil can be achieved; (4) it is low in cost; and (5) it has the potential to be
rapid. Although using plants for remediation of persistent contaminants may have
advantages over other methods, many limitations exist for the large-scale application
of this technology. For example, many plant species are sensitive to contaminants
including PAHs so that they grow slowly and it is time consuming to establish suf-
ficient biomass for meaningful soil remediation. In addition, in most contaminated
soils, the number of microorganisms is depressed so that there are not enough
bacteria either to facilitate contaminant degradation or to support plant growth.
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Table 5.1 Concentration of heavy metals in soils and plants (Mukhopadhyay and Maiti 2010;
Alloway 1990)

Normal range in  Critical soil total Normal range in ~ Critical concentration
Element  soil (ppm) concentration® (ppm)  plants (ppm) in plants® (ppm)
As 0.1-40 20-50 0.02-7 5-20
Cd 0.01-2 3-8 0.1-2.4 5-30
Co 0.5-65 25-50 0.02-1 15-50
Cr 5-1500 75-100 0.03-14 5-30
Cu 2-250 60-125 5-20 2-100
Hg 0.01-0.5 0.3-5 0.005-0.17 1-3
Mn 20-10000 1500-3000 20-1000 300-500
Mo 0.1-40 2-10 0.03-5 10-50
Ni 2-750 100 0.02-5 10-100
Pb 2-300 100-400 0.2-20 30-300
Se 0.1-5 5-10 0.001-2 5-30
Zn 1-900 70-400 1-400 100-400

“The critical concentration in the range of values above which toxicity is considered to be possible
"The critical concentration in plants is the level above which toxicity effects are likely to occur

To remedy this situation, both degradative and plant growth-promoting bacteria
may be added to the plant rhizosphere. The purpose of this review is to provide a
summary of recent biotechnological advances in development of transgenic plants
for remediation of pollutant compounds and heavy metals. The consequences of
some biotechnological approaches are discussed here.

5.2 Application of Crucifers in Phytoremediation

Members of the Brassicaceae or Cruciferae plant family have a key role in phytore-
mediation technology. Many wild crucifer species are well known to hyperaccumulate
heavy metals and possess genes for resistance or tolerance to the toxic effects of a
wide range of metals (Table 5.2) (Palmer et al. 2001). Among Cruciferae, species of
Arabidopsis, Brassica, Hirschfeldia, Capsella, Thlaspi and Lepidium have repeatedly
been reported to well perform for phytoremediation (Davies et al. 2004; Fisherova
et al. 2006; Gisbert et al. 2006; Jiménez-Ambriz et al. 2007; Madejon et al. 2005;
Madejon et al. 2007). Members of the family Brassicaceae (Brussels sprout, cab-
bage, cauliflower, radish, rape seed, turnip) are the most sulfur-demanding plants
and therefore excellent candidates for phyto-extraction. The enhanced sulfur
demand of the members of the Brassicaceae is due to the occurrence of glucosino-
lates which have an array of function in plants (Schnug 1993) and play an important
role in the economic use of these plants (Schnug 1997).

Among the plants of the Brassica species, the Brassica juncea deserve special
attention because its relevance to the phytoextration of heavy metals from soil was
confirmed in many experiments.
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Table 5.2 Promising crucifers for phytoremediation of various metals and radionuclides

Metal or Radionuclide

Plant species

References

Cd Brassica juncea Anamika et al. (2009), Nouairi et al. (2006)
Cr (VD) Brassica juncea Kumar et al. (1995)
Cs Brassica juncea Lasat et al. (1997)
Brassica oleracea Lasat et al. (1997)
Cu Brassica juncea Gisbert et al. (2006), Jordan et al. (2002)
Brassica napus Tappero et al. (2007), Marchiol et al. (2004)
Ni Brassica juncea Kumar et al. (1995)
Pb Brassica campetris Kumar et al. (1995)
Brassica carinata Gisbert et al. (2006)
Brassica nigra Kumar et al. (1995)
Brassica juncea Anamika et al. (2009), Gisbert et al. (2006),
Zaier et al. (2010), Jordan et al. (2002)
Brassica napus Tappero et al. (2007), Marchiol et al. (2004)
Hg Brassica napus Tappero et al. (2007)
A. thaliana
Se Brassica napus Banuelos et al. (1997)
Brassica juncea Schiavon et al. (2012)
U Brassica chinensis Huang et al. (1998)
Brassica juncea Huang et al. (1998)
Brassica narinosa Huang et al. (1998)
Zn Brassica juncea Anamika et al. (2009), Gisbert et al. (2006),

Thlaspi caerulescens
Brassica napus
Brassica rapa

Jordan et al. (2002)

Marchiol et al. (2004)
Ebbs and Kochian (1997)

B. juncea is a dry-land species which accumulates several metals (Pb, Cu, and
Zn) from contaminated soils together with reasonable biomass yields (Zaier et al.
2010). It has been found that B. juncea exhibits a high capacity to accumulate Cd
mainly in the shoots, where Cd level was recorded at level of 1,450 pg Cd/g dry wt.
This is three times more than reported in Brassica napus (555 pg/g dry wt) (Nouairi
et al. 2006). In addition, this plant exhibit a high removal efficiency of other metals
such as Pb (28 % reduction) and Se (reduced between 13 % and 48 %) (Salt et al.
1998). B. juncea is more effective in removing Zn from soil than Thlaspi caerulescens,
a known hyperaccumulator of zinc. This is due to the fact, that B. juncea produces
ten-times more biomass than 7. cearullescens (Gisbert et al. 2006). However
Brassica juncea needs to be harvested shortly after the plant becomes mature,
resulting in problems of disposal of obtained biomass. When these plants are dried,
they easily crumble and flake off, greatly reducing the yield obtained, and the rest
of the plant residues are a source of secondary emissions of toxic substances.
Hyperaccumulator plants, such as Brassica napus are capable of concentrating trace
metals (Cr, Cu, Hg, and Pb) in their harvestable biomass, thereby offering a sustain-
able treatment option for metal contaminated sites (Tappero et al. 2007). In the case
of Chinese cabbage, the high cumulative capacity of lead was observed within the
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Fig. 5.1 Accumulation of Cd, Zn, and Pb in roots and shoots of Brassica juncea

limits of 4,620-5,010 mg/kg dry wt. During testing capacity of phyoextraction
of Zn, Cu and Pb for three Brassica crop species: B. oleracea L., B. carinata A. Br.
and B. juneca (L.) Czern., the highest concentration of Zn (381 mg/kg dry wt.) and
Cu (834 mg/kg dry wt.) were recorded in the shoots of B. oleracea L. The Pb
concentrations of all Brassica species were more or less constant over the tested
range of soil Pb concentrations, with lower values than the other metals. The low
bioaccumulation of lead is due to its extreme insolubility and not generally being
available for plant uptake in the normal range of soil pH (Szczygtowska et al. 2011;
Gruca-Krolikowska et al. 2006; Gisbert et al. 2006). Metal uptake, sensitivity, and
sequestration have been studied extensively in Arabidopsis thaliana, and a number
of heavy metal sensitive and ion-accumulating mutants have been identified (Palmer
et al. 2001). Robinson et al. (1998) examined the potential of 7. caerulescens for
phytoremediation under field conditions and in pot trials. The authors concluded
that this species could reduce soil Cd levels by half in a single year, while a similar
reduction in Zn levels required a much longer period.

The uptake of Cd, Pb and Zn by Brassica juncea was studied at various concentra-
tions i.e. 0, 5, 10, 20 and 50 pg ml™ in Steinberg’s solution over a period of 21 days.
The uptake of each metal was studied in the root and shoot separately (Fig. 5.1).
The result showed that the heavy metal accumulated more in roots than in the shoots.
When plants were exposed to the higher concentration (50 pg ml™") of Cd and Pb, the
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metals were present at an average of 18.42 and 12.27 mg g! tissue in the root,
respectively and at 3.35 and 2.48 mg g™! tissue in the shoots respectively. The average
concentration of zinc was 26.52 mg g! in the root and shoot respectively, when
exposed to 50 pg ml™! of zinc (Anamika et al. 2009).

5.3 Genetic Engineering for Phytoremediation in Crucifers

Metal-hyperaccumulating plants and microbes with unique abilities to tolerate,
accumulate and detoxify metals and metalloids, represent an important reservoir of
unique genes (Danika and Norman 2005). These genes could be transferred to
fast-growing plant species for enhanced phytoremediation (Fulekar et al. 2009; De
Souza et al. 1998). The use of genetic engineering to modify plants for metal uptake,
transport and sequestration may open new avenues for enhancing efficiency of
phytoremediation. Generally, the processes to be considered influencing metal(loid)
accumulations in plants (Fig. 5.2), and thus being targets for genetic modification,
lay in such pathways as: (1) mobilization and uptake from the soil; (2) sequestration
by metal complex formation and deposition in vacuoles for detoxification within
roots; (3) competence of metal(loid) translocation to shoots via symplast or xylem
(apoplast), including efficiency of xylem loading; (4) distribution to aboveground

Distribution and
sequestration
(cell wall binding,vacuole
sequestration cytoplasmic
chelation, etc)

Xylem transport
(symplastic loading
and ion exchange etc)

Root absorption and
compartmentation
(transporters, channels,
cytoplasmic chelators, etc)

Bioactivation in the
rhizosphere (root-
microbe interaction, etc)

Fig. 5.2 Major processes proposed to be involved in heavy metal hyperaccumulation by plants
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organs and tissues; (5) sequestration within tissue cells; and eventually (6) expulsion
of accumulated metal(loid) to less metabolically-active cells, for example, to
trichomes (Clemens et al. 2002; Kotrba et al. 2009). Many genes are involved in
metal uptake, translocation and sequestration and transfer of any of these genes into
candidate plants is a possible strategy for genetic engineering of plants for improved
phytoremediation traits. Depending on the strategy, transgenic plants can be developed
which will be engineered to accumulate high concentrations of metals in harvestable
parts. Genetic engineering of plants for synthesis of metal chelators will improve the
capability of plant for metal uptake (Pilon-Smits and Pilon 2002; Clemens et al. 2002).
Classic genetic studies have shown that only a few genes are responsible for metal
tolerance (Macnair et al. 2000). Recent research, including overexpression of genes
whose protein products are involved in metal uptake, transport, and sequestration, or
act as enzymes involved in the degradation of hazardous organics, have opened up new
possibilities in field of phytoremediation.

For development of efficient genetically engineered plants for phytoremediation,
genes can be transferred from hyperaccumulators or from other sources. Some of
the possible areas of genetic manipulation are outlined below.

5.3.1 Metallothioneins

Metallothioneins (MTs) are cysteine-rich peptides capable of high affinity coordina-
tion of heavy metal ions via cysteine residues shared along the peptide sequence in
Cys—X—Cys or Cys—Cys motifs. The role of plant MTs is generally attributed to the
homeostasis of essential heavy metals and the transcription of their genes is con-
trolled by signals instrumental during germination, organ development and senes-
cence (Kotrba et al. 1999; Cobbet and Goldsbrough 2002; Clemens 2006; Kotrba
et al. 2009). In the yeast Saccharomyces cerevisiae form 12 cysteine residues of
CUPI, a 53 amino-acid MT variant, 8 binding centres for monovalent and 4 binding
centres for divalent heavy metal ions. In these organisms, the intracellular sequestra-
tion of toxic heavy metal ions via MTs, represents one of the principal mechanisms
conferring tolerance to particular heavy metal ions (Kotrba et al. 2009; Vasak 2005).
Overproduction of recombinant MTs to enhance metallo resistance and support
metal accumulation in plants may thus be considered as an attractive approach.
Arabidopsis mutants have been useful in defining the role of metallothioneins in
heavy metal tolerance in plants (Clemens et al. 1999; Ha et al. 1999; Vatamaniuk
et al. 1999). Increased Cu** accumulation was reported also for roots of A. thaliana,
overexpressing the plant MT gene PsMTA of pea Pissum sativum (Evans et al. 1992).

5.3.2 Phytochelatins

Phytochelatins (PCs) are small peptides having general structure (y-Glu- Cys)nX
(PCn; n=2-11; X represents Gly, Ser, f-Ala, Glu, Gln or no residue) found in
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virtually all tested plants and in certain yeasts. These peptides are capable of an
efficient sequestration of multiple metal and metalloid ions in metal(loid)-thiolate
complexes and play a pivotal role in heavy metal detoxification in plants (Clemens
2006; Cobbett and Goldsbrough 2002; Kotrba et al. 1999). Unlike metallothioneins,
phytochelatins are not primary gene products but are synthesized enzymatically in
a transpeptidation reaction from glutathione (y-glutamylcysteinylglycine, GSH) or
its homologues (iso- PCs) by the constitutive PC synthase (PCS) in a metal or
metalloid (e.g., arsenate) dependent manner (Leopold et al. 1999). When complexed
with phytochelatins, the metals are less toxic and can be sequestered in the vacuoles
(Kneer and Zenk 1992). Inside the vacuoles, the acidic conditions may cause the
complex to disassemble, where the metals will then be complexed with organic
acids and the phytochelatins degraded and the sulfur-containing cysteine recycled
(Zenk 1996).

Gong et al. (2003) showed that the overproduction of heterologous PCS synthase
of wheat Triticum aestivum (TaPCS1) in roots of A. thaliana supported the translo-
cation of Cd** into the shoots, followed by a reduced metal accumulation, compared
to wild-type control, in the roots. In contrast, the directed overproduction of intrin-
sic AtPCSI1 in leaves (Peterson and Oliver 2006) and chloroplasts (Picault et al.
20006) of A. thaliana only enhanced Cd?** tolerance, but had no effect on metal accu-
mulation in shoots. The notion that PCs can be involved in long-distance metal
transport predominantly via symplasmic passage is further supported by the
high PC content and, compared to the xylem, four times higher Cd** levels in the
phloem sap of Cd** exposed rapeseed Brassica napus (Mendoza-Cézatl et al. 2008).
The inhibitors of phytochelatin biosynthesis, buthionine sulfoximine increased Zn
tolerance in Festuca rubra roots (Davies et al. 1991). Also, inhibition of phytochela-
tin synthesis by sulfur starvation increased heavy metal sensitivity in nontolerant
plants but not in tolerant ones (Schultz and Hutchinson 1998). Studies using
Arabidopsis have revealed that metal-sensitive mutants are either deficient in the
synthesis of phytochelatins or glutathione biosynthesis (Howden et al. 1995). Even
though heavy metal challenge induces the synthesis of phytochelatins in many
systems (Steffen 1990; Gekeler et al. 1998), this may not be a universal mechanism
for metal tolerance (Grill 1989; Salt et al. 1998).

In B. juncea, heavy metals, such as Cu®>* and Cd**, increased the mRNA for y
glutamylcysteine synthetase (YECS) in roots and shoots and resulted in increases in
phytochelatins and GSH levels even when growth was inhibited (Schifer et al.
1997). In addition, Cd** increased the level of expression of sulfate transporters and
SO, metabolizing enzymes, ATP sulfurylase and APS reductase, in roots and
leaves (Heiss et al. 1999). Such changes are related to the increased demand for
GSH for the synthesis of phytochelatins involved in metal sequestration. Also,
expression of bacterial glutathione reductase (GR) gene in plastids of B. juncea
enhanced Cd tolerance at the chloroplast level but not in the whole plant. This was
related to increased GR levels in the transgenics (Pilon-Smits et al. 2000). The ability
of plants to complex and transport heavy metals to the shoot is the key to accumula-
tion and tolerance. In addition to organic acids, metal binding proteins and peptides,
increases in free amino acids, such as histidine that complexes heavy metals (Krdmer
et al. 1996) should be targeted in plants used for phytoremediation.
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5.3.3 Metal Transporters

Genetic manipulation of metal transporters is known to alter metal tolerance and
accumulation in plants. Arabidopsis transporter proteins, such as the AtMRP2
gene product, are similar in function to the yeast YCF1 gene that confers Cd toler-
ance by transporting Cd/glutathione complexes to the vacuole (Li et al. 1996).
Other Arabidopsis transporter proteins are similar to the ATP-binding cassette
(ABC) transporters. These are vacuolar GS-x pumps that transport a variety of
conjugates of glutathione (GSH) into the vacuole as a means of detoxification or
maintenance of homeostasis (Rea et al. 1998; Thomasini et al. 1998). There are a
number of other metal transporter genes identified in Arabidopsis and yeast. Some
are expressed only under cation limiting conditions, while others act to prevent
toxicity by regulating intracellular compartmentation (Guerinot and Eide 1999).
Metal transporters of the Nramp family were isolated from Arabidopsis thaliana.
These can transport Cd, Zn, Fe, and Mn and are expressed in both roots and shoots
and inducible by Fe starvation (Thomine et al. 2000). Overexpression of an
Arabidopsis zinc transporter (CDF) cation diffusion facilitator gene led to enhanced
resistance and Zn accumulation (van der Zaal et al. 1999). Transgenic plants
showed increased Zn uptake and tolerance and antisense of this gene led to wild
type Zn tolerance in the transgenic plants. Some Zn transporters, such as the ZIP
genes that are homologous to the ZRT Zn uptake genes from yeast, are expressed
in roots of Arabidopsis under conditions of Zn deficiency (Grotz et al. 1998). These
could be useful for genetic manipulation and studies of metal transport and toler-
ance. For example, mutations in the IRTI metal transporter gene of Arabidopsis
eliminated Zn transport, while another mutation removed both Mn and Fe transport
(Rogers et al. 2000). Therefore, these two transporters can be manipulated to
increase selectivity and accumulation of metal ions.

Another mechanism of ion transport identified in Arabidopsis involves nonselec-
tive ion channel proteins, some of which are regulated by cyclic nucleotide and
others by calmodulin (Ko6hler et al. 1999). These authors isolated a gene family of
six members, which code for these proteins, two of which were involved in K* trans-
port. A calmodulin-binding transporter protein similar to the ion channel proteins of
Arabidopsis was shown to modulate Ni** tolerance and to enhance Pb?* sensitivity
in transgenic tobacco, Nicotiana tabacum L. (Arazi et al. 1999). In this case Ni**
uptake was reduced, while Pb?* uptake was enhanced. Lead was assumed to be
transported via the nonselective ion channel as previously indicated (Rubio et al.
1995). As suggested by the authors these genes are involved in ion uptake and trans-
port across the plasma membrane and are targets for gene manipulation aimed at
increasing phytoremediation potential. The genes for channel proteins of Nicotiana
(NtcBP4) and the Arabidopsis homologue CNGCI1, when disrupted, conferred
improved lead accumulation and tolerance (Sunkar et al. 2000). This offers the poten-
tial to improve plant tolerance and metal accumulation through the manipulation of
channel proteins.



5 Biotechnological Strategies for Enhancing Phytoremediation 73
5.3.4 Alteration of Metabolic Pathways

New metabolic pathways can be introduced into plants for hyperaccumulation or
phytovolatilization as in case of MerA and MerB genes which were introduced into
plants which resulted in plants being several fold tolerant to Hg and volatilized
elemental mercury (Bizily et al. 2000; Eapen and D’Souza 2005). In cysteine bio-
synthesis, inorganic sulphate after uptake is activated by ATP sulphydrylase to form
adenosine phosphosulphate (APS), which is subsequently reduced to free sulphide
by APS reductase. Sulphide is subsequently used by O-acetylserine (thiol) lyase
(OAS-TL, cysteine synthase) to substitute the acetate of O-acetyl-L-serine (OAS),
which is produced from L-serine and acetyl-CoA by serin-O-acetyltransferase
(SAT). The sulphur assimilatory mechanism and subsequent production of the anti-
oxidant and PC precursor GSH in plants is known to be highly induced by heavy
metal exposure (Xiang and Oliver 1998; Howarth et al. 2003). In this pathway,
OAS production has been shown to limit the overall rate of GSH biosynthesis and
the maintenance of an elevated GSH pool (Barroso et al. 1995; Meyer and Fricker
2002). Overproduction of mitochondrial SAT encoded by TgSATm of Thlaspi
goesingense promoted an accumulation of GSH in leaves of A. thaliana, providing
increased tolerance to Ni**, Co?*, Zn** and Cd?*, attributed mainly to the acquired
advantage of an improved antioxidative defense potential (Freeman and Salt 2007).
Constitutive overexpression of Atcys-3A encoding intrinsic OAS-TL in A. thali-
ana also increased intracellular cysteine and GSH levels, allowing transgenes to
survive at 400 pM Cd?* stress (Dominguez-Solis et al. 2004). Over a 14-day period,
OAS-TL Arabidopsis accumulated from media containing 250 pM Cd** 72 %
more metal than WT control plants, the highest Cd** content being detected in the
trichomes.

Moreover, due to highly improved biomass yields on media with 100 pM Cd?*,
shoots of a 3-week old transgenic plant accumulated 2.8 times higher amount of
metal than did shoots of a WT plant. In an extensive study measuring the effect of
ATP sulphydrylase overproduction on the accumulation of 12 metal and metalloid
cations and oxyanions, Wangeline et al. (2004) demonstrated that the expression of
the APS1 gene of A. thaliana in B. juncea seedlings markedly contributed to both
tolerance and accumulation of certain metal and metalloid species. Although the
authors did not address the mechanisms behind the observed phenotypes, it seems
likely that the oxyanions MoO,*-, CrO,>-, WO,>~ could be, as are sulphate analogues
(Leustek 1996), accumulated via sulphate permease upregulated on virtual sulphate
starvation caused by the removal of free sulphate by the overexpressed enzyme.
The higher tolerance and accumulation of cations and arsenic oxyanions could be
attributed to the ATP sulphydrylase-promoted increase in GSH levels reported
by Pilon- Smits et al. (1999). In this study, transgenic APS1 B. juncea exhibited a
doubling of both ATP sulphydrylase activity and GSH content in both roots and
shoots. Moreover, the transgenes showed an improved tolerance to selenate, and
enhanced both the reduction of selenate and production of selenomethionine (SeMet),
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allowing for a significant increase in Se shoot accumulation from hydroponic solu-
tions and polluted soil (Pilon-Smits et al. 1999; Bafiuelos et al. 2005). Natural Se
hyperaccumulating plants use selenocysteine methyltransferase (SMT) to diminish
the misincorporation of SeMet and selenocysteine (SeCys) by decreasing their
intracellular concentration via a conversion to the nonprotein amino acid methylse-
lenocysteine (MetSeCys) (Neuhierl et al. 1999). The overexpression of the SMT
gene originating from the Se hyperaccumulating milkvetch Astragalus bisulcatus in
A. thaliana and B. juncea (LeDuc et al. 2004) substantially improved the tolerance
of transformants to selenate and selenite. Overall Se accumulation in shoots and Se
volatization was better pronounced with SMT B. juncea, which exhibited a three-
fold higher content of foliar MetSeCys than the WT control. The additional imple-
mentation of ATP sulphydrylase had no impact on the ability of double-transformed
B. juncea to tolerate selenate, but further promoted Se accumulation in shoots
(LeDuc et al. 2006).

5.3.5 Alteration in Biomass

The development of commercial phytoextraction technologies require plants that
produce high biomass and that accumulate high metal concentration in organs
that can be easily harvested, i.e. in shoots. It has been suggested that phytoreme-
diation would rapidly become commercially available if metal-removal properties
of hyperaccumulator plants, such as Thlaspi caerulescens, could be transferred to
high-biomass producing species, such as Indian mustard (Brassica juncea) or
maize (Zea mays) (Brown et al. 1995). In an effort to correct for small size of
hyperaccumulator plants, Brewer et al. (1999) generated somatic hybrids between
T. caerulescens (a Zn hyperaccumulator) and Brassica napus (canola), followed by
hybrid selection for Zn tolerance. High biomass hybrids with superior Zn tolerance
were recovered.

5.3.6 Alteration of Oxidative Stress Mechanisms

Alteration of oxidative stress related enzymes may also result in altered metal tolerance
as in the case of enhanced Al tolerance by overexpression of glutathione-S-transferase
and peroxidase (Ezaki et al. 2000). Overexpression of 1-aminocyclopropane-1-carbox-
ylic acid (ACC) deaminase led to an enhanced accumulation of a variety of metals
(Grichko et al. 2000; Eapen and D’Souza 2005). In heavy metal-hyperaccumulating
Thlaspi goesigense, the natural overproduction of GSH is considered a trait sustain-
ing tolerance to oxidative stress caused by Cd** and Ni** (Freeman and Salt 2007,
Boominathan and Doran 2003).
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5.4 Somatic Cell Hybridization

Most species are well adapted to in vitro culture and plants can be quickly regenerated
from a range of explants (Sjodin 1992; Palmer and Keller 1994) with high plant
regeneration frequency. Selection of somaclonal variants for metal and organic
compound tolerance is possible, and indeed in vitro selection of calli derived from
Brassica species identified somaclonal variants for Zn and Mn tolerance (Rout et al.
1999). Protoplast culture techniques are well developed for members of the
Brassicaceae and plant regeneration frequencies can be high (Glimelius 1984; Palmer
and Keller 1994). The technique of protoplast fusion has allowed the production of a
number of interspecific, intergeneric, and intertribal somatic hybrids (Glimelius
1999). With this potential to produce somatic hybrids from widely divergent species,
crucifers such as Streptanthus polygaloides with heavy metal accumulating traits can
by hybridized with high biomass producing Brassicas. There is evidence that such
hybridizations may be possible as Brewer et al. (1999) showed that somatic hybridiza-
tion between the Zn hyperaccumulator Thlaspi caerulescens and Brassica napus
resulted in substantial accumulation and tolerance to Zn in the hybrids. Asymmetric
hybrids have been produced in members of the Brassicaceae, where there is potential
loss of all or some of the chromosomes from one parent (Glimelius 1999).
Manipulation of the nuclear and cytoplasmic genome combinations that lead to
enhanced biomass production is useful for phytoremediation.

5.5 Potential Genes for Enhancing Phytoremediation

The genetics of heavy metal tolerance in nonaccumulating tolerant plants suggest
that tolerance is polygenic, with major genes and gene modifiers involved (Table 5.3)
(Macnair 1993). Microorganisms and plants contain a number of genes useful in
phytoremediation (Field and Thurman 1996; Hughes et al. 1997; Salt et al. 1998).
These can be transferred to Brassica to augment the phytoremediation capacity.
Bacterial genes involved in detoxification are attractive because they can be
improved by DNA shuffling techniques prior to their expression in plants (Crameri
et al. 1997). Similarly, the non proteinogenic amino acid nicotianamine occurs
widely in plants and is an efficient complexing agent for metal ions (Stephan and
Scholz 1993). Manipulation of the genes involved in the biosynthesis of these com-
pounds and introduction into Brassicas could enhance both heavy metal tolerance
and their use in phytoremediation.

Evidence from heavy metal tolerant Silene vulgaris indicated that there are two
distinct major genes responsible for Zn tolerance, with the level of tolerance affected
by two additional modifier genes (Schat and Ten-Bookum 1992). Co-segregation
analyses have also indicated that Cu, Zn, and Cd tolerances in Silene vulgaris are
controlled by different genes, whereas tolerance to Ni and Co seem to be linked
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Table 5.3 Major genes involved in phytoremediation by crucifers

Gene Source Effect Reference
ZnT1 T. caerulescens Zn hyperaccumulation Lasat et al. (2000)
ATP-sulfurylase Brassica juncea Se hyperaccumulation Pilon-Smits et al.
(APS) (1999)
Arabidopsis IRT1 A. thaliana Uptake of iron and other metals Eide et al. (1996)
CAX2 A. thaliana Accumulation of Cd, Ca and Mn Hirschi et al. (2000)
Accumulation of Cd, Mn and Zn Korenkov et al. (2007)
Zn transporters Arabidopsis Zn accumulation Van der Zaal et al.
ZAT(At MTPI) (1999)
Selenocysteine A. bisculatus Resistance to selenite Ellis et al. (2004)
methyl transferase
CAX4 A. thaliana Accumulation of Cd, Mn and Zn. Korenkov et al. (2007)
CGS1 A. thaliana Volatilization of Se Van Huysen et al.
(2003)
APSI1 A. thaliana Accumulation of Se Yang et al. (2005)

pleiotropically to the tolerance allele of one of the loci for Zn tolerance (Schat and
Vooijs 1997). Recent studies indicate that Zn hyperaccumulation in 7. caerulescens
is due to enhanced Zn loading into the xylem and influx into root and leaf cells
(Lasat et al. 2000). These authors reported the cloning and analysis of a high-affinity
Zn transporter gene, ZnT1, from 7. caerulescens and demonstrated high constitutive
expression in roots and shoots compared with low expression in 7. arvense. Recently,
other studies have revealed a number of Zn transporters homologous to the
Arabidopsis ZIP gene family members (Pence et al. 2000; Assuncao et al. 2001).
In T caerulescens these genes were highly expressed in roots and shoots with either
normal or Zn deficiency conditions. However, in T. arvense, a nonaccumulator,
Zn transporter genes were only expressed under Zn-deficient conditions, leading to
the conclusion that gene expression in the hyperaccumulator 7. caerulescens is
much less susceptible to Zn down-regulation (Assuncao et al. 2001). These results
underscore the molecular basis for Zn hyperaccumulation.

Others have indicated that real tolerance that develops over time may be mono-
genic or oligogenic, while detoxification is more likely to be under polygenic control
(Sanita-di Toppi and Gabbrielli 1999). Tolerance is constitutive and a high level of
contamination over a long period is needed to elicit specific monogenic/oligogenic
change. When Zn tolerance and accumulation were compared in Arabidopsis hal-
leri populations from metallicolous and non metallicolous sites, similar tolerance
was observed (Bert et al. 2000). This points to tolerance being a constitutive trait,
and the greater tolerance observed in the metallicolous population was explained as
the emergence of gene modifiers under metal stress conditions to augment the con-
stitutive trait (Bert et al. 2000). A similar constitutive trait may operate in Thlaspi
caerulescens where plant populations from normal soils accumulated more Zn than
populations from contaminated soils (Escarré et al. 2000). However, the latter popula-
tion accumulated more Cd and variations existed in both populations for Cd and Zn
accumulation. Heavy metal accumulation and tolerance are probably independent
traits as in crosses between Zn-tolerant, hyper accumulating Arabidopsis halleri
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and the non-tolerant non accumulating A. petraea there was segregation for both the
Zn tolerant and -accumulating traits (Macnair et al. 1999). The authors concluded
that a single major gene was involved in tolerance, although the number for hyper
accumulation could not be assessed.

As a consequence, foreign genes of value in phytoremediation can be evaluated in
Arabidopsis before incorporation into species suitable for phytoremediation. Because
of the close relationship to Brassica, Arabidopsis can be viewed as a reservoir of
genes for introgression into cultivated Brassica. With complete Arabidopsis genome
sequence now available, genes useful in phytoremediation may be uncovered and
Brassica species are prime subjects for the expression of such genes. The introduc-
tion of bacterial genes Mer A and Mer B, which code for enzymes that metabolize
mercury, into Arabidopsis conferred mercury resistance (Rugh et al. 1996; Bizily
et al. 1999; Bizily et al. 2000). In these transgenic plants organic mercury was con-
verted to a less toxic form and, by modification of the plasmid construct, the plants
were able to volatilize the mercury (Rugh et al. 1996; Pilon-Smits and Pilon 2000).
Transgenic Arabidopsis plants with a bacterial dehalogenase gene (Dhla) were able
to degrade, 1, 2 dichloroethane (Naested et al. 1999). This is a common degradative
system in bacteria (Janssen et al. 1994), and it may be possible to engineer plants for
the remediation of organic contaminants.

Rugh et al. (1998) modified yellow poplar trees with two bacterial genes, merA
and merB, to detoxify methyl-Hg from contaminated soil. In transformed plants,
merB catalyzes the release of Hg?* from methyl-Hg, which is then converted to Hg"
by merA. Elemental Hg is less toxic and more volatile than the mercuric ion, and
is released into the atmosphere. Pilon-Smits et al. (1999) overexpressed the ATP-
sulfurylase (APS) gene in Indian mustard. The transgenic plants had four-fold
higher APS activity and accumulated three times more Se than wild-type plants.
Recently, Dhankher et al. (2002) reported a genetics-based strategy to remediate
As from contaminated soils. They overexpressed two bacterial genes in Arabidopsis.
One was the E. coli AsrC gene encoding arsenate reductase that reduces arsenate to
arsenite coupled to a light-induced soybean rubisco promoter. The second gene was
the E. coli g-ECS coupled to a strong constitutive actin promoter. The AsrC protein,
expressed strongly in stem and leaves, catalyzes the reduction of arsenate to arsenite,
whereas g-ECS, which is the first enzyme in the PC-biosynthetic pathway, increases
the pool of PCs in the plant. The transgenic plants expressing both AsrC and g-ECS
proteins showed substantially higher As tolerance; when grown on As, these plants
accumulated a 4—17-fold greater fresh shoot weight and accumulated 2—3-fold more
as than wild-type plants.

5.6 Plant Growth-Promoting Bacteria in Phytoremediation

Phytoremediation (i.e., degradation of organics in the presence of plants) alone is
not significantly faster than bioremediation (i.e., where biodegradation of the organ-
ics is by microorganisms independent of plants) for removal of PAHs that include
three rings or less, although phytoremediation outperformed bacterial treatment
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with respect to removal of the larger, more strongly soil bound PAHs. Beneficial
free-living soil bacteria are generally referred to as plant growth-promoting rhizo-
bacteria and are found in association with the roots of many different plants (Glick
et al. 1999). Cultivating plants together with plant growth-promoting bacteria
allowed the plants to germinate to a much greater extent, and then to grow well and
rapidly accumulate a large amount of biomass. The plant growth-promoting bacteria
increased seed germination and plant survival in heavily contaminated soils, decreased
the plant dry weight to fresh weight ratio, increased the plant water content, helped
plants to maintain their chlorophyll contents and chlorophyll a/b ratio, and promoted
plant root growth. As a consequence of the treatment of plants with plant growth-
promoting bacteria, the plants provide a greater sink for the contaminants since they
are better able to survive and proliferate. These bacteria can positively influence plant
growth and development in two different ways: indirectly or directly (Glick et al.
1999). The indirect promotion of plant growth occurs when these bacteria decrease or
prevent some of the deleterious effects of a phytopathogenic organism. Bacteria can
directly promote plant growth by providing the plant with a compound that is synthe-
sized by the bacterium or by facilitating the uptake of nutrients from the environment
by the plant. Plant growth promoting bacteria may: fix atmospheric nitrogen and sup-
ply it to plants; synthesize siderophores which can solubilize and sequester iron from
the soil and provide it to plant cells; synthesize several different phytohormones
including auxins and cytokinins which can enhance various stages of plant growth;
have mechanisms for the solubilization of minerals such as phosphorus which then
become more readily available for plant growth; and contain enzymes that can
modulate plant growth and development (Brown 1974; Davison 1988; Kloepper
et al. 1989; Lambert and Joos 1989; Patten and Glick 1996; Glick et al. 1998).
A particular bacterium may affect plant growth and development using any one, or
more, of these mechanisms and a bacterium may utilize different mechanisms under
different conditions. For example, bacterial siderophore synthesis is likely to be
induced only in soils that do not contain sufficient levels of iron. Similarly, bacteria
do not fix nitrogen when sufficient fixed nitrogen is available.

When the wild-type bacterium and the siderophore overproducing mutant were
tested in the laboratory, as expected both of them were observed to promote the
growth of tomato, canola and Indian mustard plants in the presence of inhibitory
levels (generally 2 mM) of nickel, lead or zinc. In addition, the siderophore overpro-
ducing mutant decreased the inhibitory effect of the added metal on plant growth
significantly more than the wildtype bacterium. Heavy metal contamination of soil
is often associated with iron-deficiency in a range of different plant species (Mishra
and Kar 1974).

There were reports in the scientific literature that indicated that Brassica juncea
was a nickel-hyperaccumulating plant and could be used for this purpose. However,
preliminary laboratory experiments indicated that the growth of Indian mustard, and
the related plant Brassica campestris (canola), which could also accumulate high
levels of nickel and other metals, was significantly inhibited by the presence of
moderate amounts of nickel in the soil. In an effort to overcome the inhibition of
plant growth by nickel, a bacterium was isolated from a nickel contaminated soil
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sample; the bacterium was (i) nickel-resistant, (ii) able to grow at the cold temperatures
(i.e., 5-10 °C) that one expects to find in nickel contaminated soil environments in
Canada and (iii) an active producer of ACC deaminase (Burd et al. 1998).

When grown in the presence of arsenate, the fresh and dry weights of roots and
shoots of transgenic canola, especially when they were treated with the ACC deaminase-
containing plant growth-promoting bacterium Enterobacter cloacae CAL2, were
much higher than with non-transformed canola. Other properties of this bacterial strain,
in addition to ACC deaminase activity, may contribute to this result the bacterium syn-
thesizes IAA, siderophores and antibiotics, all of which may stimulate plant growth.
In this regard, antibiotic-secreting plant growth-promoting bacterial strains can inhibit
the proliferation and subsequent invasion of phytopathogens, hence protecting plants,
already debilitated by arsenate in the soil, from further damage.

Another rather promising approach appears to be the development of engineered
endophytic bacteria that improve the phytoremediation of water-soluble, volatile
organic compounds (Barac et al. 2004). Trichloroethylene (TCE)-degrading bacteria
have been proven to protect host plants against the phytotoxicity of TCE and to con-
tribute to a significant decrease in TCE evapotranspiration. Plant associated bacteria
can be exploited to overcome constrains such as phytotoxicity, a limited contaminant
uptake, and evapotranspiration of volatile organic contaminants (Weyens et al. 2010).
In case of phytoremediation of organic contaminants, endophytes equipped with the
appropriate degradation pathway can diminish phytotoxicity and evapotranspiration
(Barac et al. 2004; Taghavi et al. 2005). To increase plant availability of metals plant-
associated bacteria that are capable of producing siderophores and/or organic acids
can be used (Weyens et al. 2009). To reduce internal metal bioavailability and by
consequence metal phytotoxicity, endophytes equipped with a metal resistance/
sequestration system (e.g. ncc-nre) leading to bioprecipitation of metals on the bac-
terial cell wall can be inoculated (Weyens et al. 2009). Combining increased plant
availability and reduced internal bioavailability of metals will allow plants to accu-
mulate higher amounts of metals without increasing phytotoxicity.

5.7 Transgenic Approaches for Phytoremediation in
Crucifers

Transgenic plants, which detoxify/accumulate cadmium, lead mercury, arsenic and
selenium have been developed (Table 5.4). The most spectacular application of
biotechnology for environmental remediation has been the bioengineering of
plants capable of volatilizing mercury from soil contaminated with methyl mer-
cury. Methyl-mercury, a strong neurotoxic agent, is biosynthesized in
Hg-contaminated soils. To detoxify this toxin, transgenic pants (Arabidopsis and
tobacco) were engineered to express bacterial genes merB and merA. In these
modified plants, merB catalyses the protonolysis of the carbon mercury bond with
the generation of Hg*?, a less mobile mercury species. Subsequently, merA con-
verts Hg(IT) to Hg(0) a less toxic, volatile element which is released into the
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atmosphere (Bazirmakenga et al. 1995). Hg reductase has also been successfully
transferred to Brassica, tobacco and yellow poplar trees (Meager et al. 2000).

Metabolic modification and degradation of a xenobiotic molecule may depend
on a single enzyme. A transgenic approach for modifying or improving this enzyme
with benefit for the relevant phytotechnology, is therefore conceivable. Examples
reported in literature concern engineering herbicide tolerance, since these com-
pounds are completely assimilable to environmental xenobiotics. For instance,
Diderjean et al. (2002) reported of a successful transgenic approach with a gene for
cytochrome P450, involved in Phase I of the metabolism. The gene chosen is induc-
ible by chemical stress (metals and drugs) in Jerusalem artichoke, and it conferred
resistance to phenyl urea upon transfer in the sensitive species tobacco and
Arabidopsis. This gene may further be considered a useful tool for phytotransfor-
mation application in case of contamination by herbicides in soils and water.
The following example is not concerned strictly phytoremediation, but rather phy-
tomonitoring of organic compounds with a transgenic approach. The Danish com-
pany Aresa Biotechnology has developed a GM plant of Arabidopsis thaliana which
can detect nitrogen dioxide emitted by explosives and signal this contact by chang-
ing to red color (Anonymous 2002). The proposed application would be that of
growing plants in areas affected by anti-personnel mines in order to contribute to
decontamination of the site. The performance of a transgenic system coupling bac-
terial arsenate reductase arsC and gshl genes to improve arsenate removal from soil
was inspected in A. thaliana (Dhankher et al. 2002). The ArsC/y- ECS plants
showed substantially greater tolerance to arsenate and accumulation of arsenic
oxyanions in shoots (predominantly as [glutathione]3AsIII) from arsenate-contain-
ing hydroponic solutions than did the control WT and/or gshl-only-transformed
plants. In transgenic plants of Indian mustard (Brassica juncea), and increase in the
expression of the GSH biosynthetic pathways led to an increase in PC biosynthesis
and Cd tolerance (Yang et al. 2005; Zhu et al. 1999).

Uptake and evaporation of Hg is achieved by some bacteria. The bacterial genes
responsible have already been transferred to Brassica species and these transgenic
plants may become useful in cleaning Hg- contaminated soils (Meager et al. 2000).
The biodegradation of explosives by transgenic plants expressing pentaerythritol
tetranitrate reductase (French et al. 1999) is the classical example of the exploitation
of a bacterial gene for phytoremediation. More recently, plants have been con-
structed that express bacterial enzymes capable of TNT transformation and RDX
(hexahydro-1,3,5-trinitro-1,3,5 triazine, an explosive nitroamine widely used in
military and industrial applications) degradation (Bruce 2007).

5.8 Future Research Perspectives

Heavy metal hyperaccumulators have received increased attention in recent years, due
to the potential of using these plants for phytoremediation of soil contaminated with
metals. However, there are some limitations for this technology to become efficient
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and cost-effective on a commercial scale, as most of the metal hyperaccumulating
plants identified have small biomass, and are not very adaptable to harsh environment.
These limitations can be overcome by using biotechnological approaches for enhanc-
ing phytoremediation in plants. The problem of low biomass phytoremediators can be
overcome by increasing plant yield and metal uptake by engineering common plants
with hyperaccumulating genes. Transgenic plants which can convert toxic mercury
compounds to volatile and less toxic forms and crucifer plant species with tolerance
to high concentration of metals have been produced. Overexpression of proteins
involved in intracellular metal sequestration may significantly increase metal accumu-
lation and subcellular storage. Transgenic plants may enhance remediation of con-
taminated soil with obvious benefits, yet some question arises about their techno
economic perspective and environmental safety. The potential of engineered plants
for phytoremediation should be thus demonstrated in field trials. The ecological
impact and underlying economics of phytoremediation with transgenics should be
carefully evaluated and weighted against known disadvantages of conventional
remediation techniques. A multidisciplinary research effort that integrates the work
of plant biologists, microbiologists, soil chemists and environmental engineers is
essential for greater success of phytoremediation technique.

References

Alloway BJ (1990) Heavy metals in soil. Blackie and Son, London, pp 1-339

Anamika S, Eapen S, Fulekar MH (2009) Phytoremediation of cadmium, lead and zinc by Brassica
juncea L. Czern and Coss. J Appl Biosci 13:726-736

Anderson CWN, Brooks RR, Stewart RB, Simcock R (1998) Harvesting a crop of gold in plants.
Nature 395:553-554

Anonymous (2003) Phytoremediation session at the 19th annual international conference on soils,
sediments, and water, phytoremediation session, Amherst, MA, USA, October 20-23, 2003.
Int J Phytoremediation 5:399-404

Arazi T, Sunkar R, Kaplan B, Fromm H (1999) A tobacco plasma membrane calmodulin-binding
transporter confers Ni2+ tolerance and Pb2+ hypersensitivity in transgenic plants. Plant J
20:171-182

Assuncao AGL, DaCosta Martin P, De Folter S, Voolis R, Schat H, Aarts MGM (2001) Elevated
expression of metal transporter genes in three accessions of the metal hyperaccumulator
Thiaspi caerulescens. Plant Cell Environ 24:217-226

Baker AJM, McGrath SP, Sidoli CMD, Reeves RD (1994) The possibility of insitu heavy metal
decontamination of polluted soils using crops of metal-accumulating plants. Resour Conserv
Recycl 11:41-49

Banuelos G, Terry N, Leduc DL, Pilon-Smits EAH, Mackey B (2005) Field trial of transgenic
Indian mustard plants shows enhanced phytoremediation of selenium-contaminated sediment.
Environ Sci Technol 39:1771-1777

Bafiuelos GS, Ajwa HA, Terry N, Zayed A (1997) Phytoremediation of selenium laden soils: a
new technology. J Soil Water Conserv 52(6):426-430

Barac T, Taghavi S, Borremans B, Provoost A, Oeyen L, Colpaert JV, Vangronsveld J, vander Lelie
D (2004) Engineered endophytic bacteria improve phytoremediation of water soluble, volatile,
organic pollutants. Nat Biotechnol 22:583-588

Barroso C, Vega J, Gotor C (1995) A new member of the cytosolic O-acetylserine(thiol)lyase gene
family in Arabidopsis thaliana. FEBS Lett 363:1-5



84 B. Pathak et al.

Bazirmakenga R, Siomard RR, Leroux GD (1995) Determination of organic acids in soil extracts
by ion chromatography. Soil Biol Biochem 27:349-356

Bennett LE, Burkhead JL, Hale KL, Terry N, Pilon M, Pilon-Smits EAH (2003) Analysis of trans-
genic Indian mustard plants for phytoremediation of metal contaminated mine tailings. J
Environ Qual 32:432-440

Bert V, Macnair MR, de Laguerie P, Saumitou-Laprade P, Petit D (2000) Zinc tolerance and
accumulation in metallicolous and nonmetallicolous populations of Arabidopsis halleri
(Brassicaceae). New Phytol 146:225-233

Bizily SP, Rugh CL, Summers AO, Meagher RB (1999) Phytoremediation of methyl mercury
pollution: merB expression in Arabidopsis thaliana confers resistance to organomercurials.
Proc Natl Acad Sci U S A 96:6808-6813

Bizily SP, Rugh CL, Meagher RB (2000) Phytodetoxification of hazardous organomercurials by
genetically engineered plants. Nat Biotechnol 18:213-217

Boominathan R, Doran PM (2003) Cadmium tolerance and antioxidative defenses in hairy roots of
the cadmium hyperaccumulator, Thlaspi caerulescens. Biotechnol Bioeng 83:158-167

Brewer EP, Saunders JA, Angle JS, Chaney RL, McIntosh MS (1999) Somatic hybridization
between the zinc accumulator Thlaspi caerulescens and Brassica napus. Theor Appl Genet
99:761-771

Brooks RR (1998) General introduction. In: Brooks RR (ed) Plants that hyperaccumulate heavy
metals. CABI, Wallingford, pp 1-14

Brooks RR (1998) Plants that hyperaccumulate heavy metals. CAB International, Wallingford

Brown ME (1974) Seed and root bacterization. Ann Rev Phytopathol 12:181-197

Brown SL, Chaney RL, Angle JS, Baker AJIM (1995) Zinc and cadmium uptake by hyperaccumu-
lator Thlaspi caerulescens grown in nutrient solution. Soil Sci Soc Am J 59:125-133

Burd GI, Dixon DG, Glick BR (1998) A plant growth promoting bacterium that decreases nickel
toxicity in plant seedlings. Appl Environ Microbiol 64:3663-3668

Clemens S (2006) Toxic metal accumulation, responses to exposure and mechanisms of tolerance
in plants. Biochimie 88:1707-1719

Clemens S, Kim EJ, Neumann D, Schroeder JI (1999) Tolerance to toxic metals by a gene family
of phytochelatin synthases from plants and yeast. EMBO J 18:3325-3333

Clemens S, Palmgren M, Kriamer U (2002) A long way ahead: understanding and engineering
plant metal accumulation. Trends Plant Sci 7:309-315

Cobbett C, Goldsbrough P (2002) Phytochelatins and metallothioneins: roles in heavy metal
detoxification and homeostasis. Annu Rev Plant Physiol Plant Mol Biol 53:159-182

Crameri A, Dawes G, Rodriguez E, Silver S, Stemmer WPC (1997) Molecular evolution of an
arsenate detoxification pathway by DNA shuffling. Nat Biotechnol 15:436-438

Davies KL, Davies MS, Francis D (1991) The influence of an inhibitor of phytochelatin synthesis
on root growth and root meristematic activity in Festuca rubra L. in response to zinc. New
Phytol 118:565-570

Davison J (1988) Plant beneficial bacteria. Bio/technol 6:282-286

De Souza MP, Pilon-Smits EAH, Lytle CM, Hwang S, Tai J, Honma TSU, Yeh L, Terry N (1998)
Rate-limiting steps in selenium assimilation and volatilization by Indian mustard. Plant Physiol
117:1487-1494

Dhankher OP, Li Y, Rosen BP, Shi J, Salt D, Senecoff JF et al (2002) Engineering tolerance and
hyperaccumulation of arsenic in plants by combining arsenate reductase and y- glutamylcyste-
ine synthetase expression. Nat Biotechnol 20:1140-1145

Diderjean L, Gondet L, Perkins R, Lau SMC, Schaller H, O’Keefe DP, Werck-Reickhart D (2002)
Engineering herbicide metabolism in tobacco and Arabidopsis with CYP76B1, a cytochrome
P450 enzyme from Jerusalem artichoke. Plant Physiol 130:179-189

Dominguez-Solis JR, Lépez-Martin MC, Ager FJ, Ynsa MD, Romero LC, Gotor C (2004)
Increased cysteine availability is essential for cadmium tolerance and accumulation in
Arabidopsis thaliana. Plant Biotechnol J 2:469-476

Doty SL (2008) Enhancing phytoremediation through the use of transgenics and endophytes. New
Phytol 179:318-333



5 Biotechnological Strategies for Enhancing Phytoremediation 85

Eapen S, D’Souza SF (2005) Prospects of genetic engineering of plants for phytoremediation of
toxic metals. Biotechnol Adv 23:97-114

Eapen S, Singh S, D’Souza S (2007) Advances in development of transgenic plants for remediation
of xenobiotic pollutants. Biotechnol Adv 25:442-451

Ebbs SD, Kochian LV (1997) Toxicity of zinc and copper to Brassica species. Implication for
phytoremediation. J Environ Qual 26:776-781

Eide D, Broderius M, Fett JM, Guerinot ML (1996) A novel iron- regulated metal transporter from
plants identified by functional expression in yeast. Proc Natl Acad Sci 93(11):5624-5628

Ellis DR, Sors TG, Brunk DG, Albrecht C, Orser C, Lahner B et al (2004) Production of
Se-methylselenocysteine in transgenic plants expressing selenocysteine methyltransferase.
BMC Plant Biol 4:1-11

Escarré J, Lefebvre C, Gruber W, Lablanc M, Leport J, Riviere Y, Delay B (2000) Zinc and cadmium
hyperaccumulation by Thilaspi caerulescens from metalliferous and nonmetalliferous sites in
the Mediterranean area: implications for phytoremediation. New Phytol 145:429-437

Evans KM, Gatehouse JA, Lindsay WP, Shi J, Tommey AM, Robinson NJ (1992) Expression of
the pea metallothionein like gene PsMTA in Escherichia coli and Arabidopsis thaliana and
analysis of trace metal ion accumulation: implications for gene PsMTA function. Plant Mol
Biol 20:1019-1028

Ezaki B, Gardner RC, Ezaki Y, Matsumoto H (2000) Expression of aluminium induced genes in
transgenic Arabidopsis plants can ameliorate aluminium stress and/or oxidative stress. Plant
Physiol 122:657-665

Field JA, Thurman EM (1996) Glutathione conjugation and contamination transformation. Environ
Sci Technol 30:1413-1418

Fischerové Z, Tlusto§ P, Szakov4 J, Sichorové K (2006) A comparison of phytoremediation capa-
bility of selected plant species for given trace elements. Environ Pollut 144:93—100

Freeman JL, Salt DE (2007) The metal tolerance profile of Thlaspi goesingense is mimicked in
Arabidopsis thaliana heterologously expressing serine acetyl-transferase. BMC Plant Biol 7:63

French CE, Rosser SJ, Davies GJ, Nicklin S, Bruce NC (1999) Biodegradation of explosives by
transgenic plants expressing pentaerythritol tetranitrate reductase. Nat Biotechnol
17:491-494

Fulekar MH, Singh A, Bhaduri AM (2009) Genetic engineering strategies for enhancing phytore-
mediation of heavy metals. Afr J Biotechnol 8(4):529-535

Gasic K, Korban SS (2007) Transgenic Indian mustard (Brassica juncea) plants expressing an
Arabidopsis phytochelatin synthase (AtPCS1) exhibit enhanced As and Cd tolerance. Plant
Mol Biol 64:361-369

Gekeler W, Grill E, Winnacker EL, Zenk MH (1998) Algae sequester heavy metals via synthesis
of phytochelatin complexes. Arch Microbiol 105:197-202

Gisbert C, Clemente R, Navarro-Aviiio JP, Baixauli C, Gines A, Serrano R, Walker DJ, Bernal MP
(2006) Tolerance and accumulation of heavy metals by Brassicaceae species grown in contami-
nated soils from Mediterranean regions of Spain. Environ Exp Bot 56:19-27

Glick BR (2003) Phytoremediation: synergistic use of plants and bacteria to clean up the environment.
Biotechnol Adv 21:383-393

Glick BR, Penrose DM, Li J (1998) A model for the lowering of plant ethylene concentrations by
plant growth promoting bacteria. J Theor Biol 190:63-68

Glick BR, Patten CL, Holguin G, Penrose DM (1999) Biochemical and genetic mechanisms used
by plant growthpromoting bacteria. Imperial College, London

Glimelius K (1984) High growth rate and regeneration capacity of hypocotyl protoplasts in some
Brassicaceae. Plant Physiol 61:38—44

Glimelius K (1999) Somatic hybridization. In: Gomez- Campo C (ed) Biology of Brassica
Coenospecies. Elsevier Science, Amsterdam, pp 107-148

Gong J, Lee DA, Schroeder JI (2003) Long-distance root-to-shoot transport of phytochelatins and
cadmium in Arabidopsis. Proc Natl Acad Sci U S A 100:10118-10123

Grichko VP, Filby B, Glick BR (2000) Increased ability of transgenic plants expressing the enzyme
ACC deaminase to accumulate Cd, Co, Cu, Ni, Pb and Zn. J Biotechnol 81:45-53



86 B. Pathak et al.

Grill E (1989) Phytochelatins in plants. In: Hammer DH, Winge DR (eds) Metal ion homeostasis:
molecular biology and chemistry. Alan R. Liss, New York, pp 283-300

Grotz M, Fox T, Connolly E, Park W, Guerinot ML, Eide D (1998) Identification of a family of Zn
transporter genes from Arabidopsis that responds to zinc deficiency. Proc Natl Acad Sci (U S A)
95:7220-7224

Guerinot ML, Eide D (1999) Zeroing in on zinc uptake in yeast and plants. Curr Opin Plant Biol
2:244-249

Guo JB, Dai XJ, Xu WZ, Ma M (2008) Overexpressing GSH1 and AsPCS1 simultaneously
increases the tolerance and accumulation of cadmium and arsenic in Arabidopsis thaliana.
Chemosphere 72:1020-1026

Ha SB, Smith AP, Howden R, Dietrich WM, Bugg S, O’Connell MJ, Goldsbrough PB, Cobbett CS
(1999) Phytochelatin synthase genes from Arabidopsis and the yeast Schizosaccharomyces
pombe. Plant Cell 11:1153-1163

Heiss S, Schifer HJ, Haag-Kerwer A, Rausch T (1999) Cloning sulfur assimilation genes of
Brassica juncea L.: cadmium differentially affects the expression of a putative low-affinity
sulfate transporter and isoforms of ATP sulfurylase and APS reductase. Plant Mol Biol
39:847-857

Hirschi KD, Korenkov VD, Wilganowski NL, Wagner GJ (2000) Expression of Arabidopsis
CAX2 in tobacco. Altered metal accumulation and increased manganese tolerance. Plant
Physiol 124:125-133

Hopper JL, Parker DR (1999) Plant availability of selenate and selenate as influenced by the com-
peting ions phosphate and sulfate. Plant Soil 210:199-207

Howarth JR, Dominguez-Solis JR, Gutiérrez-Alcald G, Wray JL, Romero LC, Gotor C (2003)
The serine acetyltransferase gene family in Arabidopsis thaliana and the regulation of its
expression by cadmium. Plant Mol Biol 51:589-598

Howden R, Andersen CR, Goldsbrough PB, Cobbett CS (1995) A cadmium-sensitive, glutathione-
deficient mutant of Arabidopsis thaliana. Plant Physiol 107:1067-1073

Hsieh JL, Chen CY, Chiu MH, Chein MF, Chang JS, Endo G, Huang CC (2009) Expressing a
bacterial mercuric ion binding protein in plant for phytoremediation of heavy metals. J Hazard
Mater 161(2-3):920-925

Huang JW, Blaylock MJ, Kapulnik Y, Ensley BD (1998) Phytoremediation of uranium-
contaminated soils: role of organic acids in triggering uranium hyperaccumulation in plants.
Environ Sci Technol 32:2004-2008

Hughes JB, Shanks J, Vanderford M, Lauritzen J, Bhadra R (1997) Transformation of TNT by
aquatic plants and tissue cultures. Environ Sci Technol 31:266-271

Ike A, Sriprang R, Ono H, Murooka H, Yamashita M (2007) Bioremediation of cadmium contami-
nated soil using symbiosis between leguminous plant and recombinant rhizobia with the MTL4
and the PCS genes. Chemosphere 66:1670-1676

Jadia CD, Fulekar MH (2009) Phytoremediation of heavy metals: recent techniques. Afr J
Biotechnol 8:921-928

Janssen DB, Pries F, van der Ploeg JR (1994) Genetics and biochemistry of dehalogenating
enzymes. Annu Rev Microbiol 48:163-191

Jiménez-Ambriz G, Petit C, Bourri€ I, Dubois S, Olivieri I, Ronce O (2007) Life history variation
in the heavy metal tolerant plant Thalaspi caerulescens growing in a network of contaminated
and noncontaminated sites in southern France: role of gene flow, selection and phenotypic
plasticity. New Phytol 173:199-215

Jordan FL, Robin-Abbott M, Maier RM, Glenn EP (2002) A comparison of chelator-facilitated
metal uptake by a halophyte and a glycophyte. Environ Toxicol Chem 21:2698-2704

Khan AG (2005) Role of soil microbes in the rhizospheres of plants growing on trace metal con-
taminated soils in phytoremediation. J Trace Elem Med Biol 18:355-364

Khan R, Bhawana P, Fulekar MH (2012) Microbial decolorization and degradation of synthetic
dyes: a review. Rev Environ Sci Biotechnol. doi:10.1007/s11157-012-9287-6

Kloepper JW, Lifshitz R, Zablotowicz RM (1989) Free-living bacterial inocula for enhancing crop
productivity. Trends Biotechnol 7:39-43


http://dx.doi.org/10.1007/s11157-012-9287-6

5 Biotechnological Strategies for Enhancing Phytoremediation 87

Kneer R, Zenk MH (1992) Phytochelatins protect plant enzymes from heavy metal poisoning.
Phytochemistry 31:2662-2667

Kohler C, Merkle T, Neuhaus G (1999) Characterization of a novel gene family of putative cyclic
nucleotides and calmodulin-regulated ion channels in Arabidopsis thaliana. Plant J 18:97-104

Korenkov V, Hirschi K, Crutchfield JD, Wagner GJ (2007) Enhancing tonoplast Cd/H antiport
activity increases Cd Zn, and Mn tolerance, and impacts root/shoot Cd partitioning in
Nicotianatabacum L. Planta 226:1379-1387

Kotrba P, Macek T, Ruml T (1999) Heavy metal-binding peptides and proteins in plants. A review.
Collect Czech Chem Commun 64:1057-1086

Kotrba P, Najmanova J, Macek T, Ruml T, Mackova M (2009) Genetically modified plants in
phytoremediation of heavy metal and metalloid soil and sediment pollution. Biotechnol Adv
27:799-810

Kramer U, Cotter-Howells JD, Charnock JM, Baker AJM, Smith AC (1996) Free histidine as
metal chelator in plants that accumulate nickel. Nature 379:635-638

Kumar NPBA, Dushenkov V, Motto H, Raskin I (1995) Phytoextraction: the use of plants to
remove heavy metals from soils. Environ Sci Technol 92:1232-1238

Lambert B, Joos H (1989) Fundamental aspects of rhizobacterial plant growth promotion research.
Trends Biotechnol 7:215-219

Lasat MM, Pence NS, Garvin DF, Ebbs SD, Kochian LV (2000) Molecular physiology of zinc
transport in the Zn hyperaccumulator Thlaspi caerulescens. J Exp Bot 51:71-79

Lasat MM (2002) Phytoextraction of toxic metals: a review of biological mechanisms. J Environ
Qual 31:109-120

Lasat MM, Ebbs SD, Kochian LV (1997) Potential for phytoextraction of 137Cs from contami-
nated soils. Plant Soil 195:99-106

LeDuc DL, Tarun AS, Montes-Bayon M, Meija J, Malit MF, Wu CP et al (2004) Overexpression
of selenocysteine methyltransferase in Arabidopsis and Indian mustard increases selenium
tolerance and accumulation. Plant Physiol 135:377-383

LeDuc DL, Norman T (2005) Phytoremediation of toxic trace elements in soil and water. J Ind
Microbiol Biotechnol 32:514-520

LeDuc DL, AbdelSamie M, Mdéntes-Bayon M, Wu CP, Reisinger SJ, Terry N (2006) Overexpressing
both ATP sulfurylase and selenocysteine methyltransferase enhances selenium phytoremediation
traits in Indian mustard. Environ Pollut 144:70-76

Leopold I, Guenther D, Schmidt J, Neumann D (1999) Phytochelatins and heavy metal tolerance.
Phytochemistry 50:1323-1328

Leustek T (1996) Molecular genetics of sulfate assimilation in plants. Physiol Plant 97:411-419

LiZS, Szcypka M, Lu YP, Thiele DJ, Rea PA (1996) The yeast cd factor protein (Y FC1) is a vacuolar
glutathione-S-conjugate pump. J Biol Chem 271:6509-6517

Macek T, Kotrba P, Svatos A, Novakova M, Demnerova K, Mackova M (2008) Novel roles for
genetically modified plants in environmental protection. Trends Biotechnol 26:146-152

Macnair MR (1993) The genetics of metal tolerance in vascular plants. New Phytol 124:541-559

Macnair MR, Bert V, Huitson SB, Saumitou-Laprade P, Petit D (1999) Zn tolerance and hyperac-
cumulation are genetically independent characters. Proc R Soc Lond B 266:2175-2179

Madejon P, Murillo JM, Maranon T, Valdes B, Rossini Oliva S (2005) Thallium accumulation in
floral structures of Hirschfeldiaincana (L.) Lagréze-Fossat (Brassicaceae). Bull Environ
Contam Toxicol 74:1058-1064

Madejon P, Murillo JM, Maranon T, Lepp NW (2007) Factors affecting accumulation of thallium
and other trace elements in two wild Brassicaceae spontaneously growing on soils contami-
nated by tailings dam waste. Chemosphere 67:20-28

Marchiol L, Asssolari S, Sacco P, Zerbi G (2004) Phytoremediation of heavy metals by canola
(Brassica napus) and radish (Raphanussativus) grown on multi contaminated soil. Environ
Pollut 132:21-27

McGrath SP, Zhao FJ, Lombi E (2002) Phytoremediation of metals, metalloids and radionuclides.
Adv Agron 75:1-56



88 B. Pathak et al.

McNair MR, Tilstone GH, Smith SS (2000) The genetics of metaltolerance and accumulation in
higher plants. In: Terry N, Bafiuelos GS (eds) Phytoremediation of contaminated soil and
water. Lewis Publishers, Boca Raton, pp 235-250

Meagher RB, Rugh CL, Kandasamy MK et al (2000) Engineered phytoremediation of mercury
pollution in soil and water using bacterial genes. In: Terry N, Bafiuelos G (eds) Phytoremediation
of contaminated soil and water. CRC Press/Lewis, Boca Raton

Mendoza-Cézatl DG, Butko E, Springer F, Torpey JW, Komives EA, Kehr J et al (2008)
Identification of high levels of phytochelatins, glutathione and cadmium in the phloem sap of
Brassica napus. A role for thiol-peptides in the long-distance transport of cadmium and the
effect of cadmium on iron translocation. Plant J 54:249-259

Meyer A, Fricker M (2002) Control of demand-driven biosynthesis of glutathione in green
Arabidopsis suspension culture cells. Plant Physiol 130:1927-1937

Mishra D, Kar M (1974) Nickel in plant growth and metabolism. Bot Rev 40:395-452

Mukhopadhyay S, Maiti SK (2010) Phytoremediation of metal enriched mine waste: a review.
Global J Environ Res 4(3):135-150

Naested H, Fennema M, Hao L, Anderson M, Janssen DB, Mundy J (1999) A bacterial haloalkane
dehydrogenase gene as a negative selectable marker in Arabidopsis. Plant J 18:571-576

Neuhierl B, Thanbichler M, Lottspeich F, Bock A (1999) A family of S-methylmethionine depen-
dent thiol/selenol methyltransferases. Role in selenium tolerance and evolutionary relation.
J Biol Chem 274:5407-5414

Nouairi I, Ammar WB, Youssef NB, Daoud DBM, Ghorbal MH, Zarrouk M (2006) Comparative
study of cadmium effects on membrane lipid composition of Brassica juncea and Brassica
napus leaves. Plant Sci 170:511-519

Palmer CE, Keller WA (1994) In vitro culture of oilseeds. In: Vasil K, Thorpe TA (eds) Plant cell
and tissue culture. Kluwer, Dordrecht, pp 413455

Palmer CE, Warwick S, Keller W (2001) Brassicaceae (Cruciferae) family, plant biotechnology,
and phytoremediation. Int J Phytoremediation 3:245-287

Patten CL, Glick BR (1996) Bacterial biosynthesis of indole-3-acetic acid. Can J Microbiol
42:207-220

Pence HS, Larsen PB, Ebbs SD, Letham DLD, Lasat MM, Garvin DF, Eide D, Kochian LV (2000)
The molecular physiology of metal transporter in the Zn/Cd hyperaccumulator, Thlaspi
caerulescens. Proc Natl Acad Sci U S A 97:4956-4960

Peterson AG, Oliver DJ (2006) Leaf-targeted phytochelatin synthase in Arabidopsis thaliana. Plant
Physiol Biochem 44:885-892

Picault N, Cazalé AC, Beyly A, Cuiné S, Carrier P, Luu DT et al (2006) Chloroplast targeting of
phytochelatin synthase in Arabidopsis: effects on heavy metal tolerance and accumulation.
Biochimie 88:1743-1750

Pilon-Smits EAH, Pilon M (2000) Breeding mercury-breathing plants for environmental cleanup.
Trends Plant Sci 5:235-236

Pilon-Smits EAH, Pilon M (2002) Phytoremediation of metals using transgenic plants. Crit Rev
Plant Sci 21:439-456

Pilon-Smits EA, Hwang S, Mel Lytle C, Zhu Y, Tai JC, Bravo RC et al (1999) Overexpression of
ATP sulfurylase in Indian mustard leads to increased selenate uptake, reduction, and tolerance.
Plant Physiol 119:123-132

Pilon-Smits EAH, Zhu YL, Sears T, Terry N (2000) Overexpression of glutathione reductase in
Brassica juncea: effects on cadmium accumulation and tolerance. Physiol Plant 110:455-460

Rea PA, Li ZS, Lu YP, Drozdowicz YM, Martinoia E (1998) From vacuolar GSX pumps to multi-
specific ABC transporters. Annu Rev Plant Physiol Plant Mol Biol 99:727-760

Reeves R, Baker A (2000) Metal accumulating plants. In: Raskin I, Ensley BD (eds)
Phytoremediation of toxic metals: using plants to clean up the environment. Wiley, New York,
pp 193-229

Robinson BH, LeBlanc M, Petit D, Brooks RR, Kirkman JH, Gregg PEH (1998) The potential of
Thlaspi caerulescens for phytoremediation of contaminated soils. Plant Soil 203:47-56



5 Biotechnological Strategies for Enhancing Phytoremediation 89

Rogers EE, Eide DJ, Guerinot ML (2000) Altered selectivity in an Arabidopsis metal transporter.
Proc Natl Acad Sci U S A 97:12356-12360

Rout GR, Samantaray S, Das P (1999) In vitro selection and biochemical characterization of zinc
and manganese adapted callus lines in Brassica spp. Plant Sci 137:89-100

Rubio F, Gassmann W, Schroeder JI (1995) Sodium driven potassium uptake by the plant potassium
transporter HKT1 and mutations conferring salt tolerance. Science 270:1660-1663

Rugh CL, Wilde HD, Stack NM, Thompson DM, Summers AO, Meagher RB (1996) Mercuric ion
reduction and resistance in transgenic Arabidopsis thaliana plants expressing a modified bacte-
rial merA gene. Proc Natl Acad Sci U S A 93:3182-3187

Rugh CL, Senecoff JF, Meagher RB, Merkle SA (1998) Development of transgenic yellow poplar
for mercury phytoremediation. Nat Biotechnol 16:925-928

Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol
49:643-668

Sanita-di Toppi L, Gabbrielli R (1999) Response to cadmium in higher plants. Environ Expt Bot
41:105-130

Sasaki Y, Hayakawa T, Inoue C, Miyazaki A, Silver S, Kusano T (2006) Generation of mercury
hyperaccumulating plants through transgenic expression of the bacterial mercury membrane
transport protein MerC. Transgenic Res 15:615-625

Schifer HJ, Greiner S, Rausch T, Haag-Kerwer A (1997) In seedlings of the heavy metal accumu-
lator Brassica juncea Cu2+ differentially affects transcript amounts for y-glutamylcysteine
synthetase (y-ECS) and metallothionein (MT2). FEBS Lett 404:216-220

Schat H, Ten-Bookum WM (1992) Genetic control of copper tolerance in Silene vulgaris. Heredity
68:219-229

Schat H, Vooijs R (1997) Multiple tolerance and co-tolerance to heavy metals in Silene vulgaris:
a co-segregation analysis. New Phytol 136:489-496

Schiavon M, Pittarello M, Pilon-Smits EAH, Wirtz M, Hell R, Malagoli M (2012a) Selenate and
molybdate alter sulfate transport and assimilation in Brassica juncea L. Czern.: implications for
phytoremediation. Environ Exp Bot 75:41-51

Schiavon M, Galla G, Wirtz M, Pilon-Smits EA, Telatin V, Quaggiotti S, Hell R, Barcaccia G,
Malagoli M (2012b) Transcriptome profiling of genes differentially modulated by sulfur and
chromium identifies potential targets for phytoremediation and reveals a complex S-Cr inter-
play on sulfate transport regulation in B. juncea. J Hazard Mater 239-240:192-205

Schultz CL, Hutchinson TC (1998) Evidence for a key role for metallothionein-like protein in the
copper tolerance of Deschampsia caespitosa (L.) Beauv. New Phytol 110:163-172

Schnug E (1993) Physiological functions, environmental relevance of sulfurcontaining secondary
metabolites. In: De Kok LJ, Stulen I, Rennenberg H, Brunold C, Rauser W (eds) Sulfur nutri-
tion and sulfur assimilation in higher plants: regulatory agricultural, environmental aspects.
SPB Academic Publishing, The Hague, pp 179-190

Schnug E (1997) Significance of sulphur for the quality of domesticated plants. In: Cram WJ, De
Kok LJ, Brunold C, Rennenberg H (eds) Sulphur metabolism in higher plants: molecular eco-
physiological, nutritional aspects. Backhuys Publishers, Leiden, pp 109-130

Selvam A, Wong JWC (2009) Cadmium uptake potential of Brassica napus cocropped with
Brassica parachinensis and Zea mays. J Hazard Mater 167:170-177

Sjodin C (1992) Brassicaceae, a family well suited for modern biotechnology. Acta Agric Scand
42:197-207

Steffen JC (1990) The heavy metal building peptides of plants. Annu Rev Plant Physiol Plant Mol
Biol 41:553-575

Stephan UW, Scholz G (1993) Nicotianamine: mediator of transport of iron and heavy metals in
the phloem. Physiol Plant 88:522-529

Sunkar R, Kaplan B, Bouché N, Arazi T, Dolev D, Talke IN et al (2000) Expression of a truncated
tobacco NtCBP4 channel in transgenic plants and disruption of the homologous Arabidopsis
CNGCl gene confer Pb2+ tolerance. Plant J 24:533-542

Szczygtowska M, Piekarska A, Konieczka P, Namiesnik J (2011) Use of Brassica plants in the
phytoremediation and biofumigation processes. Int J Mol Sci 12:7760-7771



90 B. Pathak et al.

Taghavi S, Barac T, Greenberg B, Borremans B, Vangronsveld J, vanderLelie D (2005) Horizontal
gene transfer to endogenous endophytic bacteria from poplar improves phytoremediation of
toluene. Appl Environ Microbiol 71:8500-8505

Tappero R, Peltier E, Grafe M, Heidel K, Ginder-Vogel M, Livi KIT et al (2007) Hyperaccumulator
Alyssum murale relies on a different metal storage mechanism for cobalt than for nickel. New
Phytol 175:641-654

Thomasini R, Vogt E, Fromenteau M, Hortensteiner S, Matile P, Amrhein N, Martinoia E (1998)
An ABC transporter of Arabidopsis thaliana has both glutathione conjugate and chlorophyll
catabolite transporter activity. Plant J 13:773-780

Thomine S, Wang RC, Ward JM, Crawford NM, Schroeder JI (2000) Cadmium and iron transport
by members of a plant metal transporter family in Arabidopsis with homology to Hramp genes.
Proc Natl Acad Sci (U S A) 97:4991-4996

Van der Zaal BJ, Neuteboom LW, Pinas JE, Chardonnens AN, Schat H, Verkleij JAC, Hooykaas
PJJ (1999) Overexpression of a novel Arabidopsis gene related to putative zinc-transporter
genes from animals can lead to enhanced zinc resistance and accumulation. Plant Physiol
119(1047):1056

Van Huysen T, Abdel-Ghany S, Hale KL, LeDuc D, Terry N, Pilon-Smits EA (2003) Overexpression
of cystathionine-gamma-synthase enhances selenium volatilization in Brassica juncea. Planta
218:71-78

Vasak M (2005) Advances in metallothionein structure and functions. J Trace Elem Med Biol
19:13-17

Vatamaniuk OK, Mari S, Lu YP, Rea PA (1999) AtPCSI1, a phytochelatin synthase from
Arabidopsis: isolation and in vitro reconstitution. Proc Natl Acad Sci (U S A) 96:7110-7115

Wangeline AL, Burkhead JL, Hale KL, Lindblom SD, Terry N, Pilon M et al (2004) Overexpression
of ATP sulfurylase in Indian mustard: effects on tolerance and accumulation of twelve metals.
J Environ Qual 33:54-60

Weyens N, vanderLelie D, Taghavi S, Vangronsveld J (2009) Phytoremediation: plant endophyte
partnership stake the challenge. Curr Opin Biotechnol 20:248-254

Weyens N, Croes S, Dupae J, Newmanb L, vanderLelie D, Carleer R, Vangronsveld J (2010)
Endophytic bacteria improve phytoremediation of Ni and TCE co-contamination. Environ
Pollut 158:2422-2427

Wijnhoven S, Leuven R, Van Der Velde G, Jungheim G, Koelemij E, De Vries F et al (2007) Heavy-
metal concentrations in small mammals from a diffusely polluted floodplain: importance of
species- and location-specific characteristics. Arch Environ Contam Toxicol 52:603-613

Xiang C, Oliver DJ (1998) Glutathione metabolic genes coordinately respond to heavy metals and
jasmonic acid in Arabidopsis. Plant Cell 10:1539-1550

Yang X, Jin XF, Feng Y, Islam E (2005) Molecular mechanisms and genetic bases of heavy metal
tolerance/hyperaccumulation in plants. J Integr Plant 47:1025-1035

Zaier H, Tahar G, Abelbasset L, Rawdha B, Rim G, Majda M, Souhir S, Stanley L, Chedly A
(2010) Comparative study of Pb-phytoextraction potential in Sesuvium portulacastrum and
Brassica juncea: tolerance and accumulation. J] Hazard Mater 183(1-3):609-615

Zenk MH (1996) Heavy metal detoxification in higher plants: a review. Gene 179:21-30

Zhu YL, Pilon-Smits EAH, Tarun AS, Weber SU, Jouanin L, Terry N (1999) Cadmium tolerance
and accumulation in Indian mustard is enhanced by overexpressing glutamylcysteine synthe-
tase. Plant Physiol 121:1169-1177

Zhu YL, Pilon-Smits EA, Jouanin L, Terry N (1999a) Overexpression of glutathione synthetase in
Indian mustard enhances cadmium accumulation and tolerance. Plant Physiol 119:73-80

Zhu YL, Pilon-Smits EA, Tarun AS, Weber SU, Jouanin L, Terry N (1999b) Cadmium tolerance
and accumulation in Indian mustard is enhanced by overexpressing y-glutamylcysteine synthetase.
Plant Physiol 121:1169-1178



Chapter 6
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Abstract Cruciferous crops are now cultivated throughout the world beyond their
natural centres of diversity. The close evolutionary relationship of Arabidopsis has
underpinned genome analysis and our current understanding of genome organisa-
tion and evolution within the Brassicaceae. Translating this reference information
into crop species such as Brassica, of more recent polyploid origin and containing
multiple paralogous and homoeologous gene copies, remains a challenge. Brassica
experimental resources have enabled analysis of whole genome sequence data in
combination with cytological approaches, This has revealed a series of large and
small-scale duplication events driving a pattern of recursive paleopolyploidization,
with genome triplication elegantly demonstrated in the B. rapa genome sequence.
Progressive resolution and integration of genetic, physical and sequence maps
underpins assignment of functional genes and regulatory networks to agronomic
traits. High throughput sequencing now enables transcriptome mapping, associative
transcriptomics and advanced eQTL analysis. Prospects for the future of genome
analysis in cruciferous crops are considered. It is now possible to explore the role of
epigenetic variation in modulating gene function and plasticity associated with phe-
notypic response to the environment.
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6.1 Introduction

Cruciferous species are geographically widely distributed, with various crop types now
cultivated throughout the world beyond their natural centres of diversity. As outlined
elsewhere in this volume, they are typified by their wide range of morphological forms,
especially within the genus Brassica. This diversity (Gomez-Campo 1999), with a rep-
ertoire incorporating proliferation of many different tissues, has been the subject of
much speculation in terms of the inherent plasticity within the genus, and so it has been
noted that Brassica may represent the domestic dog of plants (Brown 2001). Darwin
(1875) described the ‘great differences in the shape, size, colour, arrangement and man-
ner of growth of the leaves and stem, and of the flower-stem in the broccoli and cauli-
flower’. He also highlighted the morphotypic plasticity within the genus in terms of
genotype X environment interactions, reporting that ‘cabbages will not form heads in hot
countries’, and that ‘extremely poor soil also affects the characters of certain varieties’.

Due to their relative economic value, and consequent investment of research
effort, examples cited in this chapter will be associated with the genus Brassica,
which includes distinct vegetable, oilseed, condiment, fodder and forage crops.
Much of this information is directly relevant for crops of closely related species
such as Raphanus (radish) and Sinapis (white mustard). Additional minor crucifer-
ous crops, where genomic insights are also likely to benefit considerably from
research carried out in Brassica, include Camelina, Eruca (rocket salad), and Isatis.

A range of reviews and books elsewhere have reflected the growing knowledge
base and insights gained from genomic analysis of Brassica crops (e.g. King 2007;
Edwards et al. 2012; Ramichiary and Lim 2011; Snowdon 2007; Quiros and
Farnham 2011), which builds on the previous long history of Brassica genetics. The
aim of this chapter is not to reiterate this information, but to provide a brief sum-
mary, and place in context an updated overview of the changing role of genomics,
particularly in translational research and development from the model species
Arabidopsis. Throughout the chapter, the aim will be to cite examples of relevant
recent research, and to point readers to the richness of resources and information
that have been accumulated for this globally important group of crops.

At the time of writing, the complete and annotated genome sequence of the dip-
loid species B. rapa has been published (The Brassica rapa Genome Consortium
2011). Other genomes, notably B. oleracea and B. napus are in preparation.
However, compared with other major crops, progress has been relatively hindered
due to national and institutional decisions to embark on five ‘reference’ genome
projects for the major oilseed crop and amphidiploid B. napus.

6.2 Cruciferous Crop Genomes and the Model Plant
Arabidopsis

Arabidopsis thaliana was adopted by the international plant research community as
the model reference plant species, with the annotated genome sequence released in
2000 (The Arabidopsis Genome Initiative 2000). Over the past 20 years sequencing
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and functional analysis of the Arabidopsis genome has generated fundamental and
deep insights into many aspects of plant biology, and in particular the role of genes
and regulatory networks modulating development, and adaptation to environment.
The close evolutionary relationship between Arabidopsis and cruciferous crops has
underpinned much of our current understanding of genome organisation and evolu-
tion within the Brassicaceae. The annotated Arabidopsis genome and functional role
of individual genes provides a particularly valuable resource in terms of candidate
genes underlying many crop agronomic traits. The challenge remains in translating
this reference information into species that are of more recent polyploid origin, and
so inherently contain multiple paralogous and homoeologous gene copies.
Compared with Arabidopsis, there has been relatively slow progress in func-
tional analysis of individual genes, proteins, metabolites and complex traits of cru-
ciferous crops, and less in characterising the details of relevant genomic regulatory
networks. The increased complexity of genome organisation, driven by genome
duplications and divergence, is exacerbated by the relatively close sequence homol-
ogy between paralogous and orthologous genes. Thus for many single genes char-
acterised within inbred Arabidopsis, there may be as many as 12 similar transcripts
in an outcrossing amphidiploid such as B. napus (viz 3 paralogues x 2 genomes X
heterozygotic alleles). These circumstances have until recently often been an
impediment to unequivocal gene identification in relation to genetic locus.

6.3 Genomic Experimental Resources

Limitations to functional gene analysis in Brassica are rapidly being overcome
through the availability of genomic tools and data. Over the past decade a valuable
set of experimental resources has been assembled in laboratories worldwide, to
facilitate genomic analysis of Brassica and related species. The accumulation and
interpretation of genomic information has unsurprisingly been assisted by the ready
access to experimental resources from Arabidopsis. In earlier analyses, genomic
tools developed for Arabidopsis were used directly to probe the Brassica genomes
(Gao et al. 2005; Ryder et al. 2001; Town et al. 2006). As well as large insert librar-
ies for physical and chromosome in situ mapping (Mun et al. 2008; Wang et al.
2011a) and a series of EST libraries, the availability of Brassica transcriptome and
whole genome sequence data has enabled generation of analysis platforms such as
microarrays (Love et al. 2010; Parkin et al. 2010; Trick et al. 2009a) and SNP chips
(Hayward et al. 2012).

Development and use of experimental plant populations has underpinned devel-
opment of Brassica reference linkage maps. These have been particularly valuable
when assembling the corresponding complex crop genome sequences, where it is
essential to align and orientate scaffolds to high density and integrated linkage maps
(Bancroft et al. 2011; Choi et al. 2007; Wang et al. 2011b; Xu et al. 2010). It has
already been noted that the pace at which functional identification and characterisa-
tion of genes underlying agronomic traits has lagged behind the advances made in
Arabidopsis. As well as issues related to genome duplication, this is due in part to
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the quantitative and polygenic complexity of many crop traits. For these to be
resolved, there remains a need for generation of comprehensive genetic maps that
survey a high density of recombination break points throughout the genome. This
has been addressed elegantly in crops such as tomato, where alien substitutions and
micro-introgression lines provide the tools for fine resolution of QTL (Eshed and
Zamir 1994; Chapman et al. 2012). Such resources have been developed on a small
scale in B. oleracea (Rae et al. 1999) and B. napus (Burns et al. 2003), but to date
this approach has not been widely adopted for gene discovery. The generation and
maintenance of EMS mutagenised populations (Wang et al. 2008; Stephenson et al.
2010) has long-term value as genomic information becomes available, particularly
for reverse-genetic screening of functional genes. Finally, a series of online data-
bases and other information resources are available, for which www.brassica.info
and http://brassica.nbi.ac.uk/ provide a useful starting point.

6.4 Cytological Context

The relationship between karyotypes amongst Brassica species has long been of
interest to cytologists (Prakash et al. 2009), and has provided the grounding for our
current appreciation of genome evolution within the Brassiceae. Within the genus
Brassica, the work of Nagaharu (1935) established the now emblematic view of the
genus. The ‘Triangle of U’ provides the framework for understanding the overall
relationships between the constituent genomes, with the three distinct ‘cytodemes’
(diploid genomes) represented by B. rapa (A, n=10), B. nigra (B, n=8) and B.
oleracea (C, n=9), that are then combined in the amphidiploids B. juncea (AB,
n=18), B. napus (AC, n=19) and B. carinata (BC, n=17). These cytodemes are
effectively conserved for the diploid species, and account for all other described
Brassica species. Thus many C genome species such as B. cretica, B. insularis and
B. hilarionis not only share the same chromosome number of n=9, but are inter-
fertile with B. oleracea, although they do contain more diverse chloroplast haplo-
types (Allender et al. 2007).

6.5 Nomenclature

The description and comparison of genomes requires an appreciation of the under-
lying cytological framework of chromosome number, morphology and behaviour.
Due to the relatively diminutive size of the smallest chromosomes within the karyo-
type of Brassica species, a number of different numbering systems had been devel-
oped. Moreover, the independent generation of genetic linkage groups resulted in a
plethora of additional nomenclature. Since 2007 there has been international agree-
ment (http://www.brassica.info/resource/maps/lg-assignments.php) to adopt the
linkage group nomenclature outlined by Parkin et al. (1995, 2005) and Sharpe et al.
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(1995) for B. napus (AC genomes), by Bohuon et al. (1998) for B. oleracea (C) and
by Lagercrantz and Lydiate (1995) for B. nigra (B). This nomenclature scheme
enables linkage groups for the amphidiploid genomes to be aligned with their con-
stituent diploid linkage groups. The A1-A10 linkage groups of B. rapa thus corre-
spond to the A1-A10 (previously N1-N10) of the B. napus A genome. Similarly the
C1-C10 (previously O1-0O9) linkage groups of B. oleracea correspond to the C1-C9
groups of the B. napus C genome. Moreover, firstly for B. oleracea (Howell et al.
2002) and then B. rapa (Koo et al. 2004; Lim et al. 2005) the linkage groups have
been aligned and oriented with respect to the chromosomes of the karyotype, mak-
ing use of fluorescent in situ hybridisation (FiSH) with sequence-tagged probes.
The use of genomic in situ hybridisation (GISH) has also allowed the homoeolo-
gous A and C genome chromosomes to be distinguished in the amphidiploid B.
napus (Howell et al. 2008). More recently Xiong and Pires (2011) consolidated this
knowledge by identifying all homoeologous chromosomes of the allopolyploid B.
napus and its diploid progenitors. Monosomic alien addition lines of individual C
chromosomes in an A genome background have also enabled an unequivocal assign-
ment of mapped SSR markers to specific C chromosomes (Geleta et al. 2012).

A nomenclature system for description of functional genes within the genus
Brassica has been established (Ostergaard and King 2008). This system enables the
assignment of a specific gene to the A, B or C genome, and provides a means of
assigning a distinct identity to paralogous genes within any one genome. At present,
a consistent nomenclature system for other genera within the Brassicaceae has not
yet emerged. As Brassica spp. and other cruciferous genomes become sequenced
and annotated, a series of reference gene models will become available in the con-
text of chromosome position, as has been made available for B. rapa (The Brassica
rapa Genome Consortium 2011). However, in terms of functional loci, gene name
assignment remains a valuable functional identifier, as it does for Arabidopsis.

6.6 Whole Genome and Segmental Polyploidy

Genome sizes for Brassica species vary with relative chromosome lengths and
numbers (Arumuganathan and Earle 1991). Whole-genome sequencing (The
Brassica rapa Genome Consortium 2011) has provided updated estimates of the
euchromatic gene space for B. rapa of 290 Mbp, representing approximately 60 %
of the A genome. The contemporary structure and organisation of Brassicaceae
genomes is a product of processes and events affecting chromosomes over evolu-
tionary history. The analysis of genome sequence data in combination with cyto-
logical approaches has revealed a series of large and small-scale duplication events
(Mun et al. 2009; Howell et al. 2008; Wang et al. 2011a) that over the past 5-43
million years (The Brassica rapa Genome Consortium 2011; Beilstein et al. 2010)
have driven a pattern of recursive paleopolyploidizations (Wang et al. 2011a). The
complete genome sequence of B. rapa elegantly demonstrates the genome triplica-
tion within the diploid genomes (The Brassica rapa Genome Consortium 2011)
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when compared with Arabidopsis. However, this overview needs to be placed in the
context of variability in the degree of gene loss and fractionation found within each
of the triplicated segments. The general pattern appears to consist of one out of the
three paralogous segments retaining a disproportionately high proportion of genes
that are inferred to have been present in the common ancestor (The Brassica rapa
Genome Consortium 2011). It has been suggested that the variation in the numbers
of paralogous genes, and gene families within each genome, have contributed to the
well described plasticity within the genus.

6.7 Patterns of Genome Divergence

Our understanding of the evolutionary paths for different Brassicaceae genomes is
based on integration of knowledge at cytological, genomic sequence and gene level.
Current models for chromosome evolution have primarily been informed by com-
parison with Arabidopsis. The physical organisation of the Arabidopsis genome
provided the basis for an experimental strategy that used fluorescent in situ hybridi-
sation (FiSH) of sets of BACs representing segments of Arabidopsis chromosomes
to probe other genomes within the Brassicaceae (Lysak et al. 2005; Howell et al.
2005). This has enabled a clear understanding to develop of the overall pattern of
genomic duplications and rearrangements that led to the current chromosome num-
bers, and is based on the concept of a common ancestral karyotype (Barker et al.
2009; Lysak et al. 2005; Schranz et al. 2005, 2007). The prevailing model (Schranz
et al. 2005, 2007) describes a series a crucifer genomic blocks (K blocks) in the
ancestral karyotype of n=8, which incorporates the ‘At-alpha’ duplication which
appears to be Brassicaceae specific (Barker et al. 2009).

Comparative genetic mapping using probes or other sequence-tagged markers
orthologous to Arabidopsis and Brassica provided the initial coarse-grain view of
the relationships between segments of the Arabidopsis genome and the triplicated
blocks within Brassica diploid genomes (Parkin et al. 2005; Panjabi et al. 2008).
The use of sequence-tagged genetic markers is now routine (Bancroft et al. 2006;
Kim et al. 2006; Wang et al. 2011b), and has greatly facilitated the anchoring of
cruciferous crop genomes to the reference Arabidopsis. These tools have made a
significant contribution to identifying candidate genes for trait loci.

The ability to generate high density linkage maps is limited by cross-over fre-
quency and distribution in segregating populations, as well as the degree of allelic
variation in the available marker set. Early restriction fragment length polymor-
phism (RFLP) markers were valuable for comparative mapping through the retro-
spective sequencing of previously arbitrarily selected cloned probes. The detailed
work of Parkin et al. (1995, 2005) resulted in the description of a series of conserved
collinearity blocks within the A and C genomes of B. napus, which has guided
interpretation in subsequent studies. The need to integrate independent genetic link-
age maps is also important, in order to navigate between genome sequence and trait
loci. Suwabe et al. (2008) carried out a map integration of the A genomes of B. rapa
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and B. napus using a common set of microsatellite markers, and Wang et al. (2011b)
integrated the A and C genomes based on the linkage maps generated from several
independent and widely used segregating populations. This approach also facili-
tated direct integration of chromosome sequence scaffolds of B. rapa and the A
genome linkage maps of B. napus (Wang et al. 2011a). The use of digital transcrip-
tome mapping now greatly enhances this approach (Bancroft et al. 2011; Higgins
et al. 2012).

The density and resolution of break-point positions that border conserved collin-
earity blocks has increased through a series of comparative genomic studies. This has
enabled local and global patterns of genome duplication and divergence to be docu-
mented (Mun et al. 2009; Park et al. 2005; Rana et al. 2004; Ryder et al. 2001; Town
et al. 2006; Trick et al. 2009b). This background work has now confirmed and guided
the assembly of triplicated genomic regions observed in complete genome sequence.

The use of Illumina-based transcriptome mapping has been pioneered in
Brassica (Trick et al. 2009¢), where sequence variation and transcript abundance
has been combined to construct SNP maps of B. napus containing up to 23,000
markers (Bancroft et al. 2011). This analysis has allowed the detection of genome
rearrangements and greatly enhances the ability to track inheritance of genomic
segments, including those arising from inter-specific crosses. More recently the
same technology has been used successfully to assign transcripts to each of the A
and C genomes in amphidiploid B. napus (Higgins et al. 2012). This greatly
enhances the ability to analyse and assign gene expression to specific chromo-
somal segments, and to follow these in hybrid breeding programs.

6.8 Genome Sequencing

Generation of contiguous DNA sequences for each of the nuclear chromosomes in
the widely grown Brassica crops has been the long-term goal of the Multinational
Brassica Genome Project. This consortium was established in 2002 (http:/www.
brassica.info/info/about-mbgp.php#meetings) and has progressively led the devel-
opment of genomic resources and sequencing initiatives, with B. rapa being the first
genome annotated and published in 2011 (The Brassica rapa Genome Consortium
2011). The major challenge for generating high quality sequence assemblies in
these complex crop genomes has been to generate data that may be unequivocally
assigned and oriented with respect to known chromosomes and linkage groups. The
initial approaches had been based on Sanger sequencing of bacterial artificial chro-
mosome clones (BACs), with end-sequencing distributed amongst international
partners. Analysis of these seed and end-sequenced BACs provided an initial view
of the distribution of genes, transposons and SSRs within the genome (Hong et al.
2006). This stage was followed by seed-BAC sequencing and chromosome by chro-
mosome assignment of tasks to different national consortia. The timing of this latter
stage coincided with the availability of high throughput Illumina data generation,
and thereby became superseded by this approach. However, there are valuable
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comparisons to be made between the two approaches, and the largest A genome
chromosome (A3) was first completed by BAC sequencing (Mun et al. 2010).

There are currently ongoing efforts by different consortia under the umbrella of
the Multinational Brassica Genome Project to sequence and annotate the complete
genomes of B. oleracea and B. napus.

6.9 Genome Analysis of Specific Gene Families

One of the primary drivers for genome analysis in crop genomes is to identify and
characterise genes associated with particular agronomic traits. In Brassica crops
there are particular problems that need to be overcome, in terms of distinguishing
between the multiple paralogous (within diploid genomes) and homoeologous
(between genomes in amphidiploids) genes. A number of targeted studies (eg.
Cardenas et al. 2012; Irwin et al. 2012; Wang et al. 2009; Wang et al. 2012; Yang
et al. 2010) have focused on characterising members of paralogous and homoeolo-
gous gene families, making use of accumulated sequence data to identify single
nucleotide polymorphisms (SNPs) to distinguish between loci. These findings have
started to provide an account of the role of genome evolution in divergence and
selection of functional loci. For many paralogous genes there may be relative conser-
vation of coding sequence, but divergence of promoters and other regulatory
sequences (Wang et al. 2012). The power of comparative genomics to identify con-
served non-coding sequences was elegantly demonstrated from early shotgun DNA
data (Ayele et al. 2005) by a comparison of (B. oleracea) and Arabidopsis sequences
upstream of 13 genes (Colinas et al. 2002). A more extensive approach taken by
Haberer et al. (2006) involved analysing the same set of shotgun genome sequence
data for B. oleracea and identifying conserved cis motifs of functionally character-
ised genes in Arabidopsis. This approach enabled discovery of candidate transcrip-
tion factor binding sites in 64 % of the Arabidopsis genes analyzed.

6.10 Genomic Approaches to Resolution of Trait Loci

The primary driver for genome analysis in cruciferous crops is to understand the
relationship between agronomic traits, any associated genes and their regulatory
networks. Given the level of genome complexity compared with Arabidopsis, this
remains a significant challenge. Many studies have focused on identifying quantita-
tive trait loci (QTL) that account for many polygenic traits and may have differential
contributions under different environmental conditions (Shi et al. 2009; Basunanda
et al. 2010).

Traditional approaches to resolution of QTL have involved use of segregating
populations and linkage maps defined by molecular markers. The availability of
genomic information provides the opportunity to derive more detailed and
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functional information associated with such trait loci. Expression quantitative trait
loci (eQTL) are regions of a genome associated with variation in gene expression
amongst individuals (Kliebenstein 2009). Such variation may arise due to sequence
polymorphisms in target genes, their cis-regulatory (proximal) or trans-regulatory
(distal) regions, and lead to phenotypic differences. The value of this approach is
the ability to infer genes and regulatory networks that underly complex traits,
which is of particular importance for crop plants. Hammond et al. (2011) have used
the reference B. rapa genome sequence and an exon-array to define cis- and trans-
eQTL, and so characterise their environmental response to low phosphorus avail-
ability in this species. This analysis was also able to identify specific trans-eQTL
within the genome that are candidates for potential regulatory hotspot of phospho-
rous nutrition.

The ability to generate whole transcriptome data using [llumina sequencing has
revolutionised the capacity to carry out genome scanning of polyploid genomes
such as B. napus. Harper et al. (2012) have demonstrated the approach of associa-
tive transcriptomics, which modifies the approach of eQTL mapping. By using
transcriptome sequencing it is possible to identify and score molecular markers
that represent variation both in gene sequences and gene expression, and then to
correlate this with trait variation. These authors were able to identify genomic dele-
tions in B. napus associated with two QTL for seed glucosinolate content, that
corresponded to a transcription known to control aliphatic glucosinolate biosynthe-
sis in Arabidopsis.

Metabolite QTL (mQTL) provide a further characterisation of trait variation in
the context of genome organisation. By screening variation within a segregating
population across particular metabolite classes it is possible to generate an overview
of genomic regulation of particular pathways. Early analyses in Brassica focused on
small numbers of metabolites within the context of well described pathways such as
those involved in fatty acid biosynthesis and modification (Barker et al. 2007,
Smooker et al. 2010). These studies were able to infer location of genes affecting (in
cis or trans) specific enzymes, by mapping the adjacent substrate and products in
the relevant biochemical pathways (Barker et al. 2007). More intensive analyses
have shown the power of large-scale metabolite analysis. The dissection of gluco-
sinolate concentration and individual components in different tissues of B. napus
has enabled identification of 105 mQTL in B. napus (Feng et al. 2012). Further cor-
relation analysis allows prediction of gene function underlying each mQTL and
construction of an advanced metabolic network, with identification of epistatic
interactions responsible for glucosinolate composition.

6.11 Transposon Analysis

Transposable elements (TEs) form a significant proportion of the genome within
many Brassicaceae, and are likely to play important roles in genome divergence and
plasticity. Due to their prevalence in such genomes, along with other repetitive
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sequences, they are often more difficult to compile accurately into contiguous
genome sequences. However, they may account for much of the difference observed
in genome size beween different Brassica diploid genomes, since it is apparent that
the increase in genome size between Arabidopsis and Brassica is not solely
accounted for by the effective segmental triplication within the latter (Gao et al.
2005; The Brassica rapa Genome Consortium 2011). Initial studies of B. oleracea
shotgun genome data (Ayele et al. 2005) enabled identification of some of the pat-
terns of TE amplification, diversification and loss since divergence from a common
ancestor with Arabidopsis (Zhang and Wessler 2004). It thus appeared that nearly
all TE lineages are shared between the genera, with the number of elements in each
lineage being greater for B. oleracea. Based on genome sequence, it is estimated
that transposons represent 39.5 % of the B. rapa genome (The Brassica rapa
Genome Consortium 2011). The preferential proliferation of particular TE families
within each species is well documented (Alix et al. 2005, 2008; Koo et al. 2011;
Lim et al. 2007; The Brassica rapa Genome Consortium 2011). For example, the
proliferation of the CACTA Botl transposon family (Alix et al. 2008) within B.
oleracea, accounting for 2.3 % of the genome, has played a major role in the recent
divergence of the A and C genomes. Lim et al. 2007 have also characterised the
centromere and pericentromeric retrotransposons in B. rapa, and shown that many
of these are species-specific and not found in the B or C genomes.

6.12 Epigenetic Variation and Plasticity

Within many cruciferous crops their evolutionary history, based on whole genome
and intra-genomic polyploidy, has given rise to overlapping sets of duplicated
genes, which then have the ability to diverge in sequence and function. When the
divergent Brassica genomes that share a common history combine in hybrids, they
often undergo a period of instability and re-organisation (Lukens et al. 2004; Gaeta
et al. 2007; Szadkowski et al. 2010), with associated changes in the distribution of
epigenetic marks (Gaeta et al. 2007; Xu et al. 2009). An ongoing question has been
how much this genic diversity and plasticity gives rise to the phenotypic plasticity
observed in many cruciferous crops.

It is becoming apparent that epigenetic marks such as modified histones and
DNA methylation can modulate plant phenotype by regulation of gene transcription
affecting developmental plasticity and interactions with the environment. There is
increasing evidence that epigenetic variation plays an important role in plant adap-
tation to environment, and this has the potential to be harnessed for crop breeding
(King et al. 2010). The range of target sites and level of DNA methylation in plants
is greater than found in many animal systems, and this inherent variation is likely to
affect many important traits required for crops to adapt to changing environments.
Among the crop traits that appear to be under epigenetic control are interactions
with abiotic and biotic environmental stresses, vegetative variation, seed develop-
ment, cold-adaption, fruit ripening and hybrid stability (Eichten et al. 2011; Haun
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et al. 2007; Manning et al. 2006; King et al. 2010). Within Brassica oilseed crops,
variation in DNA methylation marks across the genome has been shown to be asso-
ciated with selection for energy use efficiency (Hauben et al. 2009). Dominance
relationships amongst S-alleles of the B. rapa pollen self-incompatibility locus are
also affected by tissue-specific monoallelic de novo DNA methylation (Shiba et al.
2006). Novel variation may be induced in Brassica species by stochastic DNA
hypomethylation of the genome (King 1995; Amoah et al. 2012).

The role of epigenetic variation in modulating gene function and phenotypic
response to the environment has started to be unravelled in Arabidopis (Becker et al.
2011; Stokes et al. 2002; Vaughn et al. 2007). Recent studies indicate similar or
greater plasticity in crop species (Amoah et al. 2012; Karan et al. 2012; King et al.
2010). High resolution genomic maps of epigenetic marks have been developed for
Arabidopsis (Cokus et al. 2008; Lister et al. 2008), but have yet to be compiled for
Brassica genomes. However, the distribution of DNA methylation marks in Brassica
has been surveyed at increasing resolution from marker-based studies (Lukens et al.
2006; Salmon et al. 2008; Long et al. 2011). A recent survey of the stability and
distribution of DNA methylation in B. napus, based on methylation sensitive AFLP
(MSAP) and retrotransposon epimarkers, indicated a surprising degree of stability,
with the majority of marker alleles heritable and conserved in different growing
environments and distinct developmental stages (Long et al. 2011).

Ribosomal DNAs (rDNAs) represent a significant component of plant genomes
located at nucleolar organiser regions. The behaviour of the tandem arrays of thou-
sands of rDNA gene copies is of particular interest in crops, since their capacity for
parallel transcription may provide a constraint on cell proliferation and protein pro-
cessing at key stages of development, such as seed filling. An epigenetic phenome-
non, nucleolar dominance describes nucleolus formation around rRNA genes
inherited from only one progenitor of an interspecific hybrid or allopolyploid. Thus
in B. napus, A genome rRNA transcripts are detected, but C genome transcripts are
not (Chen and Pikaard 1997a, b). Analysis of rDNAs associated with particular
donor genomes in both natural and newly synthesised amphidiploids indicate that
dominance affecting transcription of rRNA genes is genome specific, and indepen-
dent of maternal effect, ploidy or rRNA gene dosage (Chen and Pikaard 1997a).
Hypomethylation with 5-aza-2’-deoxycytidine leads to high levels of transcription
for the previously silent C genome rRNA genes (Chen and Pikaard 1997b).

6.13 Organelle Genomes

Mitochrondria and chloroplasts play central roles in the metabolism and physiology
of all plants, and contribute to the performance of crop species. There has been rela-
tively little effort focused on characterising variation of organellar genomes within
the Brassicaceae. Until recently, most systematic information has been accumulated
at the level of haplotype variation. For mitochondria this may have a profound effect
on the presence and efficiency of cytoplasmic male sterility (CMS), with variation
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in the copy number of different mitotypes contributing to the CMS phenotype (Chen
et al. 2011). Recent comparative analysis of the complete mitochondrial genomes
from B. rapa (A), B. oleracea (C) with the three amphidiploid species revealed
variation in genome size from 219,747 to 360,271 bp (Chang et al. 2011). These
authors found that genes of known function were conserved in all mitotypes, but
that there was variation in the open reading frames (ORFs) of genes with unknown
functions. Overall, there was evidence of genome compaction and inheritance in the
course of Brassica mitotype evolution.

The contribution of variation in chloroplast haplotype to photosynthetic effi-
ciency or overall growth parameters has not been deeply studied in cruciferous
crops, although haplotyping has provided a framework for understanding maternal
relationships between different sub-taxa of B. oleracea (Allender et al. 2007) and
between those of the A and C diploid genome species and domesticated amphidip-
loid B. napus (Allender and King 2010). There is considerable scope for compara-
tive genome sequence analysis of Brassica organelle genomes.

6.14 Data Integration and Informatics

The ability to navigate between trait loci and underlying functional genetic units
can be a limiting factor in the rapid application of genomic information to improve-
ments in crop breeding and agronomic practice. A central requirement is to define
ordered arrays of whole genome information and provide the experimental evidence
that indicates how these correspond to chromosome architecture and genetic link-
age maps. Online resources exist, based on collation of Brassica reference linkage
maps (http://www.brassica.info/resource/maps/published-data.php; Wang et al.
2011b). More comprehensive integrated databases and curation tools have been
developed that allow navigation between annotated genome sequence, genetic and
QTL maps (Love et al. 2012).

An important role of annotated genomic information anchored to genetic and
physical maps that are true representations of linear chromosomes, is to facilitate
the manipulation of crop traits. In particular, where the function of a single or col-
lection of gene alleles is known, genomic knowledge can assist in locating these in
the relevant genomic context. This is turn enables analysis and manipulation of
regulatory structures, interpretation of evolutionary selection pressures, and phe-
nomena such as linkage drag, gene conversion and reciprocal or non-reciprocal
translocation between homoeologous chromosomes. In more immediate practical
terms, this knowledge may then be used to develop locus-specific molecular genetic
markers for use in Marker Assisted Selection, or to introduce novel alleles, either
via site-selected mutagenesis or transgenic modification.

The inference of genomic regulatory networks from eQTL, associative transcrip-
tomics and mQTL will in future provide a framework for integrating knowledge at
the level of gene expression with higher level behaviours of crop physiology, devel-
opment and responses to external environments. This clearly requires development
of more sophisticated data repositories and bioinformatic tools.
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6.15 Prospects

Over the past decade there have been progressive and significant advances in our
understanding of the genome composition and organisation of crop brassicas. These
have been driven by improvements in technological and analytical capability. The
genomes are characterised by complexity at different levels of organisation, with
early indications of the consequences for evolution, plasticity and cultivation of
these crops. As with many crop species, identification and functional characterisa-
tion of candidate genes has benefited from the reference Arabidopsis. However, the
closer relationship with crop brassicas has driven the development of innovative
analytical techniques and platform resources based on genomic information. This
provides a sound basis on which to investigate and manipulate this important crop
genus.

Notwithstanding the evolutionary proximity of Arabidopsis and crucifer crops,
there remains considerable scope to carry out systematic studies that characterise
functional genes, and to understand in more detail the plasticity afforded by pres-
ence of multiple close paralogous genes. It can be anticipated that the role of epi-
genetic variation in accounting for the considerable plasticity observed within
crucifer crops will be unravelled, now that genomic tools are available and being
refined for resolution of epigenetic marks. More generally, crucifer crops provide an
excellent framework for establishing a deep understanding of genome and pheno-
typic plasticity, and this information can be used to underpin efficient selective and
hybrid breeding. Developing this understanding in Brassica and related genera is
likely to provide scope to generate novel crops to meet global demands of food
security in times of rapid climate change.

Access to increased genomic knowledge will also provide the tools to enable the
resolution of potential progenitors of the domesticated amphidiploid crop brassicas.
Although the Brassica A and C genomes remain essentially intact in amphidiploid
B. napus (Parkin et al. 2005; Wang et al. 2011), this species is not found in natural
populations. The exact locations of the original hybridisation events remain uncer-
tain (Allender and King 2010), although the major centres of natural diversity for
both B. rapa and B. oleracea are located in Europe and Asia Minor. These regions
are therefore the starting point for any investigation into the origins of stable crop B.
napus, and comparative sequence analysis of transcriptome and other representa-
tions of the genome across the genepool will provide a valuable resource for these
investigations.

The integration of heterogeneous sources of data, information and knowledge
will pose considerable challenges in terms of bioinformatic analysis and visualisa-
tion. The deeper insights of value to crop production and breeding are likely to arise
from integration of information from the different realms of genomics, transcrip-
tomics, metabolomics and various other aspects of biochemistry and physiological
signalling and beyond to embrace systematic phenomic characteriation.

As a footnote, the Brassicales Map Alignment Project (BMAP) was initiated in
2010 (http://www.brassica.info/resource/sequencing/bmap.php) with the aim to gen-
erate high quality contiguous genome sequence datasets for representative taxa
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across the Brassiaceae, now extended to the Brassicales. As this project progresses it
will provide a rich resource to understand genome evolution and functional diversity,
and hopefully contribute to the development of a wider range of cruciferous crops.
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Chapter 7
Genetic Engineering of Lipid Biosynthesis
in Seeds

Stacy D. Singer, Michael S. Greer, Elzbieta Mietkiewska, Xue Pan,
and Randall J. Weselake

Abstract The demand for vegetable oils, including those derived from crucifer
(Brassicaceae) species, has been increasing rapidly over recent years for use in both
food and industrial applications. In order to meet these demands, biotechnological
approaches will almost certainly be a necessity to generate crops with improved
lipid traits. In addition to the clear need to increase the seed oil content of crucifer
species, there has also been growing interest in generating transgenic lines that dis-
play improved compositions of fatty acids and non-acyl lipids, including carot-
enoids and tocochromanols, for enhanced nutritional or industrial applicability.
Fortunately, knowledge concerning oilseed metabolism and lipid biosynthesis are
accumulating at a rapid pace, which is enabling attempts to genetically engineer
crucifer species with enhanced oil content and quality. This chapter outlines the
various attempts and successes in this field to date.

Keywords Brassicaceae * Oil content ® Fatty acid composition ® Carotenoids
* Tocochromanols ¢ Plant biotechnology
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DGAT Diacylglycerol acyltransferase

DHA Docosahexaenoic acid

ER Endoplasmic reticulum

EPA Eicosapentaenoic acid

FA Fatty acid

FAD Fatty acid desaturase

FAE Fatty acid elongation complex

Fat Fatty-acyl ACP thioesterase

y-TMT y-tocopherol methyltransferase

GGDP Geranylgeranyl diphosphate

GGR Geranylgeranyl reductase

GLA y-linolenic acid

GPAT sn-glycerol-3-phoshate acyltransferase

G3P sn-glycerol-3-phosphate

HEAR High erucic acid rapeseed

HPPD p-hydroxyphenylpyruvate dioxygenase

HPT Homogentisate phytyltransferase

KAS B-ketoacyl-ACP synthase

LPAAT Lysophosphatidic acid acyltransferase
LPCAT Lysophosphatidylcholine acyltransferase
mFA Modified fatty acid

MGGBQ 2-methyl-6-geranylgeranyl-1,4-benzoquinol
MPBQ 2-methyl-6-phytyl-1,4-benzoquinol

mtPDC Mitochondrial pyruvate dehydrogenase complex
PA Phosphatidic acid

PC Phosphatidylcholine

PDAT Phospholipid: diacylglycerol acyltransferase
PDCT Phosphatidylcholine: diacylglycerol cholinephosphotransferase
PDHK Pyruvate dehydrogenase kinase

PKS Polyketide synthase

PSY Phytoene synthase

PUFA Polyunsaturated fatty acid

SDA Stearidonic acid

SMCFA Short- and medium-chain saturated fatty acids
TAG Triacylglycerol

TC Tocopherol cyclase

VLC-PUFA  Very long-chain polyunsaturated fatty acid

7.1 Introduction

Members of the crucifer (Brassicaceae) family are highly valuable to the plant lipid
field of research and agricultural industry. For example, Arabidopsis thaliana pro-
vides a model system for the study of lipid biosynthesis and as a platform for
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investigating the effects of modifying enzymes related to lipid metabolism. In terms
of agricultural value, crucifer species are also of major economic importance glob-
ally, with oilseed rape (mostly Brassica napus) being second in oilseed production
only to soybean and palm. Although the majority of oilseed rape is grown in Europe
(~40 %), the top producers, including China, Canada and India, produce over half
of the world’s annual supply (Food and Agriculture Organization of the United
Nations 2012). Indeed, Canada is the world’s leading exporter (Food and Agriculture
Organization of the United Nations 2012), where the rapid growth in rapeseed value
has recently led the plant to supplant wheat as the most seeded crop (Statistics
Canada 2012). In part, this high global value of rapeseed derives from successful
breeding programs that have resulted in the development of numerous varieties that
are well-suited to either industrial applications or human consumption.

The Canadian variety of B. napus, canola, has been branded as a healthy oil as a
result of its high oleic acid content and low levels of glucosinolates and erucic acid.
In contrast, the predominant varieties grown in Europe include those bearing high
levels of erucic acid to primarily serve industrial needs for erucamide, which is used
in numerous applications in the oleochemical industry. In addition to the appeal of
generating improved rapeseed varieties, interest has also arisen in developing other
crucifer species to meet similar industrial and food market requirements. For exam-
ple, the seed oil of Crambe abyssinica contains high erucic acid levels and could be
used similarly to high erucic acid (HEAR) B. napus seed oil. Medical uses have also
been suggested for Lunaria annua, which produces 23 % nervonic acid; a fatty acid
(FA) that is used in the treatment of multiple sclerosis (Warwick 2011). Moreover,
several crucifer oilseed varieties have been proposed as future biofuel sources; a
market that is expected to grow by 50-60 % globally in the next 20 years (Canola
Council of Canada 2011; Gahukar 2012).

The manipulation of lipid biosynthetic pathways through genetic engineering
has provided novel opportunities to bolster our understanding of plant lipid metabo-
lism, and also produce higher value oilseed varieties (Warwick 2011). The eco-
nomic impact of these breakthroughs could be quite significant in crucifer species
due to their broad range of oil profiles, agronomic traits and potential applications.
For instance, the Canadian seed crushing and oil extraction industry would increase
its profits by an estimated 90 million dollars US per annum if provided with canola
germplasm producing 1 % more oil than present in currently available varieties
(Canola Council of Canada 2011). Beyond increasing seed oil yield, tailoring the
lipid composition of Brassicaceae oil seeds to better suit industrial or nutritional
needs would also greatly increase the economic value of these crops. Toward this
latter goal, both modifying the concentration of major oil components, such as satu-
rated and unsaturated FAs, as well as the alteration of minor, but valuable, compo-
nents such as carotenoids or tocopherols, have been gaining momentum in recent
years. Thus far, a range of genetic engineering strategies have been employed to
alter lipid biosynthesis in crucifer species. This chapter first reviews the basic bio-
synthetic pathways involved in lipid metabolism, with a particular emphasis on cru-
cifer seed oil biosynthesis, and then highlights achievements made in engineering
these pathways to better produce seeds with higher, or modified, lipid contents.
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7.2 Lipid Biosynthesis in Seeds

7.2.1 Triacylglycerol Biosynthesis

Numerous high qualitity review articles have recently been published describing the
process of triacylcerol biosynthesis in plants (Bates and Browse 2012; Baud and
Lepiniec 2010; Napier and Graham 2010; Snyder et al. 2009; Wallis and Browse
2010; Weselake et al. 2009). Our description of seed lipid biosynthesis primarily
relies upon these reviews. In seeds, the biosynthesis of storage triacylglycerol (TAG)
begins with the production of FAs, which are generated in the stroma of plastids
(Fig. 7.1). Here, acetyl-CoAs derived primarily from pyruvate through the catalytic
action of plastidial pyruvate dehydrogenase (PDH) are committed to FA synthesis
by their carboxylation to produce malonyl-CoA. Bicarbonate is consumed in this
ATP-dependant reaction, which is catalyzed by acetyl-coenzyme A carboxylase
(ACCase). These malonyl-acyl carrier protein (ACP) subunits are then incorporated
into a growing acyl-ACP chain through condensation catalyzed by p-ketoacyl-ACP
synthases (KASs). Following this condensation, the 3-ketoacyl-ACP is then reduced,
dehydrated, and reduced again by the action of f-ketoacyl-ACP reductase,
B-hydroxyacyl-ACP dehydratase (Brown et al. 2009) and enoyl-ACP reductase (de
Boer et al. 1998), respectively. These four reactions are repeated sequentially to
extend the acyl-ACP chain by two carbons up to a final length of C18. KAS I cata-
lyzes the acetylation of acyl-ACPs with chain lengths between C4 and C14, and
KAS II elongates C16 to C18. KAS III catalyzes the condensation of acetyl-CoA
and acyl-ACP to produce the initial acetoacetyl-ACP (C4) moiety, which is elon-
gated by the action of other KAS enzymes. Subsequently, a soluble plastidial
stearoyl-ACP desaturase can catalyze the introduction of a double bond at the A-°
position to produce oleoyl-ACP prior to cleavage of the acyl-ACP thioester bond
promoted by the fatty-acyl ACP thioesterase, FatA. Cleavage of the palmitoyl and
stearoyl-ACP thioester bonds is catalyzed by FatB. The liberated ‘free’ FAs are then
exported from the stroma and quickly converted into acyl-CoAs by the action of
acyl-CoA synthase. The endoplasmic reticulum (ER)-associated fatty acid elonga-
tion (FAE) complex can then catalyze the extension of carbon chain length of the
acyl-CoAs in a cycle of reactions highly similar to de novo FA synthesis. Homomeric
acetyl-CoA carboxylase provides the malonyl-CoA necessary to extend acyl-CoAs
outside of the plastid.

In an acyl-CoA-dependant pathway, TAG is then produced by the sequential
acylation of a glycerol backbone by enzymes localized to the ER (Fig. 7.1). sn-
Glycerol-3-phosphate (G3P), generated from dihydroxyacetone phosphate (DHAP)
by the catalytic action of glyceraldehyde 3-phosphate dehydrogenase (G3PDH), is
incorporated into the ER membrane by sn-glycerol-3-phoshate acyltransferase
(GPAT), esterifying an acyl moiety to the sn-1 position of the glycerol backbone
(Zheng et al. 2003). The sn-2 position of this backbone is then acylated by the cata-
lytic action of lysophosphatidic acid acyltransferase (LPAAT) to produce phospha-
tidic acid (PA) (Maisonneuve et al. 2010), which is then dephosphorylated by the
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Fig. 7.1 Biosynthesis of triacylglycerol. Fatty acid synthesis is initiated in the plastid, where
acetyl-CoA and malonyl-CoA (derived from the catalytic action of acetyl-Co A carboxylase
[ACCase]) are condensed by the catalytic action of 3-ketoacyl-ACP synthase (KAS) III to produce
acetoacyl-acyl carrier protein (ACP). This acyl-ACP intermediate is then catalytically reduced by
3-ketoacyl-ACP reductase, dehydrated by 3-hydroxyacyl-ACP dehydratase, and reduced again by
2-enoyl-ACP reductase to yield an acyl-ACP molecule containing two additional carbon atoms.
KAS I then catalyzes the initiation of six more cycles of acyl-ACP extension to yield palmitoyl-
ACP. Stearoyl-ACP can be produced by one further cycle initiated by KAS II, and can be desatu-
rated to produce oleoyl-ACP. Thioesterases then catalyze the cleavage of the acyl chains from ACP
to produce free fatty acids, which are exported to the cytosol and immediately converted into
acyl-CoAs on the outside of the plastid. Further elongation of acyl-CoAs can occur in the ER via
the catalytic action of fatty acid elongase (FAE). In the Kennedy pathway, these acyl-CoAs are
used to sequentially acylate a glycerol backbone. sn-glycerol-3-phosphate acyltransferase (GPAT)
first catalyzes the acylation of sn-glycerol-3-phosphate (G3P) at the sn-1 position to produce lyso-
phosphatidic acid (LPA). LPA is then acylated at the sn-2 position by the catalytic action of lyso-
phosphatidic acyltransferase (LPAAT) to produce phosphatidic acid (PA), which is dephosphorylated
via the catalytic action of phosphatidic acid phosphatase (PAP) to produce sn-1, 2-diacylglycerol
(DAG). DAG can then be converted to triacylglycerol (TAG) by the catalytic action of diacylglyc-
erol acyltransferase (DGAT). The DAG skeleton can move into the phospholipid pool via the for-
ward reaction of cholinephosphotransferase (CPT) or via reversible phosphocholine headgroup
exchange catalyzed by phosphatidylcholine: diacylglycerol cholinephosphotransferase (PDCT).
Acyl chains in phosphatidylcholine (PC) can be desaturated by the catalytic action of fatty acid
desaturase (FAD) 2 and FAD3 before being returned to the DAG pool to produce triacylglycerol
(TAG). The acyl chains at the sn-2 position of PC may be exchanged with those in the acyl-CoA
pool through the catalytic action of phospholipase A, (PLA,), acyl-CoA synthetase (ACS) and the
forward reaction of lysophosphatidylcholine acyltransferase (LPCAT) to reacylate lysophosphati-
dylcholine (LPC). LPCAT may also catalyze acyl exchange at the sn-2 position of PC with the
acyl-CoA pool via the combined forward/reverse reactions of LPCAT. Phospholipid: diacylglyc-
erol acyltransferase (PDAT) catalyzes the acyl-CoA-independent transfer of an acyl moiety from
PC to DAG to generate TAG (Adapted from Snyder et al. (2009) and Baud et al. (2010))
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catalytic action of PA phosphatase (PAP or lipins) to produce sn-1,2-diacylglycerol
(DAG) (Mietkiewska et al. 2010). The acylation of DAG can then be catalyzed by
diacylglycerol acyltransferase (DGAT) (Taylor et al. 2009b) or converted into phos-
pholipids by the catalytic action of CPD-choline: sn-1,2-diacylglycerol choline
phosphotransferase (CPT). The conversion of DAG into phosphatidylcholine (PC)
provides an opportunity for FA desaturases FAD2 and FAD3 to sequentially act
upon the PC carbon chains to catalyze the introduction of double bonds at the A'?
and A" positions (Yang et al. 2012). These acyl chains can then be incorporated into
TAG through the sequential action of phosphatidylcholine: diacylglycerol choline-
phosphotransferase (PDCT), which catalzyses the exchange of headgroups between
PC and DAG, and DGAT, which acts upon the newly formed DAG (Bates and
Browse 2012). The acyl chains of PC may also be removed by phospholipases, and
replaced with new chains by the catalytic action of lysophosphatidylcholine acyl-
transferase (LPCAT) in an acyl-editing process known as the Land’s cycle (Zheng
et al. 2012).

TAGs can also be produced independently of the acyl-CoA pool by the action of
phospholipid: diacylglycerol acyltransferase (PDAT), which catalyzes the transfer
of acyl moieties from the sn-2 position of PC to the sn-3 position of DAG, generat-
ing lysophosphatidylcholine and TAG. Similarly, diacylglycerol transacylase
(DGTA) functions to catalyze the transfer of the sn-2 acyl moiety from DAG to the
sn-3 position of a second DAG, generating lysophosphatidic acid and TAG (Stobart
et al. 1997). A gene encoding DGTA, however, has yet to be identified and its
activity has been suggested to be a side reaction of PDAT, not that of an indepen-
dent enzyme.

7.2.2 Non-acyl Lipid Biosynthesis

While the relative content of major lipid components can significantly affect the
perceived health attributes and economic value of Brassicaceae oilseeds, the same
is true for minor lipid components such as non-acyl lipids, and in particular the
carotenoids and tocochromanols (vitamin E). In the case of carotenoids, proteomic
analyses have indicated that the bulk of enzymes required to catalyze the synthesis
of carotenoids are present in thylakoid membrane-associated plastoglobules
(Ytterberg et al. 2006). Geranylgeranyl diphosphate (GGDP) synthase promotes the
condensation of one dimethylallyl diphosphate (DMAPP) and three isopentenyl
diphosphate (IPP) molecules, both products of the 2-C-methyl-D-erythritol-4-
phosphate (MEP) pathway (Phillips et al. 2008), to produce the 20 carbon GGDP
(Okada 2000). This GGDP serves as a substrate for the first committed step in carot-
enoid biosynthesis, whereby phytoene synthase (PSY) catalyzes the condensation
of two GGDP molecules to form a linear 40 carbon tetraterpene molecule (15-cis-
phytoene) (Scolnik and Bartley 1994). Four double bonds are then introduced by
the action of phytoene desaturase (PDS) and {-carotene desaturase (ZDS) to pro-
duce 9,9'-di-cis {-carotene (Bartley et al. 1999). In the absence of light and
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chlorophyll, which can promote auto-isomerization, the isomerization of 9,9'-di-cis
C-carotene is catalyzed by carotenoid isomerase (CRTISO) to yield trans-lycopene
(Park et al. 2002). Cyclases then cyclize both ends of the frans-lycopene. The first
cyclization can be catalyzed by p-cylase (LYCB) or e-cyclase (LYCE), leading to
the eventual production of either B-carotene or a-carotene, respectively (Cunningham
et al. 1996; Pogson et al. 1996). Irrespective of the first reaction, LYCB cyclizes the
opposing end of the a- or f-carotene molecule (Cunningham et al. 1996). -carotene
hydrolases can then catalyze the introduction of hydroxyl groups into both cyclic
groups on P-carotene to produce zeaxanthin. Similarly, B- and e-hydrolases can
catalyze the introduction of two hydroxyl moieties at the ends of a-carotene to pro-
duce lutein (Meyer and Kinney 2010). Although not naturally occurring in the
majority of plants, a small number of organisms can then go on to synthesize a large
number of ketocarotenoids through the action of p-carotene ketolases, which oxy-
genate the C4 position of p rings of numerous carotenoid species (Zhu et al. 2009;
Fig. 7.2).

GGDP, when not committed to carotenoid biosynthesis, can also serve as a pre-
cursor for tocochromanol production. Tocochromanols are amphipathic lipids pos-
sessing a hydroxylated and methylated aromatic (with five carbon epoxy ring) head
group linked to a diterpene (C20) side chain. Tocochromanols with saturated side
chains are classified as tocopherols, while tocotrienols are tocochromanols with
three double bonds in their side chains (Meyer and Kinney 2010). Brassicaceae can
be genetically engineered to accumulate tocotrienols, but are not known to do so
naturally. Both tocopherols and tocotrienols can be divided into four sub-groups («,
B, v, 8), which specify the number and position of the methyl groups on the head
group’s aromatic ring (Falk and Munne-Bosch 2010). This head group is derived
from homogentisate, which itself is the product of p-hydroxyphenylpyruvate dioxy-
genase (HPPD) action (Collakova and DellaPenna 2003). The isoprenyl side chain
is derived from reduced GGDP (catalyzed by geranylgeranyl reductase [GGR]),
which is linked to the homogentisate by the action of homogentisate phytyltransfer-
ase (HPT, VTE2) in the first committed reaction in tocochromanol biosynthesis
(Venkatesh et al. 2006). The product of VTE2 activity is 2-methyl-6-phytyl-1,4-
benzoquinol (MPBQ), which can then be methylated by the action of MPBQ meth-
yltransferase (VTE3) at the benzyl’s 3 position leading to the production of a- and
y-tocopherol. In the absence of this methylation, MPBQ becomes a substrate for
- and &-tocopherol biosynthesis (van Eenennaam et al. 2003). Tocopherol cyclase
(TC, VTE]) catalyzes the formation of a cyclic-five carbon ether- structure adjacent
to the aromatic ring, in both MPBQ and 2-methyl-6-geranylgeranyl-1,4-benzoquinol
(MGGBQ), to produce d -tocopherol and y-tocopherol, respectively (Porfirova et al.
2002). The fifth aromatic carbon of both tocopherols can then be methylated in a
reaction catalyzed by y-tocopherol methyltransferase (y-TMT, VTE4) (Bergmiiller
et al. 2003). The biosynthesis of tocotrienols mimics that of tocopherols with the
exception that the GGR-catalyzed reduction of GGDP is omitted and GGDP is
instead condensed with homogentisate directly to produce MGGBQ (Cahoon et al.
2003; Fig. 7.2).
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Fig. 7.2 Biosynthesis of tocochromanols and carotenes. The catalytic action of geranylgeranyl
reductase converts GGDP into phytyl diphosphate, which can then be condensed with homogentis-
ate through the catalytic action of homogentisate phytyltransferase (VTE2) to produce 2-methyl-6-
phytyl-1,4-benzylquinol (MPBQ). This product can then either be cyclized by the catalytic action
of tocopherol cyclase (VTEL), leading to 8- and p-tocopherol production, or methylated by the
catalytic action of MPBQ methyltransferase (VTE3) leading to y- and a-tocopherol production.
Alternatively, GGDP can be directly condensed with homogentisate to produce MGGBQ, leading
to the production of all four tocotrienols. PSY can also devote GGDP to carotene production by
catalyzing its conversion into 15-cis-phytoene. PDS and ZDS catalyze the introduction of four
double bonds, which are converted to frans form by CRTISO. Carotene biosynthesis then bifur-
cates to produce either 8- or y-carotene depending on which enzyme first cyclizes lycopene.
Carotenes o- and - are then produced by a second cyclization catalyzed by LYCB. Hydroxylases
can use a-carotenes to catalyze the production of zeinoxanthin and lutein, or they can convert
f-carotene to P-cryptoxanthin and zeaxanthin. BQ benzoquinol, CRTISO carotenoid isomerase,
DMGGBQ 2,3-dimethyl-6-geranylgeranyl-1,4-benzoquinol, GGDP geranylgeranyl diphosphate,
GGPDS GGDP synthase, GGR geranylgeranyl reductase, HGGT homogentisate geranylgeranyl
transferase, HPPD p-hydroxyphenylpyruvate dioxygenase, LYCB lycopene p-cyclase, LYCE lyco-
pene e-cyclase, MGGBQ 2-methyl-6-geranylgeranyl-1,4-benzoquinol, PDP phytyl diphosphate,
PDS phytoene desaturase, PSY phytoene synthase, VTE vitamin E, ZDS (-carotene desaturase

7.3 Increasing Seed Lipid Content

The consumption of vegetable oils has increased by more than 50 % during the past
decade; this phenomenon has been driven by both an elevation in global affluence
and the mounting use of plant-based industrial oils such as biodiesel. This strong
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demand for vegetable oils, along with the growing limitation of arable land, has led
to a considerable rise in the price of plant-derived oils over recent years (reviewed
by Lu et al. 2011). Therefore, increasing seed oil content, and thus the yield of oil
per unit area of arable land, is of the utmost importance in the struggle to supply
enough oil for both food and non-food applications at affordable prices (Weselake
et al. 2009). In the past, the direct manipulation of seed oil content using genetic
engineering approaches has been limited in many cases by a lack of knowledge
concerning the regulation of lipid metabolism, and therefore conventional breeding
techniques have provided the main source of crop plants exhibiting improved seed
oil content to date (Ohlrogge and Jaworski 1997). Although our understanding of
seed lipid accumulation is still somewhat inadequate, extensive research in recent
years has led to an unprecedented understanding of the genes and pathways involved
in this process, especially in the model crucifer, Arabidopsis (Baud and Lepiniec
2009). As a result, a growing number of studies involving the genetic manipulation
of specific genes with various roles in plant development have led to the production
of transgenic lines displaying significant increases in seed oil content (see Tables 7.1
and 7.2).

7.3.1 Enhancing the Production of Triacylgycerol
Building Blocks

One strategy that has been utilized in an attempt to elevate seed oil content using
genetic engineering has been to enhance the production of TAG building blocks,
including FAs and glycerol backbones. In the case of FAs, their de novo synthesis
takes place in plastids, the first key step of which is catalyzed by ACCase (Ohlrogge
and Jaworski 1997). The majority of plants contain two forms of ACCase that are
differentially compartmentalized, with prokaryotic, or heteromeric, ACCase located
within the plastids and eukaryotic, or homomeric, ACCase located within the cyto-
sol (Konishi et al. 1996). Somewhat surprisingly, it has been found that the seed-
specific over-expression of BCCP2, which encodes the biotin binding subunit of
plastidial heteromeric ACCase, in Arabidopsis resulted in decreased seed oil con-
tent compared to untransformed lines (Thelen and Ohlrogge 2002). Conversely,
expression of a plastid-targeted homomeric ACCase from Arabidopsis in B. napus
seeds resulted in a small, heritable, relative increase in oil content of 5 % (Roesler
et al. 1997). This discrepancy between the two studies has been suggested to be
attributable to the possibility that the homomeric ACCase utilized in the latter study
was able to escape any negative feedback regulation exerted over the heteromeric
isoforms normally found in plastids (Baud and Lepeniec 2010).

More pronounced increases in TAG accumulation have also been obtained via a
proposed augmentation of acetyl moieties for FA synthesis through the manipula-
tion of pyruvate dehydrogenase kinase (PDHK), which is a negative regulator of the
mitochondrial pyruvate dehydrogenase complex (mtPDC). This complex acts as a
link between glycolytic carbon metabolism and the tricarboxylic acid cycle, and
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Table 7.1 List of genes whose over-expression results in enhanced seed oil content

Gene Encodes Promoter Donor Host Reference
ACCI Plastid-targeted  napin Arabidopsis B. napus Roesler et al.
homomeric (1997)
ACCase
GPDI1 G3PDH napin S. cerevisiae B. napus Vigeolas et al.
(2007)
plsB GPAT 358 E. coli Arabidopsis  Jain et al. (2000)
GPAT GPAT without 35§ C. tinctorius Arabidopsis  Jain et al. (2000)
plastidial
targeting
SLCI-1 LPAAT 358 S. cerevisiae B. napus Zou et al. (1997)
SLCI-1 358 S. cerevisiae Arabidopsis  Zou et al. (1997)
CalPAAT 358 C. abyssinica  B. napus Xu et al. (2010)
BAT1.5 napin B. napus Arabidopsis ~ Maisonneuve
BATI1.13 napin B. napus Arabidopsis etal. (2010)
AtDGATI1 DGAT1 napin Arabidopsis Arabidopsis  Jako et al. (2001)
B. napus Taylor et al.
(2009b)
TmDGATI napin T. majus Arabidopsis  Xu et al. (2008)
B. napus
BnDGATI napin B. napus B. napus Weselake et al.

(2008), Taylor
et al. (2009b)

AHD2 Hemoglobin-2 ~ USP Arabidopsis Arabidopsis  Vigeolas et al.
(2011)

BnLECI LECI1 Truncated  B. napus Arabidopsis  Tan et al. (2011)

BnLIL LECI-LIKE napin

AtWRI1 WRII 358 Arabidopsis Arabidopsis  Cernac and
Benning
(2004)

BnWRII 358 B. napus Arabidopsis  Liu et al. (2010)

GmDOF4 DOF4 358 G. max Arabidopsis ~ Wang et al.
(2007b)

GmDOFII  DOFI11

ST™M STM 358 B. napus B. napus Elhiti et al.
(2012)

BnGRF2a GRF2 358 B. napus Arabidopsis  Liu et al. (2012)

napin

thus plays a role in cell respiration (Zou et al. 1999). Down-regulation of AtfPDHK
via seed-specific antisense expression in Arabidopsis resulted in elevated mtPDC
activity and enhanced levels of respiration. In addition to generating energy and
reducing equivalents, the respiration process also yields numerous building blocks
foranumber of crucial biosynthetic processes, such as FA synthesis. Correspondingly,
the transgenic plants exhibited relative increases of up to 50 % in seed oil content,
with no changes in FA composition, along with an augmentation in seed weight
(Marillia et al. 2003).
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Table 7.2 List of genes whose down-regulation results in enhanced seed oil content

Gene Encodes Host Modification Reference
AtPDHK Mitochondrial pyruvate Arabidopsis ~ Antisense Marillia et al.
dehydrogenase kinase (2003)
G6PD5 Glucose-6-phosphate Arabidopsis ~ T-DNA double Wakao et al.
G6PD6 dehydrogenase mutants (2008)
AAP2 Amino acid permease 2 Arabidopsis ~ T-DNA mutant Zhang et al.
(2010)
PEPC Phosphoenolpyruvate B. napus Antisense Chen et al.
carboxylase (1999)
Atlg01050 Pyrophosphatase Arabidopsis ~ Antisense Meyer et al.
At3g53620 (2012)
GL2 Glabra2 Arabidopsis ~ T-DNA mutant Shen et al.
(2006)
Shi et al.
(2012)

In a related approach, an attempt was made to enhance seed levels of G3P, which
provides the glycerol backbones necessary for TAG biosynthesis and has been sug-
gested to co-limit the rate of TAG synthesis during the oil accumulation phase in
seeds (Vigeolas and Geigenberger 2004). To generate this increase, a yeast-cytosolic
GLYCEROL-3-PHOSPHATE DEHYDROGENASE (GPDI), which encodes an
enzyme that catalyzes the conversion of glycolysis-derived dihydroxyacetone phos-
phate to G3P, was expressed in developing B. napus seeds. Transgenic lines dis-
played a 40 % relative elevation in seed oil content under greenhouse conditions,
with no significant changes in FA composition. Furthermore, there was no obvious
reduction in either protein or transient starch levels in these lines, and other morpho-
logical characteristics, such as plant growth and silique number, were also normal
(Vigeolas et al. 2007).

A similar outcome was attained through the disruption of two cytosolic forms of
glucose-6-phosphate dehydrogenase, which catalyze the production of D-glucono-
1,5-lactone 6-phosphate and NADPH from D-glucose-6-phosphate and NADP*.
While it has been proposed that this enzyme may play a role in the provision of reduc-
ing power for FA biosynthesis in maturing seeds, it was found that double Arabidopsis
mutants with reduced enzyme activity led to an increase in carbon substrates for oil
synthesis rather than a decrease in NADPH supply for FA biosynthesis. In line with
this, the mutants also exhibited an approximately 5 % relative average increase in
seed oil content and elevated seed weight compared to wild-type controls with no
alteration in the carbon to nitrogen ratio or FA composition (Wakao et al. 2008)

7.3.2 Modification of Carbon Partitioning

Seed storage compounds generally consist of proteins, carbohydrates (mainly
starch), and/or lipids most often in the form of TAG, with proportions and tissue
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localizations varying enormously depending on the plant species. For example, in
Arabidopsis and other oilseeds, the starch deposition pathway is far less prominent
than the lipid biosynthetic pathway, as only a transient accumulation of starch is
observed during seed development in these species (reviewed by Weselake et al.
2009). However, regardless of their relative proportions, these three pathways must
compete for carbon derived from plant photosynthesis. Thus, one approach that has
been taken to enhance seed oil in crucifers has been to divert the flow of carbon
from competing pathways and channel it towards TAG biosynthesis.

In an effort to redirect carbon from protein synthesis to that of oil in seeds,
Arabidopsis lines bearing T-DNA disruptions within the AMINO ACID PERMEASE?2
(AAP2) gene, which encodes an enzyme involved in phloem loading and amino
acid distribution to the embryo, were analyzed for modifications in oil content. As
anticipated, mutant lines displayed a significant reduction in protein levels, and
while the total carbon levels remained unchanged, FA levels were elevated by up to
14 % on a relative basis, mainly as a result of increased C18:1, C18:2 and C20:1.
As there was no difference in seed weight between the mutants and wild-type seeds,
it seemed that other seed storage compounds were likely elevated in the mutants.
Therefore, it was suggested that the lower total N levels within mutant seeds caused
more carbon to be channeled into oil synthesis (Zhang et al. 2010). Similarly, the
antisense expression of PEPC, which encodes an enzyme that catalyzes the conver-
sion of phosphoenolpyruvate to oxaloacetate, in B. napus resulted in a 6.4-18 %
relative elevation in seed oil content and a concomitant reduction in protein levels.
The enhanced seed oil phenotype likely resulted due to an increase in the availabil-
ity of phosphoenolpyruvate, which is an early substrate of FA synthesis, thus pro-
viding additional FA content for TAG biosynthesis (Chen et al. 1999). Recently, it
was also found that seed-preferred RNAi-mediated silencing of Arabidopsis
Atl1g01050 and At3g53620, which encode soluble, cytosolic pyrophosphatases, led
to small, absolute, seed oil increases of 1-4 %, mainly at the expense of seed stor-
age protein (Meyer et al. 2012). The mechanism behind this finding, however,
remains enigmatic.

7.3.3 Over-Expression of Genes Encoding Acyltransferases

Many efforts to enhance seed oil content have involved the up-regulation of genes
encoding ER-bound acyltransferases involved in the Kennedy pathway and hence,
TAG assembly. For example, cDNAs encoding either plastidial GPAT from
Carthamus tinctorius with its plastidial targeting sequence removed or a GPAT
(plsB) from Escherichia coli, which encode enzymes that catalyze the first step in
the Kennedy pathway, were expressed in Arabidopsis developing seeds. The result-
ing transgenic lines exhibited relative seed oil content enhancement of 22 % and
15 %, respectively, as well as increased seed weight (Jain et al. 2000). While simi-
lar findings have been obtained with the second enzyme in the pathway (LPAAT),
the results have been somewhat inconsistent, depending on the source of the
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transgenic LPAAT. One of the first attempts at utilizing an LPAAT to elevate seed
oil content involved the constitutive expression of a variant of the SPHINGOLIPID
COMPENSATIONI (SLCI-1) LPAAT from Saccharomyces cerevisiae in B. napus
and Arabidopsis (Zou et al. 1997). Relative increases in seed oil content of up to
22 % in transgenic B. napus and up to 49 % in transgenic Arabidopsis, respec-
tively, were noted under greenhouse conditions while subsequent studies with
SLCI-1 expression in B. napus exhibited up to 13.5 % enhancement in oil content
under field conditions (Taylor et al. 2002), with no concomitant reduction in seed
storage protein content. However, the transgenic lines did display alterations in FA
composition, with enhanced synthesis and incorporation of long chain FAs into the
sn-2 position of TAG. Similarly, constitutive expression of an LPAAT from C.
abyssinica (CaLPAAT) in B. napus resulted in increased oil content in transgenic
seeds (Xu et al. 2010). Likewise, the seed-specific expression of cDNAs encoding
two microsomal LPAAT isozymes from B. napus (BAT1.5 and BATI.13) in
Arabidopsis resulted in greater seed mass and up to 27 % relative enhancements in
seed TAG content, with no other discernible morphological or developmental
abnormalities (Maisonneuve et al. 2010). In contrast to SLCI-1, heterologous
expression of BAT1.5 and BATI.13, as well as CaLPAAT, did not yield any differ-
ences in FA composition of TAG present in the seeds of the transgenic plants com-
pared to untransformed plants (Maisonneuve et al. 2010; Xu et al. 2010).
Conversely, the seed-specific expression of LPAAT cDNAs from Limnanthes doug-
lasii (Brough et al. 1996) or L. alba (Lassner et al. 1995) in B. napus yielded
altered FA composition at the sn-2 position in TAG, but did not result in any
changes in seed oil content.

To date, the most extensively studied enzyme in terms of increasing seed oil
content has been DGAT, which is the final enzyme of the Kennedy pathway, and its
activity level has been suggested to limit the flow of carbon into TAG (reviewed by
Chen et al. 2010). Most plants have at least two forms of DGAT (DGAT1 and -2),
which share no homology and appear to have non-redundant functions in lipid
metabolism (Shockey et al. 2006). Since it seems that DGAT2 enzymes may exhibit
high specificities for particular FAs and have little effect on overall TAG content, the
majority of attempts to promote elevated oil content thus far have centered on
DGAT1. In an initial study, seed-specific over-expression of AfDGAT] resulted in
increases in Arabidopsis seed oil content of up to 28 % in homozygous lines (Jako
et al. 2001). Similarly, expression of a Tropaeolum majus DGATI in B. napus or
Arabidopsis resulted in relative enhancements of seed oil content of 11 % and 30 %,
respectively (Xu et al. 2008). Interestingly, this group was also able to achieve an
80 % increase in DGAT catalytic activity through the site-directed mutagenesis of a
single residue within TmDGAT1, as well as a subsequent elevation in relative oil
content of 50 % in transgenic Arabidopsis expressing the mutated gene. These
results emphasize the potential for engineering DGAT enzymes, and possibly other
acyltransferases, to possess enhanced catalytic activity. Since then, lower, but still
significant, increases in seed oil content have been obtained through the expression
of Arabidopsis or B. napus DGATI in the developing seeds of B. napus under both
greenhouse and field conditions (Taylor et al. 2009b; Weselake et al. 2008). It has
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also been shown that expression of AtDGAT! in B. napus substantially reduced the
penalty in seed oil content normally induced by drought, which suggests that the
transgenic expression of DGATI may be most effective at enhancing oil content
under conditions where the plant is unlikely to reach its full capacity due to environ-
mental stress (Weselake et al. 2008).

7.3.4 Up-regulation of Nonsymbiotic Hemoglobin-2

Non-symbiotic hemoglobins are a group of oxygen-binding proteins that have been
found in various plant species and can be divided into two classes (Hb1 and Hb2)
based on phylogenetic characteristics, oxygen-binding properties, and gene expres-
sion patterns (Trevaskis et al. 1997; Hoy and Hargrove 2008). Since seeds exhibit a
relatively low internal oxygen concentration (Vigeolas et al. 2003), it seems plau-
sible that increasing this concentration may promote mitochondrial respiration and
thus, storage metabolism. Indeed, seed-specific over-expression of the Arabidopsis
class 2 nonsymbiotic hemoglobin, Arabidopsis hemoglobin-2 (AHb2), but not a
class 1 gene, resulted in a 40 % relative elevation in the total TAG content, and a
slight decrease in protein levels, in seeds. These alterations may have been attribut-
able to a putative improvement in oxygen availability within the transgenic seeds.
The FA composition within seeds was also altered, with increases in polyunsatu-
rated linoleic (18:2¢“A%1?) and a-linolenic (8:3<“A%!215) acid (Vigeolas et al. 2011).

7.3.5 Altering the Expression of Transcription Factors

While all of the aforementioned studies have indicated that seed oil content can
indeed be regulated, at least to some extent, by the alteration of single key enzymes,
it is now known that seed oil accumulation is controlled by a complex, coordinated
regulatory network that is not only relevant to lipid metabolism, but also carbon
metabolism in general. Since transcription factors can affect a large number of
genes within a pathway simultaneously, the secondary bottlenecks often encoun-
tered in transgenic plants bearing modifications to a single enzyme are less likely to
be problematic (Courchesne et al. 2009). Therefore, the modulation of transcription
factors to effect changes in lipid biosynthesis has provoked widespread interest in
recent years.

During seed development, four transcription factors (LEC1, LEC2, FUSCA3
and ABI3) control virtually all aspects of the maturation process (Ohto et al. 2007).
While the over-expression of cDNAs encoding these transcription factors can result
in increased seed oil content, their expession also causes a variety of developmental
abnormalities and even lethality (Stone et al. 2001; Santos-Mendoza et al. 2005;
Wang et al. 2007a; Mu et al. 2008), which has made their use for the genetic ame-
lioration of oil content challenging. In a novel approach to minimize developmental
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abnormalities, Tan et al. (2011) utilized truncated seed-specific napin promoters
with reduced levels of activity to drive the expression of two B. napus LEAFY
COTYLEDON 1 (LECI) homologues, respectively, in Arabidopsis. The resulting
transgenic seeds exhibited up-regulation of a subset of genes involved in FA biosyn-
thesis and glycolysis, and produced elevated relative oil contents of 2-20 % with
slight reductions in protein levels and no other detrimental effects.

Similarly, the WRINKLED1 (WRI1) transcription factor, which has been sug-
gested to play a pivotal role in the regulation of glycolysis and certain aspects of FA
biosynthesis during seed development and functions downstream of the master
regulators mentioned above, has recently garnered much attention for its potential
ability to alter seed oil content in various plant species. Indeed, constitutive over-
expression of AtWRI1, as well as B. napus WRII orthologs, in Arabidopsis resulted
in approximately 10-20 % relative increases in seed oil content (Cernac and Benning
2004; Liu et al. 2010). This WRII-mediated enhancement of seed oil content, how-
ever, may not be a general rule, as expression of AsWRI I driven by the seed-specific
OLEOSIN promoter yielded elevated transcript levels for several WRII target genes,
but did not promote any significant change in oil accumulation (Baud et al. 2009).
While this discrepancy may be attributable to the different promoters utilized to
drive WRII expression, it is also possible that it may have resulted from the use of
different ecotypes of Arabidopsis (col-0 vs. Ws), which can exhibit variations in
storage lipid synthesis (Ruuska et al. 2002).

Two other transcription factors from Glycine max termed DNA-BINDING
WITH ONE FINGER4 and 11 (GmDOF4 and 11), both derived from a large gene
family with very diverse roles in plants (for example Mena et al. 1998; Plesch et al.
2001; Skirycz et al. 2006), have also been found to play a role in the regulation of
seed oil content. Expression of these cDNAs in Arabidopsis using the 355 promoter
resulted in increased seed weight, as well as a 5.3-9.1 % relative elevation in oil
content with a decrease in linoleic acid and increases in a-linolenic acid and cis-
11-eicosenoic acid (20:1*AY) in GmDOF4-expressing seeds, and a 4.7-8.1 % rela-
tive elevation in oil content with no changes in FA composition in
GmDOF11-expressing seeds. In both cases, these changes were associated with the
up-regulation of genes associated with FA biosynthesis and the down-regulation of
storage protein genes (Wang et al. 2007b).

The modulation of several transcription factors with roles that are apparently not
directly related to FA or TAG biosynthesis have also recently been found to increase
oil content in transgenic crucifers. For example, the GLABRA2 gene from
Arabidopsis, which encodes a class IV homeodomain-leucine zipper transcription
factor that is required for the correct differentiation of several epidermal types, has
been found to regulate seed oil levels. Loss-of-function g/2 mutants displayed up to
an approximately 10 % relative elevation in oil content compared to wild-type
plants, along with abnormalities in trichome morphology, root hair density and
extrusion of seed coat mucilage (Shen et al. 2006; Shi et al. 2012). While the exact
mechanism behind these results remains largely unknown, it was suggested that
seed mucilage and oil may compete for photosynthate within developing seeds, and
in the absence of mucilage formation in the mutants, the unused sucrose was instead
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utilized for oil biosynthesis (Shi et al. 2012). Unexpectedly, in a related study, both
the expression of sense and antisense copies of a GL2 homologue from B. napus
(BnaC.GL2.b) in Arabidopsis resulted in small relative seed oil enhancements of
3.5-5.0 % and 2.5-6.1 %, respectively (Chai et al. 2010). In both types of transgenic
plants there were decreased levels of endogenous Arabidopsis GL2 expression,
which suggests that over-expression of GL2 may have somehow affected the func-
tion of the endogenous gene (Chai et al. 2010).

Furthermore, the SHOOTMERISTEMLESS (STM) gene, which encodes a class I
KNOTTEDI-LIKE homeodomain protein and is required for the formation and
maintenance of the shoot apical meristem, has also recently been shown to have an
effect on seed oil content (Elhiti et al. 2012). Constitutive over-expression of the B.
napus STM gene caused a small (1.5-2 %) absolute enhancement of seed oil content
without altering protein levels, which almost certainly resulted from the accompa-
nying up-regulation of several key transcription factors (such as BnLECI, BnLEC2
and BnWRI1), along with numerous enzymes involved in sucrose metabolism, gly-
colysis and FA biosynthesis. In addition to changes in oil content in the transgenic
seeds, there were also alterations in FA composition, with a decrease in oleic acid
(18:1¢*A°) and slight increases in linoleic and a-linolenic acids (Elhiti et al. 2012).
Similarly, both constitutive and seed-specific expression of a cDNA encoding the
B. napus GROWTH-REGULATING FACTOR 2-LIKE transcription factor
(BnGRF2a) in Arabidopsis resulted in approximately 50 % and 40 % increases in
seed oil content, respectively. This was suggested to be largely due to the up-
regulation of various genes associated with cell proliferation, oil synthesis and pho-
tosynthesis (Liu et al. 2012).

7.4 Modification of Fatty Acid Composition

Since FA composition can determine both the quality and the potential use of plant
oils, considerable focus has also been placed on improving this trait. For example,
oils bearing enhanced omega-3 FAs are desirable for their nutritional benefits, while
those exhibiting increased unusual FAs, such as hydroxylated FAs, are of value for
industrial uses. As a result of this recent interest in the production of high-value plant
oils with modified FA profiles, success stories are accumulating in this field through
the use of genetic engineering, which is enabling the generation of Brassicaceae
seed oil with improved processing characteristics, food and industrial applications.

7.4.1 Saturated Fatty Acids

Plant oils with a high content of short, medium and long chain saturated FAs are
used in a number of food products, such as chocolate, candy coating, and non-dairy
creams, as well as industrial applications such as detergents and cosmetics (Scarth
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and Tang 2006; Dehesh 2001). Although coconut and palm oils are the main com-
mercial sources of short and medium chain saturated fatty acids (SMCFAs)
(Carlsson et al. 2011), the richest sources of SMCFAs such as caprylic (8:0) and
capric (10:0) acids, which are in particular demand in the medical field, are species
from the Cuphea genus. Unfortunately, although efforts have been made to domes-
ticate Cuphea species, several obstacles were encountered related to seed dormancy
and shattering (Knapp 1993). Conversely, the seed oil of members of the Brassicaceae
contains only traces of SMCFAs with small amounts of stearic acid (18:0); however,
the engineering of Brassica crop species could potentially yield an economical
source of these oils (Dehesh 1996; Voelker et al. 1996).

Fatty acid chain length is determined during their de novo synthesis in plastids
through the catalytic action of chain length-specific acyl-ACP thioesterases (Dehesh
et al. 1998; Dyer et al. 2008; Voelker et al. 1997). Voelker et al. (1996) carried out
one of the first attempts in which a medium chain-specific fatty-acyl ACP thioester-
ase (FatB) from the California bay tree (Umbellularia californica) was utilized to
increase the content of lauric acid (12:0) in B. napus, resulting in the production of
high levels of lauric acid (up to 50 %) in seed oil under field conditions. This work
demonstrated that specialized thioesterases have the ability to redirect the synthesis
of common FAs in B. napus to those of medium chain-length FAs. Unfortunately,
subsequent attempts to induce the production of other SMCFAs, such as capric or
caprylic acids, in B. napus were less successful, resulting in medium chain FA pro-
portions of only 8 % and 30 % in the seed oil, respectively (Wiberg et al. 2000).

Vegetable oils with a high content of stearic acid, such as those derived from
cocoa and mangosteen (Hawkins and Kridl 1998), are useful for the production of
food products such as margarine and shortening. As follows, an acyl-ACP thioester-
ase specific for the stearoyl moiety (FatA) from mangosteen (Garcinia mangostana)
has also been used to enhance the accumulation of this FA in B. napus seeds up to
22 % of the total FA content compared to 2.5 % in the wild-type control (Hawkins
and Kridl 1998). In addition, the level of stearic acid is also controlled by the cata-
lytic activity of stearoyl-ACP (A°) desaturase, and its antisense down-regulation in
B. napus resulted in an increase of stearic acid up to 40 % (Knutzon et al. 1992).

In most cases, accumulation of SMCFAs in transgenic seeds over-expressing
FatB was lower compared to the levels observed in plants that naturally produce
them (Thelen and Ohlrogge 2002). One possible explanation for this could be a rela-
tively small pool of short/medium chain acyl-ACP, which does not allow the accu-
mulation of high levels of SMCFAs in seeds. These results indicate that in addition
to thioesterases, other enzymes such as KASs could also be involved in the regula-
tion of chain length, as well as the amount of FAs that accumulate in the seeds
(Dehesh 2001). Over the years, a number of medium chain-specific KAS IV genes
were isolated from Cuphea species and were subsequently expressed in combina-
tion with chain-specific FatB genes in an attempt to increase the content of SMCFAs
to even higher levels (Dehesh et al. 1998; Stoll et al. 2005; Voelker and Kinney
2001). For instance, concomitant over-expression of a medium chain-specific KAS
IV and FatB from C. hookeriana resulted in a 30—40 % increase in the content of
medium chain FAs compared to lines expressing only FatB (Dehesh et al. 1998).
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Similarly, it was found in the same study that a C. hookeriana KAS IV could increase
the accumulation of lauric acid through its co-expression with the U. californica
FatB (Dehesh 2001). Another factor that limits the production of SMCFAs in
Brassicaceae species is a lack of medium chain-specific acyltransferases. In particu-
lar, B. napus LPAAT has a preference for oleoyl-CoA and lacks activity with lauryl-
CoA (Frentzen 1998). To overcome this limitation, a laurate-specific LPAAT from
coconut (Cocos nucifera) was co-expressed with the UcFATB. The resulting trans-
genic seeds accumulated significantly higher levels of lauric acid, making up to
65 % of the total FA pool compared to 48 % in seeds expressing only the FatB
(Knutzon et al. 1999).

Unfortunately, the production of saturated FAs in transgenic Brassicaceae seeds
was often accompanied by various morphological problems, such as reduced germi-
nation of high stearic acid GmFATA B. napus seeds (Hawkins and Kridl 1998) and
induction of f-oxidation in high lauric acid UcFATB seeds (Eccleston and Ohlrogge
1998), which has implications for their use as future crops. In any case, it is antici-
pated that higher levels of SMCFAs in transgenic plants could be obtained via the
co-expression of medium chain-specific FatB, KAS IV, GPAT, LPAAT and DGAT
enzymes (Carlsson et al. 2011).

7.4.2 Monounsaturated Fatty Acids

Monounsaturated FAs can also be used in a number of food and chemical applica-
tions (reviewed by Metzger and Bornscheuer 2006) and can be divided into two
groups. The first group contains FAs found in Brassicaceae seeds, such as oleic,
erucic (22:1“A') and small traces of nervonic acid (24:1“A') acids (Scarth and
Tang 2006; Taylor et al. 2010). The second group is represented by unusual monoe-
nic FAs such as petroselinic (18:1¢*A®), 16:1¢“A° and palmitoleic (16:1*A°) acids
present in, for example, Coriandrum sativum, Thunbergia alata and Doxantha
unguis-cati L. seeds, respectively (Cahoon et al. 1992, 1994, 1998). Unfortunately,
these latter species are not suitable for large-scale agricultural production and there-
fore the utilization of these plants as resources for the aforementioned FAs is very
limited (Suh et al. 2002). Considering the demand for all of these FAs, there is an
ongoing interest in increasing their content using metabolic engineering approaches.

The content of oleic acid, which increases the oxidative stability of oil and has
various applications in soap, detergents, lubricants and cosmetics (Dyer et al. 2008;
Metzger and Bornscheuer 2006), is largely regulated by the catalytic activity of a
microsomal A!? desaturase encoded by the FAD2 gene (Miquel and Browse 1992;
Drexler et al. 2003). To date, considerable progress has been made towards increas-
ing oleic acid levels by down-regulating the activity of FAD2 using seed-specific
co-suppression, antisense expression or RNA interference approaches (Kinney et al.
1994; Stoutjesdijk et al. 2000; Peng et al. 2010). Indeed, these transgenic approaches
resulted in oleic acid contents of up to 85 % of total FAs in B. napus seeds. In addi-
tion, further increases in oleic acid levels may be possible through the
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down-regulation of FatB, which would lower the amount of saturated FAs released
from plastids (Carlsson et al. 2011). A possible next step in the generation of trans-
genic plants bearing even higher oleic acid content could be the down-regulation of
two additional genes: PDCT and PDAT (Lu et al. 2009; Zhang et al. 2009).

Since oils high in erucic acid have over 200 applications, efforts have been ongo-
ing to increase the levels of this FA in Brassicaceae species. High erucic acid rape-
seed cultivars (HEAR) contain erucic acid predominantly in the sn-1 and sn-3
positions of the glycerol backbone, presumably due to the poor affinity of B. napus
LPAAT for very long chain FAs, which limits its accumulation to a maximum of
66 % (Dyer et al. 2008; Lassner et al. 1995; Weier et al. 1997). HEAR seed oil with
greater than 80 % erucic acid would be desirable to reduce production costs
(Mietkiewska et al. 2004). The first attempts to enhance erucic acid production in
B. napus seeds focused on the expression of novel LPAAT genes from L. alba and
L. douglasii, which resulted in increased trierucin accumulation (Brough et al.
1996; Frenzten 1998), but did not enhance the overall level of erucic acid in HEAR
oil, possibly as a result of a limited pool of erucoyl-CoA synthesized by the FAE
complex from its precursor, oleic acid (Scarth and Tang 2006; Taylor et al. 2011).
Using a different strategy, several FAE genes encoding f-ketoacyl-CoA synthases
with different acyl-CoA specificities were isolated and used to enhance the accumu-
lation of erucic acid in the seeds of Brassicaceae species. For example, Katavic et al.
(2001) over-expressed Arabidopsis FAE! in a HEAR cultivar of B. napus, resulting
in erucic acid levels of up to 48—53 % of the total FA pool compared to 43 % in the
wild-type control. Even more pronounced increases in the content of erucic acid
were achieved in Brassica carinata by expressing a C. abyssinica FAE, which
resulted in erucic acid accumulation up to 52 %; a net increase of 40 % compared to
wild-type plants (Mietkiewska et al. 2007). This same group also demonstrated that
by combining RNAi-mediated silencing of FAD2, which yielded an increased pool
of oleic acid, with over-expression of the C. abyssinica FAE, it was possible to bring
the content of erucic acid up to 58 %; a 45 % relative increase over wild-type levels
(Mietkiewska et al. 2008; Taylor et al. 2010). These results indicate that there may
be a limit to the amount of erucic acid that can be produced in transgenic seeds
through the alteration of one or two genes; therefore, it is likely that the manipula-
tion of multiple factors may be required to generate further increases (Nath et al.
2009). Intriguingly, such a gene-stacking strategy was applied to increase erucic
acid levels up to 72 % by crossing transgenic B. napus lines that over-expressed the
LdLPAAT and BnFAE cDNAs with a high oleic acid mutant line. A similar strategy
was also recently described to increase erucic acid content in C. abyssinica seeds
(Lietal. 2012).

Substantial progress has also been made to increase the content of nervonic acid
in Brassicacea oils, which has important pharmaceutical and nutritional applica-
tions in the treatment of numerous neurological disorders (Sargent et al. 1994;
Taylor et al. 2009a). For example, over-expression of FAE genes from L. annua and
Cardamine graeca in B. carinata caused the levels of nervonic acid to increase from
2.8 % in the wild-type control to 30 % and 42.5 % in B. carinata, respectively (Guo
et al. 2008; Taylor et al. 2009a, 2010, 2011).
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Plant oils with a high content of unusual monoenic FAs, such petroselinic, and
palmitoleic acids, are often used in the production of biodegradable lubricants, sur-
factants and plastic precursors (Carlsson et al. 2011; Thelen and Ohlrogge 2002;
Scarth and Tang 2006). Unfortunately, the first attempts to engineer plants for the
production of these FAs resulted in only limited success. In these instances, when
specific A* 16:0-ACP, A® 16:0-ACP and A° 16:0-ACP desaturases involved in the
synthesis of petroselinic, 16:1*A° and palmitoleic acids in C. sativum, T. alata and
D. unguis-cati, respectively, were expressed in Arabidopsis or B. napus, only a lim-
ited accumulation (1-15 %) of the corresponding FAs was observed (Bondaruk
et al. 2007; Cahoon et al. 1992, 1994, 1998; Suh et al. 2002). A major breakthrough
in the production of palmitoleic acid in transgenic plants, however, was achieved
recently through the use of an engineered A° desatuarse, which exhibited more than
100-fold higher activity in converting C16:0 to C16:1¢“A° than that of its natural
form (Carlsson et al. 2011; Nguyen et al. 2010). Seed-specific over-expression of
this engineered desaturase together with a pair of fungal cytosolic 16:0A° desatu-
rases increased the level of w-7 FAs up to 71 % in Arabidopsis plants carrying a
mutation in the KAS II gene (Carlsson et al. 2011; Nguyen et al. 2010). Although it
has yet to be tested, it has also been suggested that a multiple set of genes, including
those encoding ferrodoxin, KAS and thioesterase may be required for higher accu-
mulation of these monoenic FAs in transgenic plants (Dyer et al. 2008).

7.4.3 Polyunsaturated Fatty Acids

There is an increasing interest in engineering oilseed crops with enhanced polyun-
saturated fatty acid (PUFA) content due to the fact that clinical evidence has indi-
cated that PUFAs, and especially omega-3 very long chain-PUFAs (VLC-PUFAs;
e.g. eicosapentaenoic acid [EPA, 20:5¢5A38111417] and docosahexaenoic acid [DHA,
22:6c A*T10.1316197) "have multiple beneficial effects on human health (Ruiz-Lépez
et al. 2012). All higher plants contain the enzymes to produce the C18 PUFAs, lin-
oleic acid and a-linolenic acid, while a few plant species have the ability to further
metabolize a-linolenic acid to stearidonic acid (SDA, C18:4¢A5%1215) and linoleic
to y-linolenic acid (GLA, 18:3“A%*12) To date, few attempts have been made to
enhance linoleic or a-linolenic acid contents in plants; however, considerable prog-
ress has been made towards the engineering of high-yielding crops to produce
Brassicaceae seed oils with elevated levels of GLA and SDA, respectively. For
example, Liu et al. (2001) demonstrated that co-expression of a A® and a A'? desatu-
rase isolated from Mortierella alpina in B.napus resulted in a significant accumula-
tion of GLA (up to 43 % of total seed FA). Similar levels of GLA were generated in
the seeds of B. juncea through the expression of a A® desaturase from the fungus
Pythium irregulare (Hong et al. 2002). Furthermore, hybridization between trans-
genic B. napus lines containing the M. alpina A® and A'? desaturase genes and
independently produced lines containing the B. napus A" desaturase gene gener-
ated up to 23 % SDA (Ursin 2003).
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Unfortunately, plants do not possess the enzymes required to convert C18 PUFAs
into VLC-PUFAs (Napier 2007; Napier and Graham 2010; Ruiz-Ldpez et al. 2012).
Currently, marine fish are the primary dietary source of omega-3 VLC-PUFAs, such
as EPA and DHA. However, due to the diminishing marine stock and increased
demand for VLC-PUFAs, especially omega-3 VLC-PUFAs, the possibility of engi-
neering plants as an alternative sustainable source of EPA and DHA has been thor-
oughly investigated. The main strategy employed for the production of VLC-PUFAs
in plants has been the reconstitution of the VLC-PUFA biosynthetic pathway. Two
different pathways have been proposed for VLC-PUFA synthesis: the anaerobic
polyketide synthase (PKS)-like pathway, which exists in thraustochytrids and some
marine bacteria (Metz et al. 2001; Napier 2002; Okuyama et al. 2007) and the aero-
bic pathway, which involves an alternating process of FA desaturation and elonga-
tion, and is used in most eukaryotes to generate VLC-PUFAs. As of yet, there has
been only a single successful example of engineering the anaerobic PKS-like path-
way for VLC-PUFAs in plants, which yielded up to 0.8 % DHA and 1.7 % docosa-
pentaenoic acid of total FAs in Arabidopsis seeds (Metz et al. 2006). Efforts are
ongoing, however, to further optimize the engineering of this pathway in oilseeds.

Conversely, far more success has been achieved through the use of the aerobic
pathway of VLC-PUFA biosynthesis. The desaturases in this pathway comprise a
unique class of oxygenases termed ‘front-end desaturases’ that catalyze double
bond formation between the pre-existing double bond and carboxyl end of PUFAs
(see Meesapyodsuk and Qiu 2012 for a detailed review). There are two main distinct
aerobic pathways leading to the synthesis of VLC-PUFAs: the “A®” and “A®%” path-
ways. The conventional “A®” pathway exists in most VLC-PUFA-synthesizing
eukaryotes and involves sequential A® desaturation, elongation, and A® desaturation
to produce arachidonic acid and EPA. The “A%” pathway has been reported in some
protists and is initiated by A° elongation, followed by A® desaturation and A’ desat-
uration to generate arachidonic acid (20:4<sA38!114) and EPA. EPA generated from
both pathways is subsequently elongated and desaturated to yield DHA. In the past
few years, all primary genes required for aecrobic VLC-PUFA synthesis have been
cloned (Sayanova and Napier 2004). The most impressive demonstration of re-
engineering the complete aerobic pathway for EPA production in Brassicaceae spe-
cies was reported by Cheng et al. (2010), which accumulated an average of 20 % of
EPA in transgenic zero-erucic acid B. carinata seeds. This study also suggested that
the choice of host species had substantial influence on VLC-PUFA level, with zero-
erucic acid B. carinata appearing to be a better host than B. juncea. Recently, sev-
eral further studies also demonstrated the practical feasibility of the metabolic
engineering of Brassicaceae species for DHA production in seed oil. For example,
Robert et al. (2005) described the successful reconstitution of the DHA biosynthetic
pathway in Arabidopsis, which produced up to 0.5 % DHA in the seeds of T, plants.
Improved results were obtained by introducing a nine-gene construct into the
B. juncea breeding line 1424, whereby Wu et al. (2005) were able to obtain up to
1.5 % DHA in transgenic seeds.

Despite the substantial progress that has been made towards the engineering of
plants for enhanced VLC-PUFA contents, the amount of EPA and DHA produced is



132 S.D. Singer et al.

still far less than that present in fish oil. One of the major bottlenecks for producing
high levels of VLC-PUFAs in transgenic plants is the well-documented “substrate-
dichotomy” (Napier 2007), which occurs as a result of the different substrate
requirements of desaturase and elongase, namely glycerolipid-linked substrates for
desaturases and acyl-CoA for elongases. Many different strategies have been pro-
posed to prevent acyl chain exchange between the phospholipid and acyl-CoA pool
for a series of desaturation and elongation steps. The most obvious of these methods
is to incorporate acyl-CoA-dependent desaturases into the engineering pathway.
However, while several groups (Hoffmann et al. 2008; Petrie et al. 2010; Robert
et al. 2005) have attempted this strategy, the seed levels of VLC-PUFAs (EPA and
DHA) remained extremely low. The reasons behind these low levels of desired FAs
remains to be further investigated. Therefore, although considerable preliminary
success has been achieved towards engineering plants for increased contents of
VLC-PUFAs, further research will be necessary to generate transgenic seed oil that
is substantially equivalent to marine oil.

7.4.4 Unusual Fatty Acids

Fatty acids with additional functional groups, including hydroxylated, epoxidized
and conjugated FAs, as well as acetylenic and cyclopropene FAs, are valuable for a
wide range of industrial applications, such as lubricants and drying oils. Even
though some of these exotic FAs can accumulate upwards of 90 % in the seed oils
of various native plants, including ricinoleic acid in castor oil and vernolic acid in
Bernardia pulchella oil, these plants either have a fairly low seed yield or have a
very restricted growing area (Carlsson et al. 2011). Therefore, substantial research
has been carried out to genetically engineer high yielding oilseeds to produce these
unusual FAs. In most cases, the enzymes responsible for the synthesis of these FAs
are related to, and probably evolved from, the FAD2 oleoyl-PC A!?-desaturase,
which catalyzes the conversion of oleic acid to linoleic acid (Cahoon et al. 1999;
Dyer et al. 2002; Lee et al. 1998; van de Loo et al. 1995). Thus, in a similar fashion
to desaturation, FA modification catalyzed by these FAD2-related enzymes occurs
using PC as the substrate.

To date, many FAD2-related enzymes have been identified in plants that natu-
rally produce modified fatty acids (mFAs), such as the hydroxylase from castor (van
de Loo et al. 1995), the epoxygenase from Vernonia galamensis (Kinney et al. 2002)
as well as the conjugase from Momordica charantia (Cahoon et al. 1999), and these
enzymes have proven to be very useful for engineering plants for novel industrial
oils (Cahoon et al. 2006; Lu et al. 2006b; Smith et al. 2003). However, the amount
of mFAs that accumulate in these transgenic seeds in which the expression of a
single FAD2-like gene has been over-expressed is relatively low (<20 %) compared
to the levels found in natural plant sources (Broun and Somerville 1997; Cahoon
et al. 1999; Lee et al. 1998). The major bottleneck for producing high amounts of
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mFAs in transgenic seed oil seems to be channeling these FAs from their site of
synthesis on PC to storage TAG (Bates and Browse 2011; Dyer et al. 2008).

One popular hypothesis is that, in natural mFA-producing plants, enzymes
involved in the TAG biosynthetic pathway have co-evolved with the FAD2-related
enzymes, which enable them to effectively incorporate mFAs into TAG (Lu et al.
2006b). Thus, co-expressing cDNAs encoding these co-evolved enzymes with the
FAD2-related enzymes could facilitate the flow of mFAs from PC and thus relieve
the bottleneck. This hypothesis has been validated by several experiments. For
example, Li et al. (2010) reported that transgenic expression of V. galamensis
DGATI or DGAT2 enhanced the level of the epoxidized vernolic acid in mature
transgenic soybean seeds co-expressing a A'?-epoxygenase from Stokesia laevis. In
addition, combining the expression of the acyltransferases, ReDGATZ2 or PDATIA,
along with FAHI2 in Arabidopsis showed significantly increased levels (approxi-
mately 10 % of total FA content) of hydroxy FA accumulation in seed oil (Burgal
et al. 2008; van Erp et al. 2011). Besides the acyltransferases involved in the final
step of TAG synthesis, enzymes including LPCAT, LPAAT, specific phospholi-
pases, GPAT and the recently discovered PDCT, may also be important for further
increases in the production of mFAs in transgenic plants (Carlsson et al. 2011).
Another aspect that requires consideration is that expressing single FAD2-like genes
in transgenic plants had detrimental effects on oil content (Li et al. 2010; van Erp
et al. 2011). This negative effect could be at least partially overcome by co-
expression with co-evolved genes, because these enzymes may prevent a futile
cycle of mFA synthesis and breakdown.

Recently, it has also been suggested that the acyl-ACP-dependent feedback inhi-
bition of FA synthesis may be a major limiting factor for engineering plants for
mFAs (Snapp and Lu 2012); however, this theory has yet to be proven and will
require further study. Taken together, these examples indicate that understanding
specific mFA metabolic pathways in mFA-producing plants and the utilization of
gene-stacking techniques for mFA production will likely allow vital optimization of
this metabolic engineering strategy.

7.5 Engineering Non-acyl Lipid Biosynthesis in Seeds

In addition to the acyl lipids that make up seed oil storage reserves, plants also pro-
duce a wide variety of non-acyl lipids, including sterols, chlorophyll, carotenoids
and tocochromanols. To date, the antioxidant carotenoids and tocochromanols have
garnered the most interest for biotechnological modification in plant seeds due to
their essential roles in the diets of animals, including humans (reviewed in Meyer
and Kinney 2010). Interestingly, while genes responsible for virtually all aspects of
both pathways have been elucidated from genetic and genomics-based approaches
in model species, efforts to enhance the content or modify the composition of each
type of compound have been met with mixed success.
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7.5.1 Carotenoids

Carotenoids make up a large group of over 750 tetraterpene lipids (C40) that are
often highly coloured and exert important physiological functions in a wide range
of organisms, including plants, as well as some algae, bacteria and fungi. In plants,
these molecules accumulate in specialized plastid-derived chromoplasts or the thy-
lakoid membrane system of chloroplasts where they are thought to have an antioxi-
dant function and in some cases are integral components of the photosynthetic
apparatus (Bartley and Scolnik 1995). Unlike photosynthetic organisms, animals
are not able to synthesize carotenoids de novo, and as such, must acquire them
through their diets. f-carotene is possibly the most well-known of these molecules
for its dietary requirement in animals, as it serves as a precursor to vitamin A.
However, in addition to their role in vitamin A production, carotenoids have also
attracted much attention for their putative nutraceutical properties, such as their
possible effects in the prevention of various types of cancer (Zhang et al. 2012;
Nishino et al. 2009; Levy et al. 2011), cardiovascular disease (Fassett and Coombes
2011), and age-related macular degeneration (Carpentier et al. 2009).

While seed carotenoid biosynthesis is essential for the generation of abscisic
acid and its associated regulation of seed dormancy, it is a minor constituent of most
seeds, accumulating to approximately ten-fold lower levels than other non-acyl lip-
ids. These levels are also approximately a factor of ten lower than the carotenoid
content of photosynthetic leaves (Howitt and Pogson 2006). Due to the prevalence
and tragic outcomes of vitamin A deficiencies in humans, various attempts have
been made to enhance pro-vitamin A carotenoid levels in seeds, many of which
have centered upon the over-expression of PHYTOENE SYNTHASE (PSY), which
catalyzes the first committed step in carotenoid biosynthesis and is considered to be
aregulatory point within the pathway. The first of these attempts, whereby a plastid-
targeted PSY gene from Pantoea ananatis (formerly known as Erwinia uredovora,
crtB) was expressed in a seed-specific manner in B. napus, was exceptionally suc-
cessful (Shewmaker et al. 1999). The resulting transgenic embryos were visibly
orange and exhibited up to a 50-fold increase in carotenoid content compared to
untransformed controls. This increase was predominantly due to increases in a- and
[B-carotenes, with no substantial change in lutein, which is the predominant carot-
enoid in most seeds. This vast increase in carotenoids appeared to occur at the
expense of tocopherols and chlorophyll, as tocopherol levels decreased three-fold in
mature transgenic seeds and transient chlorophyll was reduced by six-fold in devel-
oping seeds. Interestingly, and perhaps somewhat disappointingly, the fatty acyl
composition in these seeds was also altered, exhibiting a higher percentage of oleic
acid and decreased proportions of linoleic and a-linolenic acid, which could be
considered undesirable in terms of nutrition (Shewmaker et al. 1999). Similar,
although slightly less spectacular, results were obtained in a subsequent study in
which the seed-specific over-expression of an endogenous Arabidopsis PSY led to a
significant increase in total carotenoid content, with an average relative 43-fold
increase in the amount of p-carotene (Lindgren et al. 2003). However, there were
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several notable differences from the previous study, including the fact that many
other carotenoids, including lutein, were also increased in the transgenic seeds, as
were levels of chlorophyll, which suggests that slight functional differences may
exist in bacterial and plant-derived PSY genes.

As there was also a small buildup of phytoene in the lines expressing the bacte-
rial PSY gene (Shewmaker et al. 1999), it was proposed that the desaturation and
isomerization steps that occur early in the pathway may have been experiencing a
bottleneck to some degree. Indeed, a follow-up study in which the same PSY gene
was co-expressed with bacterial PHYTOENE DESATURASE (crtl) and LYCOPENE
p-CYCLASE (crtY) genes eliminated this phytoene excess and increased the ratio of
- to a-carotene from 2:1 to 3:1 without exhibiting any further increase in total
carotenoid levels in B. napus seeds (Ravanello et al. 2003). Along the same lines,
constitutive RNAi-mediated down-regulation of the B. napus LYCOPENE
e-CYCLASE (e-CYC), which catalyzes the formation of a-carotene and lutein from
lycopene, resulted in enhanced f-carotene, zeaxanthin, violaxanthin and lutein lev-
els in seeds and an overall decrease in FA content (Yu et al. 2008).

Enhancement of seed carotenoid content has also been elicited through the engi-
neering of genetic elements that are not directly involved in the carotenoid biosyn-
thetic pathway. Forexample, constitutive silencing of the B. napus DE-ETIOLATED-1
(DETI) gene, which is a negative regulator of light-mediated responses in plants
and plays a pleiotropic role in plant development (Schifer and Bowler 2002),
resulted in 28-230 % increases in carotenoids (Wei et al. 2009). Interestingly, seed-
specific silencing of the same gene resulted in a lesser degree of carotenoid enhance-
ment, with increases of only 34—76 %. While the transgenic plants had normal plant
morphology and productivity, poor germination rates were noted in the transgenic
seeds, which would adversely affect their use in an agricultural context. Similarly,
constitutive, but not seed-specific, expression of the Arabidopsis ArmiR156b gene,
which regulates a network of genes through the targeting of numerous transcription
factors (Schwab et al. 2005; Gandikota et al. 2007), in B. napus resulted in 1.3 to
2-fold increases in carotenoid content in seeds, with a4.5-fold elevation in f-carotene
levels (Wei et al. 2010). At present, the mechanisms underlying the roles of these
genes in carotenoid biosynthesis are not fully understood.

In recent years, attempts have also been made to increase the production of par-
ticular carotenoids in seeds, such as the ketocarotenoids, which have distinct value
in human health and as a feed ingredient (Giuliano et al. 2008). Astaxanthin in
particular has become a main focus of this type of research as it is a high-value
antioxidant that is expensive to synthesize chemically and is only produced by a
limited number of organisms, including marine bacteria, as well as certain freshwa-
ter algae and basidiomycete yeast (Johnson and An 1991; Boussiba 2000; Del
Campo et al. 2004; Johnson 2003). The majority of higher plants are not able to
produce ketocarotenoids due to their lack of a gene encoding f-carotene ketolase
(4,4'-oxygenase) (Cunningham and Gantt 2005). In one instance, Stalberg et al.
(2003) expressed a plastid-targeted f-CAROTENE KETOLASE (bkt2) gene from the
alga Haematococcus pluvialis in Arabidopsis in a seed-specific manner, which
resulted in the production of several ketocarotenoids, including small amounts of
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astaxanthin. Interestingly, the relative amount of ketocarotenoids were able to be
increased through the co-expression of this cassette with one bearing the endoge-
nous Arabidopsis PSY, which yielded seeds with a 4.6-fold increase in total pigment
and a 13-fold increase in the levels of three major ketocarotenoids (4-keto-lutein,
canthaxanthin and adonirubin) compared to seeds of transgenic plants bearing only
the bkr2 construct (Stalberg et al. 2003).

More recently, an attempt was made to genetically engineer B. napus seeds to
yield enhanced levels and composition of carotenoids through the expression of
seven key plastid-targeted bacterial genes found previously to be involved in ketoca-
rotenoid formation (Fujisawa et al. 2009). These included genes encoding PSY,
[-carotene ketolase, 3-carotene hydroxylase, isopentenyl pyrophosphate isomerase,
geranylgeranyl pyrophosphate synthase, lycopene p-cyclase and phytoene desatu-
rase/carotene isomerase. While ketocarotenoids were generated in the transgenic
seeds, only very low levels of astaxanthin were produced and in every case, the
levels of total carotenoids in transgenic seeds were similar to or less than values
reported for seeds transformed with PSY alone (Shewmaker et al. 1999), which sug-
gests that any increase in total carotenoids was mainly due to the catalytic activity
of PSY (Fujisawa et al. 2009).

Therefore, while great success has been achieved in engineering seeds that pos-
sess an increase in native pro-vitamin A-related carotenoids, it seems that the gen-
eration of non-native carotenoids, such as particular ketocarotenoids, is going to be
a far more challenging task. It has become evident that not only ketolase activity, but
also an increased flux of substrate into the carotenoid biosynthetic pathway will be
required, and it is possible that modification of the native carotenoid profile may
also be necessary to limit the accumulation of non-desired intermediates, possibly
via RNAi-mediated silencing (reviewed by Meyer and Kinney 2010). In addition, it
is possible that the ability to engineer novel, plastid-derived compartments within
the seed may also be required for the efficient biosynthesis and storage of carot-
enoids. For example, the Arabidopsis or mutant effected the constitutive formation
of chromoplasts, which led to carotenoid accumulation without any concomitant
up-regulation of carotenoid biosynthetic genes (Lu et al. 2006a), and has the poten-
tial to be of extreme value in the production of ketocarotenoids in sufficient
abundance.

7.5.2 Tocochromanols

Tocochromanols are a group of non-acyl lipids found in all photosynthetic organ-
isms. In terms of human nutrition, the tocochromanols all constitute forms of vita-
min E, which is an essential nutrient in the diet of mammals. Indeed, vitamin E
intakes in excess of the recommended daily allowance have been associated with
improved immune function, decreased risk of cardiovascular disease and some can-
cers, as well as slowing the progression of several degenerative conditions associ-
ated with aging such as arthritis and cataracts. Unfortunately, obtaining these
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therapeutic levels of vitamin E from an average diet is incredibly difficult (reviewed
by Meyer and Kinney 2010).

As is the case for the carotenoid biosynthetic pathway, genes for virtually every
step in tocochromanol biosynthesis have been isolated, which has facilitated efforts
to manipulate this pathway. Attempts to enhance vitamin E levels in seeds have
been carried out through either efforts to increase the flux of substrate through the
biosynthetic pathway in order to quantitatively elevate total tocopherol levels, or by
shifting the composition of the tocopherol pool towards elevated amounts of tocoph-
erols with the highest vitamin E activities (Ajjawi and Shintani 2004).

Increasing total amounts of tocochromanols in seeds would be of potential use
for improving the antioxidant capacity of vegetable oils, which could in turn enhance
their oxidative stability for food processing and their use as high temperature lubri-
cants, and could also increase the vitamin E activity of oils. To this end, over-
expression of many of the genes directly involved in tocochromanol biosynthesis,
including TYRA, HPPD, HPT (VTE2), and TC (VTE]I), has been carried out in trans-
genic Brassicaceae seeds; unfortunately, the results have been modest at best
(Karunanandaa et al. 2005; Tsegaye et al. 2002; Raclaru et al. 2006; Savidge et al.
2002; Collakova and DellaPenna 2003; Kumar et al. 2005). In addition, over-
expression of TC has also been linked to compositional changes, with increases in
the proportion of d-tocopherols (Kumar et al. 2005).

The fact that only small, but significant, increases in tocochromanol content were
observed in transgenic plants expressing a number of single genes involved in the
tocochromanol biosynthetic pathway indicates that the metabolic flux to this par-
ticular pathway is not controlled by a single enzyme-catalyzed reaction. Therefore,
several attempts have been made to enhance the expression of multiple regulatory
steps simultaneously, with slightly improved results. For example, co-expression of
HPPD, HPT and TC in B. napus seeds resulted in an average increase of tocopherol
content of 1.2-fold, with an enhancement in the proportion of d-tocopherol due to
the over-expression of the 7C gene (Raclaru et al. 2006). Similarly, co-expression
of TYRA, HPPD and HPT in Arabidopsis and B. napus seeds yielded up to five-fold
increases in tocochromanol levels, which were suggested to be almost exclusively
due to increased tocotrienols (Karunanandaa et al. 2005). Unfortunately, many of
the latter lines also exhibited impairments in germination (Karunanandaa et al.
2005), which would likely preclude their use in crop improvement.

The inability to engineer large increases in tocopherol content in oilseeds indi-
cates that there remains a lack of understanding concerning this particular pathway
in plants. Efforts are currently underway to identify additional genes that are not
directly involved in the tocochromanol biosynthetic pathway, that exert control
over the tocopherol content and profile of seeds. Indeed, it has been suggested that
there may be a limit to the amount that these compounds can be increased without
a concomitant enhancement of the flux through the MEP pathway (Savidge et al.
2002) and it has been shown that GGDP may be limiting for tocopherol biosynthe-
sis (Furuya et al. 1987). This information will undoubtedly allow further success in
the engineering of enhanced tocopherol content in transgenic seeds in the future.
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Of all the tocochromanols, a-tocopherol content has been found to be particu-
larly crucial from a nutritional perspective as it possesses the highest vitamin E
activity. While a-tocopherol tends to be the most abundant tocochromanol in photo-
synthetic tissues, seed oil generally contains 10-20 times higher levels of tocochro-
manols than leaves and are thus the major dietary source of vitamin E, but
a-tocopherol is very often a minor component (reviewed by DellaPenna and Pogson
2006). Fortunately, efforts to modify oilseed tocopherol composition to yield higher
proportions a-tocopherol from y-tocopherol have yielded excellent results. The fact
that y-tocopherol methyltransferase (y-TMT), which is a methyltransferase involved
in the conversion of y- and 8-tocochromanols to their a- and p- counterparts, was
thought to be a limiting factor in a-tocopherol production suggested that conversion
of the large pool of y-tocopherol in seeds to the more nutritionally desirable
a-tocopherol may be possible through its targeted over-expression. As expected, the
seed-specific over-expression of the Arabidopsis y-TMT ortholog (VTE4) resulted in
the nearly complete conversion of y-tocopherol to a-tocopherol and a resulting
nine-fold enhancement in vitamin E activity (Shintani and DellaPenna 1998) with-
out any significant change in total tocochromanol content. More recently, a similar
approach has been taken in the crop plant, B. juncea, whereby Arabidopsis VTE4
was constitutively expressed, resulting in a six-fold increase in the a- to y-tocopherol
ratio in seeds, with the total tocopherol content remaining largely unchanged com-
pared to controls (Yusuf and Sarin 2007).

Furthermore, since the modest increase in seed tocopherol levels noted in trans-
genic Arabidopsis over-expressing the HPT1 (VTE2) gene was found to be primar-
ily due to an increase in y-tocopherol (Collakova and DellaPenna 2003; Savidge
et al. 2002), an attempt was made to simultaneously over-express VIE2 and VTE4
to yield higher levels of a-tocopherol. As anticipated, this co-expression yielded an
additive effect, increasing total tocochromanols while at the same time converting
virtually the entire pool of y-tocopherol to a-tocopherol and resulting in a nearly
12-fold enhancement in vitamin E activity with no decreases in total chlorophyll or
carotenoid levels (Collakova and DellaPenna 2003).

7.6 Conclusion and Future Directions

In recent years, there has been a growing interest in the utilization of genetic engi-
neering to generate Brassicaceae crop species bearing modified lipid compositions,
novel lipids, or increased lipid content. These oils have the potential to be incredibly
useful for a variety of industrial and food applications, and may provide a more
sustainable means of generating these products. However, despite the great advances
that have been achieved in our understanding of the various FA and lipid biosyn-
thetic pathways, there remain obvious gaps in our knowledge, which continue to
hamper advancements in the development of transgenic plants bearing modified
seed oil phenotypes (Weselake et al. 2009; Baud and Lepeniec 2010). To complicate
matters even further, the processes of acyl- and non-acyl lipid synthesis are both
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highly complex, involving carbon metabolism and often various environmental fac-
tors in addition to the pathways in which their synthesis occurs. Therefore, the
genetic manipulation of plants to enhance these qualities will almost certainly
necessitate intricate strategies that rely upon the simultaneous over-expression and/
or down-regulation of a number of target genes (reviewed by Baud and Lepeniec
2010). It seems likely that this type of approach will provide the means to yield
transgenic seeds with higher levels of particular FAs and lipids, which would
increase their potential usefulness as commercial crops in the future.
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Abstract This chapter reviews the chemical structures of phytoalexins of crucifers,
elicitors and plant sources, biological activities and metabolic pathways, with spe-
cial focus on biosynthesis from primary building blocks and biotransformation by
fungal pathogens. A new strategy that uses paldoxins to control phytopathogenic
fungi is discussed.
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8.1 Introduction

Crucifers (Brassicaceae) have all sorts of applications, from edible oils and vegeta-
bles to condiments, fodder, ornamentals, industrial oils and fuels (Warwick 2011).
In addition, some wild crucifers such as Arabidopsis thaliana and Thellungiella
salsuginea are used as model systems in scientific research. For these reasons, there
are numerous research publications dealing with cruciferous species. In this article,
as the title suggests, I will summarize work covering mainly the metabolism of
phytoalexins of crucifers related with their biosynthesis and biotransformation by
plant pathogens. A comprehensive review of cruciferous phytoalexins has appeared
recently (Pedras et al. 2011).

Plants and many living organisms including microbes and animals produce an
incredible array of secondary metabolites, also known as natural products (Hartmann
2007). Such products are characteristic of individual groups of organisms and are
important to the overall fitness of these organisms. Secondary metabolites within
each group of organisms (e.g., genera, species) are normally classified according to
their ecological roles, as for example phytoalexin and phytoanticipin. Unfortunately,
these terms are not used consistently across the various research areas dealing with
natural products, causing some confusion and misunderstandings. For this reason,
this review will point out situations within the Brassicaceae where the terms phyto-
alexin and phytoanticipin have been misused, with the intent of preventing future
misconceptions and contributing to a better understanding of the function and clas-
sification of phytoalexins and phytoanticipins.

8.2 Plant Defense Metabolites

Plants produce mainly two groups of secondary metabolites involved in defense,
phytoalexins (Bailey and Mansfield 1982) and phytoanticipins. The current defini-
tion of phytoalexins states that these plant metabolites are low molecular weight
antimicrobial compounds produced de novo in response to pathogen attack. By con-
trast, phytoanticipins are constitutive low molecular weight antimicrobial com-
pounds, although their concentration may increase when plants are under stress
(VanEtten et al. 1994). Phytoalexins and phytoanticipins may also be produced
under other types of stress including exposure to UV radiation and heavy salts.
Although only phytoalexins are the subject of this review, it is pertinent to mention
that the cruciferous metabolites known as glucosinolates are considered phytoanti-
cipins because they are constitutive metabolites and precursors of various metabo-
lites with antimicrobial activity such as their corresponding isothiocyanates and
nitriles. However, contrary to certain misconceptions (Nongbri et al. 2012), it is
important to emphasize that glucosinolates are not phytoalexins. Phytoalexins are
not present in healthy plant tissues, their primary precursor(s) is recruited into
the phytoalexin biosynthetic pathway after elicitation by biotic or abiotic elicitors.
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The clear distinction between the definitions of phytoalexin and phytoanticipin does
not prevent a plant metabolite from being a phytoalexin (elicited) in a certain spe-
cies and a phytoanticipin (constitutive) in another species, as in the case of indolyl-
3-acetonitriles. This is not a failure of the definitions, but an outcome reflecting the
evolution of secondary metabolism in different groups or organisms. Although the
ecological significance and defensive roles of phytoalexins have been widely dem-
onstrated in various plant families, challenges continue to exist making this research
area a great opportunity for novel discoveries with enormous potential applications
(Essenberg 2001).

8.3 Cruciferous Phytoalexins

The detection of phytoalexins can be challenging due the very small quantities pro-
duced relative to the amounts of constitutive metabolites. However, with highly
sensitive analytical instruments such as high performance liquid chromatographs
(HPLC) or ultra high pressure LC (UPLC) with diode array detector (DAD, very
good when compounds have chromophores) and mass detector, phytoalexin detec-
tion is less problematic, but is highly dependent on the particular plant species and
tissue. Mass spectrometry (MS) ionization techniques, as for example electrospray
ionization (ESI), are known to yield reasonable molecular or quasi-molecular ions
of many phytoalexins. However, when mass detectors are used, it is important to
establish the detector responses using authentic phytoalexin standards, which usu-
ally are not commercially available (Pedras et al. 2006). Perhaps for this reason,
typical metabolomics analyses do not appear to be concerned with this class of
metabolites. Regardless of the analytical instrument type used, screening for phyto-
alexins requires the analysis of both elicited and control tissues in parallel. As well,
it is necessary to use reasonably polar solvents to extract quantitatively these metab-
olites. Comparison of chromatograms of control tissues with those of elicited tis-
sues can show additional peaks due to elicitation, and in some cases a chemical
structure can be proposed based on the molecular mass of component and UV data.
Nonetheless, a hypothetical chemical structure is insufficient to reveal a new phyto-
alexin, that is, the antimicrobial activity of any putative phytoalexin must be proven
through the use of antimicrobial bioassays. Hence, a milligram or more of the com-
pound is initially required to carry out bioassays before any phytoalexin claim can
be published.

Due to the availability of highly sensitive MS instruments, it is possible to detect
ions in elicited tissues that are not present in control tissues. For this reason, there
are a few examples in the current literature in which the presence of elicited com-
pounds detected by MS has led to erroneous claims that new phytoalexins were
discovered (Bottcher et al. 2009), an unfortunate confusion. As mentioned above, it
is likely that a substantial amount of time may be necessary between the detection
of a putative phytoalexin and its isolation in sufficient amounts to obtain spectro-
scopic data (nuclear magnetic resonance, NMR, is in most of the cases crucial) for
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structure characterization and bioassays. Nonetheless, NMR spectroscopic data
may suggest more than one structure, i.e. ambiguity is possible, hence derivatization
or total synthesis of the compound may be required to determine its structure unam-
biguously. An additional analytical method that can provide detection and structural
information on phytoalexins, without carrying out compound isolation, involves
coupling of HPLC to a MS detector and NMR instrument. This is a very powerful
but rather expensive method. In my group, new phytoalexins are published only
after each structure has been confirmed by total synthesis (usually, the binomial
combination “total synthesis” is technically applicable to larger and more complex
carbon skeletons). Synthesis is necessary to confirm the correctness of the structure
and to obtain sufficient amounts of each compound to carry out antimicrobial
bioassays.

The analyses and screening of phytoalexins in extracts of cruciferous tissues has
also been carried out by TLC, with biodetection utilizing spores of Cladosporium or
Bipolaris species (Pedras et al. 2011). This bio-TLC method is sensitive, but time
consuming and may not work well in all situations since other antifungal com-
pounds present in control extracts can mask the bioactivity of phytoalexins, as was
the case of Wasabia japonica (Pedras and Sorensen 1998). Similarly, comparison of
HPLC chromatograms of extracts of elicited tissues with those of control samples
can also be misleading because complete separation of all metabolites may be dif-
ficult. Indeed, some extracts obtained from crucifers are very complex and an over-
lap of peaks of phytoalexins with peaks of constitutive metabolites can occur. It is
necessary to use at least two eluting systems to ensure that a maximum number of
components are detected. To date, 45 phytoalexins have been reported from various
cruciferous species (Fig. 8.1, Table 8.1). The newest member is the phytoalexin
isocyalexin A (Pedras and Yaya 2012), which was discovered after the last compre-
hensive review of the cruciferous phytoalexins was published (Pedras et al. 2011).
Simple inspection of the chemical structures of cruciferous phytoalexins shows an
indole or indole-related nucleus with substituents at C-3 (e.g. brassinins and
brassenins) or C-2 and C-3 (e.g. cyclobrassinins, brassicanals). In addition,
3-indolylacetonitriles have been reported as phytoalexins in some cruciferous spe-
cies and phytoanticipins in other species (Pedras et al. 2011; Pedras and Yaya 2010).
Chemical syntheses of the 45 cruciferous phytoalexins have been published in rea-
sonable yields, which has facilitated many biological studies (Kutschy and
Mezencev 2008; Pedras et al. 2011).

The biological role of phytoalexins is to protect plants from stress. In some cases
phytoalexins act as plasma membrane disruptors of microbial pathogens and inhibi-
tors of respiration (Smith 1996). Yet, the great variety of chemical structures sug-
gests that cruciferous phytoalexins have multiple modes of action and that inside a
microbial cell may react with several targets (Pedras et al. 2011). The current range
of bioassays used to test the bioactivity of phytoalexins allows comparison of the
bioactivity of various structures (Table 8.2). In general, phytoalexins are tested at
concentrations of 0.1-0.5 mM in agar or liquid medium using mycelial cultures of
fungi or bacterial cultures. These assays have shown that the biological activity of
each phytoalexin is different, particularly in the case of antifungal activity, but this
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Fig. 8.1 Chemical structures of cruciferous phytoalexins

is not surprising considering their chemical structures. For example, rapalexin A
inhibited completely the mycelial growth of Leptosphaeria maculans at 0.50 mM
(Pedras and Sarma-Mamillapalle 2012), whereas erucalexin and brussalexin A
caused only ca. 40 % inhibition at similar concentration. Camalexin also com-
pletely inhibited mycelial growth of different plant pathogens at 0.50 mM, includ-
ing Alternaria brassicicola, Botrytis cinerea and L. maculans. As shown in
Table 8.2, some phytoalexins have anticarcinogenic activity against human cell
lines. Nonetheless, since phytoalexins are produced in plant tissues in relatively
low quantities, it is unlikely that their effects on human or mammalian diets con-
taining naturally produced phytoalexins will have much impact on health, but they
might find application as medicinal drugs (Mezencev et al. 2009). Other biological
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Table 8.1 Cruciferous species investigated for production of phytoalexins, elicitors and references

Plant species (common name, elicitor)

Phytoalexin (Pedras et al. 2011)

Arabidopsis thaliana (mouse-ear cress,
AgNO;, Pseudomonas syringae)

Arabis lyrata (lyrata rock cress,
Cochliobolus carbonum, P. syringae)

Brassica adpressa (CuCl,, Leptosphaeria
maculans)

B. atlantica (CuCl,, L. maculans)

B. carinata (Abyssinian cabbage, CuCl,,
L. maculans)

B. juncea (brown mustard, CuCl,, AgNO;,
Alternaria brassicae, L. maculans)

B. montana (CuCl,, L. maculans)

B. napus ssp. oleifera (canola,
Plasmodiophora brassicae)

B. napus (rapeseed, CuCl,, L. maculans)

B. napus ssp. rapifera (rutabaga, UV,
Rhizoctonia solani)

B. nigra (black mustard, CuCl,, L.
maculans)
B. oleracea (CuCl,, L. maculans)

B. oleracea var. capitata (white cabbage,
P. cichori, CuCl,)

B. oleraceae var. botrytis (cauliflower, UV)

B. oleracea var. capitata (white cabbage,
P. cichori)

B. oleracea var. gemmifera (Brussels
sprouts, UV)

B. oleracea var. gongylodes (kohlrabi, UV)

B. rapa (canola, Albugo candida)

B. rapa syn. B. campestris (Chinese
cabbage, UV, Erwinia carotovora,
P. cichorii)

B. rapa (rapeseed, CuCl,)

B. rapa (turnip, UV, R. solani, L. maculans)

Camelina sativa (false flax, A. brassicae)

Capsella bursa-pastoris (shepherd’s purse,
A. brassicae)

Crambe abyssinica (Abyssinian mustard,
CuCl,)

Diplotaxis tenuifolia (sand rocket, CuCl,)

Camalexin
Rapalexin A
Camalexin

1-Methoxybrassinin

1-Methoxybrassinin

1-Methoxybrassinin; brassilexin; cyclobrassinin;
spirobrassinin

Brassilexin; cyclobrassinin; cyclobrassinin
sulfoxide; cyclobrassinin sulfoxide; spirobras-
sinin; indolyl-3-acetonitrile

1-Methoxybrassinin

Dehydrocyclobrassinin

1-Methoxybrassinin; brassilexin; cyclobrassinin;
cyclobrassinin sulfoxide; spirobrassinin

1-Methoxybrassinin; brassicanal A; brassicanate A;
brassinin; isalexin; isocyalexin A; spirobras-
sinin; rutalexin

Brassilexin; cyclobrassinin; cyclobrassinin
sulfoxide

Brassilexin

1-Methoxybrassenin A; 1-methoxybrassenin B;
1-methoxybrassinin;brassicanal A; brassinin;
cyclobrassinin; dioxibrassinin

1-Methoxybrassinin; 1-methoxybrassitin;
brassicanal C; caulilexin A; caulilexin B;
caulilexin C; isalexin; spirobrassinin

1-Methoxybrassitin; 4-methoxybrassinin;
brassicanal C; spirobrassinin

Brussalexin A

1-Methoxybrassinin; 1-methoxybrassitin;
1-methoxyspirobrassinin; spirobrassinin

Rapalexin A; rapalexin B

1-Methoxybrassinin; 1-methoxybrassitin;
brassicanal A; brassicanal B; brassinin;
cyclobrassinin; spirobrassinin

1-Methoxybrassinin; cyclobrassinin sulfoxide

1-Methoxybrassinin; 4-methoxy dehydrocyclobras-
sinin; brassilexin; cyclobrassinin; spirobrassinin

6-Methoxycamalexin; camalexin

1-Methylcamalexin; 6-methoxycamalexin;
camalexin

Rapalexin B

Arvelexin

(continued)
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Table 8.1 (continued)

Plant species (common name, elicitor)

Phytoalexin (Pedras et al. 2011)

D. muralis (wallrocket, CuCl,)

Erucastrum gallicum (dog mustard,
Sclerotinia sclerotiorum)

Raphanus sativus var. hortensis (Japanese
radish, P. cichorii)

Sinapis alba (white mustard, destruxin B,
CuCl,, A. brassicae, L. maculans)

Sinapis arvensis (white mustard, L.
maculans)

Sisymbrium officinale (hedge mustard,
CuCl,)

Thlaspi arvense (stinkweed, pennycress,
CuCl,, L. maculans)

Thellungiella salsuginea (salt cress, UV,
CuCl,, NaCl, L. maculans)

Wasabia japonica, syn. Eutrema wasabi
(wasabi, CuCl,, L. maculans,
P. wasabiae)

Rapalexin A; 1,4-dmethoxyindolyl-3-acetonitrile
1-Methoxyspirobrassinin; erucalexin

1-Methoxybrassinin; 1-methoxybrassitin;
1-methoxyspirobrassinol; 1-methoxyspiro-
brassinol methyl ether; brassicanal A; brassinin;
brassitin; spirobrassinin

Sinalbin A; sinalbin B; sinalexin

Brassilexin; cyclobrassinin sulfoxide

Methyl 1-methoxyindole-3-carboxylate

Arvelexin; wasalexin A; wasalexin B

Biswasalexin Al; biswasalexin A2; wasalexin A;
wasalexin B; rapalexin A

Methyl 1-methoxyindole-3-carboxylate; wasalexin
A; wasalexin B

Table 8.2 Cruciferous phytoalexins: biological activity and microbial transformation

Biological activity and
species

Phytoalexin

Microbial transformation:

1-Methoxybrassenin A

organism, product (reference)
Antimicrobial against ~ Not reported
Bipolaris leersiae
Antimicrobial against ~ Not reported

1-Methoxybrassenin B

B. leersiae

1-Methoxybrassinin

Antimicrobial against
Pyricularia oryzae,
B. leersiae,
Alternaria

Sclerotinia sclerotiorum,
7-O-glucosyl-1-
methoxybrassinin (Pedras et al.
2011)

brassicae, Botrytis
cinerea, Fusarium
nivale, L. maculans,
S. sclerotiorum,
Pythium ultimum, R.

solani,

Cladosporium
cucumerinum,
antiproliferative;
antitrypanosomal

1-Methoxybrassitin

Antimicrobial against

Not reported

B. leersiae, C.
cucumerinum

(continued)
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Table 8.2 (continued)
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Phytoalexin

Biological activity and
species

Microbial transformation:
organism, product (reference)

1-Methoxyspirobrassinin

1-Methoxyspirobrassinol

1-Methoxyspirobrassinol methyl

ether

1-Methylcamalexin

4-Methoxydehydrocyclobrassinin

4-Methoxybrassinin

4-Methoxycyclobrassinin

6-Methoxycamalexin

Arvelexin

Biswasalexin Al

Antimicrobial against

C. cucumerinum, R.

solani, S. sclerotio-
rum; antiprolifera-
tive activity

Antimicrobial against
B. leersiae;
antiproliferative
activity

Antimicrobial against
B. leersiae;
antiproliferative
activity

Antimicrobial against
C. cucumerinum

Antimicrobial against
B. leersiae
Antimicrobial against
B. leersiae;
oviposition
stimulant
Antimicrobial against
R. solani, S.
sclerotiorum
Antimicrobial against
A. brassicae, C.
cucumerinum, P.
syringae, R. solani,
Bacillus subtilis,
Escherichia coli, F.

oxysporum, Listeria

monocytogenes,
Saccharomyces
cerevisiae,
Xanthomonas
campestris, S.
sclerotiorum
Antimicrobial against
A. brassicicola, L.

maculans, R. solani,

S. sclerotiorum;
mutagen precursor

Antimicrobial against
L. maculans

S. sclerotiorum,
1-methoxyspiro[3H-indole-3,5’-
thiazolidin]-2(1H),2'-dione; L.
maculans, 1-methoxy-2’-
thioxospiro[3H-indole-3,5’-
thiazolidin]-2(1H)-one (Pedras
etal. 2011)

Not reported

Not reported

Rhizoctonia solani; 2-(1-methyl-
3-indolyl)-oxazoline;
1-methylindole-3-carboxamide;
1-methylindole-3-carbonitrile
(Pedras et al. 2011)

Not reported

Not reported

Not reported

S. sclerotiorum;
6-O-glucosylcamalexin;
1-glucosyl-6-methoxycamalexin
(Pedras et al. 2011)

A. brassicicola, R. solani,
S. sclerotiorum,
4-methoxyindole-3-carboxylic
acid (Pedras et al. 2011)

Not reported

(continued)
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Table 8.2 (continued)

Phytoalexin

Biological activity and ~ Microbial transformation:
species organism, product (reference)

Biswasalexin A2

Brassicanal A

Brassicanal B

Brassicanal C

Brassicanate A

Brassilexin

Brassinin

Brassitin

Brussalexin A

Antimicrobial against S. Not reported
sclerotiorum, L.

maculans

Antimicrobial against . sclerotiorum, 3-hydroxymethylin
B. leersiae, L. dole-2-methylsulfoxide; L.
maculans, R. solani, maculans, 3-methylindole-2-
S. sclerotiorum methylsulfoxide (Pedras et al.

2011)

Antimicrobial against ~ Not reported

B. leersiae

Antimicrobial against ~ Not reported
B. leersiae, L.
maculans, R. solani,
S. sclerotiorum

Antimicrobial against ~ Not reported
L. maculans, R.
solani, S. sclerotio-

rum, C.
cucumerinum

Antimicrobial against L. biglobosa, 3-aminomethyleneind
L. maculans, A. ole-2-thione; S. sclerotiorum,
brassicae, R. solani, 1-glucosylbrassilexin (Pedras
S. sclerotiorum; etal. 2011)
cytotoxic

Antimicrobial against P. L. maculans, indole-3-carboxylic
oryzae, L. maculans, acid; L. biglobosa, A. brassici-
S. sclerotiorum; cola and B. cinerea, indole-
oviposition 3-methanamine; S.
stimulant; antiprolif- sclerotiorum,
erative; cytotoxic; 1-glucosylbrassinin (Pedras
indoleamine etal. 2011)
2,3-dioxygenase
inhibitor;
antitrypanosomal

Antimicrobial against ~ Not reported
B. leersiae;
oviposition
stimulant

Antimicrobial against S. L. maculans, decomposition
sclerotiorum (Pedras and Sarma-

Mamillapalle 2012)

(continued)
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Phytoalexin

Biological activity and

species

Microbial transformation:
organism, product (reference)

Camalexin

Caulilexin A

Caulilexin B

Caulilexin C

Cyclobrassinin

Cyclobrassinin sulfoxide

Dehydrocyclobrassinin

Dioxibrassinin

Erucalexin

Antimicrobial against
A. brassicae, C.
cucumerinum, P.

syringae, B. subtilis,

E. coli, F. oxyspo-
rum, L. monocyto-

genes, S. cerevisiae,

X. campestris,

Erwinia carotovora,

P. cichorii, L.

maculans, R. solani,

S. sclerotiorum;
antiproliferative;
antitrypanosomal
Antimicrobial against
L. maculans, R.
solani, S.
sclerotiorum
Antimicrobial against
L. maculans, R.
solani, S.
sclerotiorum
Antimicrobial against
L. maculans, R.
solani, S.
sclerotiorum

Antimicrobial against P.
oryzae, A. brassicae,

B. cinerea, C.
cucumerinum, F.

nivale, L. maculans,

P. ultimum, R.

solani, S. sclerotio-

rum; cytotoxic;
antitrypanosomal
Antimicrobial against
C. cucumerinum
Antimicrobial against
R. solani, S.
sclerotiorum
Antimicrobial against
B. leersiae, L.
maculans
Antimicrobial against
L. maculans, R.
solani, S.
sclerotiorum

B. cinerea, indole-3-carboxylic
acid; R. solani,
2-formamidophenyl-5-hydroxy-
2'-thiazolylketone; 5-hydroxy-
indole-3-carbonitrile; S.
sclerotiorum,
6-O-glucosylcamalexin (Pedras
etal. 2011)

Not reported

Not reported

A. brassicicola, R. solani, S.
sclerotiorum, 1-methoxyindole-
3-carboxylic acid (Pedras and
Hossain 2011)

L. maculans, dioxibrassinin;

S. sclerotiorum, 1-glucosyl
cyclobrassinin; R. solani,
5-hydroxybrassicanal A (Pedras
etal. 2011)

Not reported

Not reported

L. maculans, 2'-thioxospiro[3H-
indole-3,5’-oxazolidin]-2(1H)-
one (Pedras et al. 2011)

L. maculans, dihydroerucalexin
(Pedras and Sarma-
Mamillapalle 2012)

(continued)
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Phytoalexin

Biological activity and
species

Microbial transformation:
organism, product (reference)

Indolyl-3-acetonitrile

Isalexin

Isocyalexin A

Methyl
1-methoxyindole-3-carboxylate

Rapalexin A

Rapalexin B

Rutalexin

Sinalbin A
Sinalbin B

Sinalexin

Spirobrassinin

Wasalexin A

Wasalexin B

Antimicrobial against
A. brassicae, A.
brassicicola, L.
maculans, R. solani,
S. sclerotiorum

Antimicrobial against
L. maculans, R.
solani, S. sclerotio-
rum, C.
cucumerinum

Antimicrobial against
A. brassicicola, L.
maculans, R. solani,
S. sclerotiorum

Antimicrobial against
C. cucumerinum, L.
maculans, P.
wasabiae

Antimicrobial against
A. candida, L.
maculans

Antimicrobial against
A. candida

Antimicrobial against
L. maculans, R.
solani, S. sclerotio-
rum, C.
cucumerinum

Antimicrobial against
L. maculans

Antimicrobial against
L. maculans

Antimicrobial against
C. cucumerinum; A.
brassicae, R. solani,
S. sclerotiorum, L.
maculans

Antimicrobial against P.
oryzae; C.
cucumerinum, L.
maculans, S.
sclerotiorum;
cytotoxic

Antimicrobial against
L. maculans, P.
wasabiae

Antimicrobial against
L. maculans, P.
wasabiae

Beauveria bassiana, L. maculans,
R. solani, S. sclerotiorum,
indole-3-acetic acid (Pedras
et al. 2011), A. brassicicola,
indole-3-carboxylic acid
(Pedras and Hossain 2011)

Not reported

Not reported

Not reported

L. maculans, not transformed
(Pedras and Sarma-
Mamillapalle 2012)

Not reported

Not reported

Not reported
Not reported

L. maculans, 1-methoxy-3-amino-
methyline-2-indolinethione; S.
sclerotiorum,
7-O-glucosylsinalexin (Pedras
etal. 2011)

S. sclerotiorum, spiro[3H-indole-
3,5’-thiazolidin]-2(1H),2’-
dione; L. maculans;
2'-thioxospiro[3H-indole-3,5'-
thiazolidin]-2(1H)-one (Pedras
etal. 2011)

L. maculans, 3-methyl-1-methoxy-
2-oxindole (Pedras et al. 2011)

L. maculans, S-methyl 1-methoxy-
3-aminomethyl-2-oxindole
dithiocarbamate (Pedras and
Suchy 2006)
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effects such as antitrypanosomal (Mezencev et al. 2009) and inhibitors of fungal
detoxifying enzymes such as brassinin oxidase (Pedras et al. 2008) and brassinin
hydrolase (Pedras et al. 2009) have been reported. The later examples will be dis-
cussed in Sect. 10.2.2 as they represent recently discovered effects of phytoalexins.
On the other hand, camalexin was found to be an inducer of brassinin oxidase and
brassinin hydrolases in fungal cultures, an interesting effect that has facilitated the
isolation of inducible fungal enzymes (Pedras et al. 2005, 2008, 2009). Phytoalexin
toxicity to plant tissues is also expected, but has not been systematically deter-
mined; potential synergistic activities of phytoalexin blends are likely to exist, but
not simple to quantify.

8.4 Metabolism of Phytoalexins

An understanding of secondary metabolic pathways of plants must include interme-
diates, final products, enzymes and genes involved in all steps, as well as signalling
and regulatory elements. Biosynthetic pathways that involve numerous products, as
in the case of cruciferous phytoalexins can be particularly complex. Different
approaches are used to dissect biosynthetic pathways, but complementary biosyn-
thetic investigations can start from either the metabolite end, using isotopically
labeled intermediates, or from the gene cloning end, using molecular genetics meth-
odologies. As discussed below, to date genes of the camalexin pathway have been
cloned, but not from any other phytoalexins. This is not surprising since camalexin
is the major phytoalexin produced in A. thaliana, and mutants that can facilitate the
task are available, but not for other crucifers. Since 7. salsuginea produces a much
larger variety of phytoalexins than A. thaliana, it appears to be the ideal model to
uncover phytoalexin biosynthetic genes, as several metabolic intermediates and
products are known (Pedras et al. 2010). It is expected that development of mutants
of T. salsuginea will greatly facilitate future gene cloning. For this reason, this area
of crucifer research is expected to advance greatly in the next decade.

8.4.1 Biosynthesis

Cruciferous phytoalexins are alkaloids having as primary building block the amino
acid L-tryptophan (Trp). Elicitation by an external stimulus, called “elicitor”, is
necessary for initiation of phytoalexin biosynthesis. In crucifers, a wide variety of
elicitors have been used for phytoalexin elicitation, as summarized in Table 8.1. The
elicitors of phytoalexins on their own have generated great interest, due to potential
applications in crop protection (Walters et al. 2005). Oxidative decarboxylation of
L-Trp to indolyl-3-acetaldoxime (IAO) is a step common to the biosynthesis of
camalexin and most cruciferous phytoalexins. The pathway from IAO to camalex-
ins involves indolyl-3-acetonitrile (IAN) as intermediate, while brassinins and
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Fig. 8.2 Biosynthetic correlations among L-Trp, IAO, TAN, glucobrassicins (GLCBs), IMITs,
brassinin, IAN and camalexin (two arrows indicate multiple steps, square brackets indicate unsta-
ble intermediates)

related are synthesized via glucobrassicins. The biosynthetic relationships among
the various crucifer phytoalexins have been established using isotopically labeled
precursors containing deuterium (°H), carbon-13 (**C), carbon-14 (**C), sulfur-34
(**S) and sulfur-35 (3S) (Pedras et al. 2011). Based on data obtained over many
years in different research groups (Pedras et al. 2011), a biosynthetic scheme is
shown in Fig. 8.2; the transformation of L-Trp to glucobrassicins (GLCBs) is not
included in this article. Indole-3-methylisothiocyanate (IMIT) is a likely intermedi-
ate between glucobrassicin and brassinin, however due to its high reactivity it has
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derivatives

not been isolated (Pedras et al. 2011). Similar pathways for 1-methoxybrassinin and
4-methoxybrassinin via the corresponding 1-methoxy or 4-methoxy IMITs are also
shown (Pedras et al. 2011). Brassinins and cyclobrassinins are the biosynthetic pre-
cursors of a good number of phytoalexins, hence important on their own right to
afford diversity in the phytoalexin content of crucifers. While rutalexin is derived
from cyclobrassinin, brassicanate A appears to derive from brassinin. Interestingly,
both 1-methoxyspirobrassinin and erucalexin, a unique structure among all metabo-
lites since it has the carbon substituent at C-2 rather than at C-3, are both derived
from 1-methoxybrassinin (Fig. 8.3). The biosynthetic precursors of brussalexin A,
rapalexins A and B, isocyalexin A and isalexin are not known yet, although rapalexin
A was shown to incorporate perdeuterated Trp, hence is likely to be derived from an
yet unknown 4-methoxy precursor downstream from L-Trp.
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Fig. 8.4 Detoxification of the cruciferous phytoalexin brassinin by four plant fungal pathogens:
A. brassicicola (A.b.), L. maculans (L.m.) virulent on canola, L. maculans (L.m.) virulent on mustard
and S. sclerotiorum (S.s.)

8.4.2 Detoxification by Cruciferous Fungal Pathogens

Crucifers are susceptible to microbial diseases, namely fungal diseases cause the
largest yield losses and their control requires both application of fungicides and
crop rotations on a regular basis (Russell 2005). In some cases, the susceptibility of
cruciferous species to fungal diseases appears to be related with detoxification of
their phytoalexins (VanEtten et al. 1989). It has been shown that plant pathogenic
fungi are able to detoxify plant defenses and that these reactions correlated with the
virulence of the particular species (Pedras and Ahiahonu 2005). Some very eco-
nomically significant cruciferous pathogens such as Alternaria brassicicola
(Schwein.) Wiltshire, Botrytis cinerea Pers. Fr. (teleomorph Botryotinia fuckeliana
(de Bary) Whetzel), Leptosphaeria maculans (Desm.) Ces. et Not. [asexual stage
Phoma lingam (Tode ex Fr.) Desm.], L. biglobosa, Rhizoctonia solani Kuhn and
Sclerotinia sclerotiorum (Lib.) de Bary were shown to detoxify cruciferous phyto-
alexins using different enzymes. This work suggests that these fungal transforma-
tions depend on the fungal species, which appear to produce inducible enzymes
with relatively high substrate specificity. In addition to the detoxification processes
summarized below, transformation of other phytoalexins shown in Table 8.2 have
been analyzed and others are under investigation.

Brassinin was detoxified by four plant pathogens to different products, except in
the case of A. brassicicola and L. maculans virulent on mustard, which afforded the
same product, as shown in Fig. 8.4 (Table 8.2). It is particularly curious to find that
the four fungal enzymes catalyzing these transformation (BHAb from A. brassici-
cola, BOLm from L. maculans virulent on canola, BHLm from L. maculans viru-
lent on mustard, and SsBGT1 from S. sclerotiorum) were all inducible (Pedras et al.
2011). That is no detoxification activity was detected in cell-free extracts of mycelia
not induced with phytoalexins or related structures. In addition, although BHAb and
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Fig. 8.5 Detoxification of the cruciferous phytoalexin cyclobrassinin by four plant fungal patho-
gens: L. biglobosa (L.b.), L. maculans (L.m.) virulent on canola, R. solani (R.s.) and S. sclerotio-
rum (S.s.)

BHLm catalyze the same reaction (hydrolysis of brassinin to the corresponding
amine) they have different properties and substrate specificities, suggesting that
these enzymes have a specific purpose.

Similar to brassinin, the metabolism of cyclobrassinin by different fungal species
was found to yield different products (Fig. 8.5, Table 8.2). Surprisingly, some of
these products were shown to be also phytoalexins (brassilexin, dioxibrassinin and
brassicanal A), all of which were further metabolized to nontoxic products. Because
brassilexin was more inhibitory to L. biglobosa than cyclobrassinin, it was sug-
gested that L. biglobosa might have acquired a more effective mechanism for detox-
ifying cyclobrassinin using biosynthetic enzymes from planta (Pedras et al. 2011).
Although exciting, this hypothesis remains to be demonstrated since none of these
enzymes from either the plant or the pathogen have been isolated. S. sclerotiorum
detoxified cyclobrassinin and brassilexin to the glucosylated derivatives, as in the
case of brassinin. For this reason, it was concluded that detoxification of the most
inhibitory cruciferous phytoalexins by S. sclerotiorum was carried out by glucosyl
transferases (Pedras and Hossain 2006).

The phytoalexin camalexin, which is produced only by wild cruciferous species,
was metabolized by B. cinerea, R. solani and S. sclerotiorum, but not by A. brassi-
cae or L. maculans. As in the case of brassinin and cyclobrassinin, the products of
transformation of camalexin by each fungal species were different (Fig. 8.6,
Table 8.2) and found to be significantly less toxic to these fungal species than cama-
lexin itself. It is noteworthy that, contrary to direct glucosylation of the indole nitro-
gen observed during detoxification of the phytoalexins brassinin, cyclobrassinin
and brassilexin, S. sclerotiorum oxidized C-6 of camalexin before glucosylation
(Pedras et al. 2011).

In related work, the metabolism of glucobrassicins and their derivatives was
recently investigated to establish pathways by which fungal pathogens interact with
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Fig. 8.6 Detoxification of the cruciferous phytoalexin camalexin by three plant fungal pathogens:
B. cinerea (B.c.), R. solani (R.s.) and S. sclerotiorum (S.s.)

these phytoanticipins (Pedras and Hossain 2011). Despite much work and substantial
speculation in this area, it was the first time that such transformations were directly
analyzed. The metabolism of indolyl glucosinolates, their corresponding desulfo-
derivatives and derived metabolites, by three fungal species pathogenic on crucifers
showed that glucobrassicin, 1-methoxyglucobrassicin, 4-methoxyglucobrassicin
were not metabolized by A. brassicicola, R. solani and S. sclerotiorum. However, the
corresponding desulfo-derivatives were metabolized to indolyl-3-acetonitrile, cauli-
lexin C (1-methoxyindolyl-3-acetonitrile) and arvelexin (4-methoxyindolyl-3-aceto-
nitrile) by R. solani and S. sclerotiorum, but not by A. brassicicola. As summarize in
Table 8.2, indolyl-3-acetonitrile, caulilexin C and arvelexin were metabolized to the
corresponding indole-3-carboxylic acids. Indolyl-3-acetonitriles display higher
inhibitory activity than glucobrassicins and desulfoglucobrassicins, hence the trans-
formations of the latter are not detoxification reactions.

8.5 Paldoxins: Designer Molecules to Control of Plant
Pathogens

As discussed above, crucifers like other plants synthesize phytoalexins to protect
themselves against pathogen attack, while to facilitate invasion, fungi produce
enzymes that metabolize and detoxify these metabolites. On going elucidation of
these detoxification mechanisms, followed by isolation and characterization of the
enzymes responsible for these processes have provided a better understanding of the
interactions between crucifers and their pathogens (Pedras et al. 2011). Importantly,
these detoxifications appear to be catalyzed by enzymes that are both substrate and
pathogen specific. Hence, based on work carried out over the past two decodes, a
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Fig. 8.7 Paldoxins,

inhibitors designed to disrupt phytoalexins

the cycle crucifers-

phytoalexins—pathogenic

fungi-detoxifying enzymes CRUCIFERS -

detoxifying enzymes

paldoxins (non-toxic inhibitors)

new strategy to control fungal pathogens has emerged. Since specific fungal patho-
gens produce specific enzymes to detoxify phytoalexins, it follows that selective
inhibitors of these enzymes could be designed to prevent phytoalexin degradation
in planta. These phytoalexin detoxyfication inhibitors were coined paldoxins
(Fig. 8.7) (Pedras et al. 2003). Furthermore, it is possible to optimize mixtures of
paldoxins to act synergistically with the natural disease resistance factors of plants,
including their phytoalexins and/or phytoanticipins, to be more effective crop pro-
tection agents with minimal environmental impact (Pedras 2004). It is envisioned
that the ideal paldoxins will be selective inhibitors to allow accumulation of a
plant’s own defenses and lead to an environmentally safer control of pathogens like
L. maculans or A. brassicicola. Selective inhibitors are less likely to affect non-
targeted organisms and thus are anticipated to have lower impact on the cultivated
ecosystem. As such, paldoxins cannot be toxic to living organisms, whether animal,
plant or microbe.

The design, synthesis, biological activity, screening and evaluation of potential
brassinin and brassilexin detoxification inhibitors have been reported (Pedras et al.
2011). Potential inhibitors of brassinin detoxification by L. maculans were designed
by replacement of the dithiocarbamate group with various functional groups (car-
bamate, dithiocarbonate, urea, thiourea, sulfamide, sulfonamide and dithiocarba-
zate) and the indolyl moiety was replaced with naphthalenyl and phenyl (Pedras
and Jha 2006; Pedras et al. 2007). Screening of this potential paldoxin library of
brassinin analogues with cultures of L. maculans and purified enzyme BOLm
showed that none of these compounds inhibited BOLm, although many were not
degraded either (Pedras et al. 2008). Ironically, several of these synthetic com-
pounds displayed stronger antifungal activity than brassinin (Pedras and Jha 2006).
Most rewardingly, during that work it was discovered that the cruciferous phyto-
alexins cyclobrassinin and camalexin were competitive inhibitors of BOLm
(Pedras et al. 2008). Hence, an additional role for phytoalexins was discovered that
suggests partly why plants under stress produce complex phytoalexin blends
instead of one or two compounds. Since that work was published, cyclobrassinin
was found to inhibit also BHLm and BHAb (Pedras et al. 2009); a few other cruci-
ferous phytoalexins (brassilexin and wasalexins) were found to inhibit the BOLm
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but not BHLm or BHAb (Pedras et al. 2011). A library of synthetic compounds
recently screened for the inhibition of BHAD led to a new generation of very prom-
ising inhibitors that do not contain the indole nucleus (Pedras et al. 2012). Those
results indicated that the catalytic and potential inhibitory sites of BHADb are highly
selective, a desirable feature from the designer’s perspective, albeit more difficult
to find new potent inhibitors.

Overall, substantial work on fungal detoxifying enzymes indicated that they are
produced in extremely small quantities, hence crystallization and X-ray crystallog-
raphy studies are virtually impossible. Unfortunately, although several groups are
working on this problem, to date no heterologous expression systems seem to be
available to obtain the corresponding recombinant enzymes. The development of
effective expression systems for phytoalexin detoxifying enzymes will be of great
assistance to understand the interaction of each enzyme with their substrates and
inhibitors and to produce paldoxins that protect crucifers against blackleg, black
spot and other major fungal diseases of economically important crops.

8.6 Conclusion and Prospects

Although the first cruciferous phytoalexins were reported in 1986 (Takasugi et al.
1986), there is no question that work on these metabolites is still in its infancy. For
example, within the Brassicaceae, only ca. 35 species have been investigated
(Table 8.1), but this family contains ca. 3,700 species (Warwick 2011). Further bio-
synthetic studies to isolate enzymes and clone the genes involved in transformation
of glucobrassicins to brassinins are essential, hence the mobilization of plant molec-
ular biologists to this area is extremely important. Genetic manipulation of these
complex and unique crucifer defense pathways requires a complete metabolic
understanding rather far from our current knowledge.

The commercial availability of paldoxins appears to be a desirable strategy to
boost plant defenses to fight fungal diseases, but this strategy is not expected to be
applicable to all fungal diseases. It is likely that such a strategy will be applicable to
those fungal pathogens that are specific to certain crops. This group of pathogens
may include fungi responsible for major diseases of Brassica species such as black-
leg (L. maculans and L. biglobosa) and blackspot (A. brassicicola and A. brassicae).
However, it is also important to analyze detoxifying enzymes from non-specific
pathogens like B. cinerea, as this is a major pathogen that could lead to another use
of paldoxins. Cloning of the fungal genes encoding phytoalexin detoxifying
enzymes would clarify their role fungal diseases and also facilitate the design of
effective paldoxins. In addition, bioinformatic and phylogenetic analyses using
sequences of detoxifying enzymes is expected to lead to an understanding of co-
evolutionary metabolic pathways of crucifers and their pathogens. No doubt much
work remains to be done to advance the current knowledge to a level where immedi-
ate commercial applications are feasible.
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Chapter 9
Molecular Basis of Cytoplasmic Male Sterility

Jinghua Yang and Mingfang Zhang

Abstract Cytoplasmic male sterility (CMS), a maternally inherited trait failing to
produce functional pollens, is an alternative approach for utilization of hybrid vigor
and hybrid seed production in Crucifer crops. CMS and its fertility restoration lines
are also good system to explore the interaction between nuclear and mitochondrial
genomes. Several cytoplasmic male sterility-associated genes, namely mitochon-
drial novel open reading frames (ORFs), had been identified from different sources
of CMS, some of which were confirmed to be associated with CMS phenotypes by
transgenic experiments. There were many molecular events occurring at transcrip-
tional and/or editing levels pertaining to energy-related mitochondrial genes. Here,
we reviewed the current advances in the research of genetic and molecular basis of
CMS in crucifer crops. Thus, the understandings of CMS could help us to recognize
the vital role of mitochondria and the manipulation of organellar genetics in practi-
cal breeding programs.

Keywords Crucifer crop ¢ Cytoplasmic male sterility ¢ Fertility restoration
* Mitochondrial rearrangement ® Nuclear-cytoplasmic communication

9.1 Background

Cytoplasmic male sterility (CMS), as a maternally inherited trait that prevents the
production of functional pollens, was first termed by Rhoades (Rhoades 1933), and
is widely applied in hybrid breeding and currently, is observed in > 150 plant spe-
cies (Laser and Lersten 1972). It was firstly documented that mitochondrial genes
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contributed to CMS in terms of their molecular aspect in maize (Dewey et al. 1986).
Generally, mutations in mitochondrial genes might induce severe defects in respira-
tion and be lethal. Another kind of mitochondrial gene mutants, chimeric plants,
containing wild-type mitochondria (Karpova et al. 2002 and refs therein), usually
lead to CMS. In most cases, the CMS systems were developed by intra-specific,
inter-specific or inter-generic crosses with alien cytoplasm from other species or
genera or by natural mutation (Schnable and Wise 1998; Budar and Pelletier 2001).
Most researches considered that the alloplasmic CMS usually affected reproductive
development but not other developmental events, however, an increasing number of
evidence proofed that some vegetative developments were also impacted in CMS
(Leino et al. 2003; Liu et al. 2012; Yang et al. 2012).

To date, CMS has been associated with expressions of mitochondrial novel open
reading frames (ORFys) that arise from rearrangements of mitochondrial genomes.
Since the first case of mitochondrial CMS-associated ORF, urfl3, was identified
from T-maize (Dewey et al. 1987), many CMS-associated ORF's have been identi-
fied from CMS crops. Such ORFs are often located adjacent to genes encoding
components of the ATPase complex, and co-transcribed with these genes (Hanson
and Bentolila 2004 and refs therein). Fertility of CMS can be recovered by restorer
genes encoded by nuclear genome (Schnable and Wise 1998). Coupled with the
identification of restorer genes, the mechanism of fertility recovery and incongruity
between nucleus and mitochondria has been revealed in CMS systems (Hanson and
Bentolila 2004). Here, we reviewed some major progresses in the genetic and
molecular basis of cytoplasmic male sterility in crucifer crops, mainly in Brassica
and Raphanns of crucifer crops.

9.2 Identification of Mitochondrial Novel ORFs
from CMS Crucifer Crops

In crucifer crops, CMS has been paid more attention in important economic crops,
like Brassica and Raphanns. Several types of CMS lines were defined by different
sources of sterile cytoplasm with distinct genetic features. These types of CMS
include pol (Singh and Brown 1991) and nap (Brown and Mona 1998) CMS in
Brassica napus, orf220 (Zhang et al. 2003), hau (Wan et al. 2008), berthautii (Bhat
et al. 2008), moricandia (Prakash et al. 1998), erucoides (Bhat et al. 2006), siifolia
(Rao et al. 1994), erucastrum (Prakash et al. 2001), oxyrrhina (Prakash and Chopra
1990) and rournefortii (Pradhan et al. 1991) CMS in Brassica juncea and Ogura
CMS in Raphanns sativus (Ogura 1968).

9.2.1 Cloning of Novel Mitochondrial CMS-Associated ORFs

Since the first case of mitochondrial CMS-associated orf, urfi3, was identified from
T-maize (Dewey et al. 1986, 1987), many reports were focused on the isolation of
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Table 9.1 Examples of novel ORF's and mitochondrial genes involved in CMS crucifer crops

Plant species ORFs Mitochondrial genes References

Raphanns sativus orfl38 orfl58 Bonhomme et al. (1992)

Brassica nap orf222 atp8, nad5c, orfl39 L’Homme et al. (1997)

Brassica pol orf224 atpb, rps3 Singh and Brown (1991), Handa and
Nakajima (1992)

Brassica juncea orf263 atpb Landgren et al. (1996)

Brassica juncea orf220 atpA, nad2, atp9 Zhang et al. (2003), Yang et al. (2009a, b,
2010)

Brassica juncea orfl93 atp9 Dieterich et al. (2003)

Brassica juncea orf288 atp6 Wan et al. (2008)

Brassica juncea orfl108 atpA Ashutosh et al. (2008), Kumar et al.
(2012)

CMS-associated mitochondrial genes through comparisons of CMS and its main-
tainer fertile (MF) lines. In crucifer crops, several ORFs were isolated from CMS.
These include orf138 from CMS Raphanns sativus (Bonhomme et al. 1992), orf222
from nap CMS of Brassica napus (L'Homme et al. 1997), orf224 from pol CMS of
Brassica napus (Singh and Brown 1991), orf263 from tournefortii Brassica juncea,
orf220 from orf220-type Brassica juncea (Zhang et al. 2003), orfl93 from
tournefortii-Stiewe Brassica juncea, orf288 from hau Brassica juncea (Wan et al.
2008) and orfl08 from moricandia Brassica juncea (Ashutosh et al. 2008).
Examples of such novel mitochondrial ORF's associated with CMS crucifer crops
are listed in Table 9.1. Usually, such ORF's are located at the flanking ends of mito-
chondrial encoding genes and are co-transcribed with these genes (Hanson and
Bentolila 2004). Furthermore, comprehensive ORF's and genomic structure of mito-
chondria are identified in CMS based on mitochondrial genome sequencing, which
could be quite helpful for cloning more candidate CMS-associated ORFs (Chen
etal. 2011).

9.2.2 Functional Analysis of Mitochondrial
CMS-Associated ORFs

Common strategies to discover CMS-associated mitochondrial factors through
comparative research have not been absolutely powerful. Sometimes, the differ-
ences between two cytoplasms might arise from evolutionary divergence of dif-
ferent mitochondrial genomes in alloplasmic cytoplasm. Likewise, it should be
emphasized that some chimeric mitochondrial ORF's clearly do not exhibit CMS
phenotypes in Arabidopsis (Marienfeld et al. 1997). Usually, there are two rou-
tine ways to prove the relationship between specific mitochondrial genes and
CMS. One approach is to study the expression patterns of those genes under the



176 J. Yang and M. Zhang

control of the restorer genes to compare their characterizations in CMS, main-
tainer fertile and restored lines (Desloire et al. 2003; Koizuka et al. 2003).
Another approach is to directly validate their functions by transgenic engineer-
ing, although plant mitochondria could not be easily genetically manipulated.
Only some CMS-associated ORFs were confirmed to functionally cause male
sterility in crucifer crops, for instances, ORF220 (Yang et al. 2010), ORF108
(Kumar et al. 2012) and ORF288 (Jing et al. 2012) in Brassica juncea. In those
successful cases, mitochondrial targeted pre-sequence is often needed to be fused
into forepart of ORFs, of which CMS-associated ORF's could be guided into
mitochondria and cause CMS phenotype when expressed in nuclear genome
(Yang et al. 2010; Kumar et al. 2012; Jing et al. 2012). Nevertheless, mitochon-
drial-targeted expression of ORFs failed to induce male sterility in some cases
(Chaumont et al. 1995; Duroc et al. 2006; Wintz et al. 1995). The cause is prob-
ably due to the failure of sub-mitochondrial location (Duroc et al. 2006), the
expression period of ORFs (Wintz et al. 1995) or the substoichiometric levels of
ORF's (Chaumont et al. 1995) in transgenic plants. Thus, precise locations of
alien CMS-associated ORFs and their adequate dose of gene expressions seem to
be quite vital to pinpoint their functions.

9.2.3 Occurrence and Origination of Mitochondrial
CMS-Associated ORFs

In many cases, CMS-associated genes were caused by rearrangements of mito-
chondrial genomes resulting in the birth of new ORFs composed of fragments of
other mitochondrial respiratory-related genes or non-coding sequences (Schnable
and Wise 1998; Hanson and Bentolila 2004). However, the exact mechanism of the
origination of CMS-associated ORF is still largely unknown in CMS. In plants, an
unusual nature of mitochondrial genome undergoes genomic recombination
(Mackenzie and Mclntosh 1999; Mackenzie 2005). This type of mitochondrial
recombination appears to play a key role in plant mitochondrial genome evolution,
generating novel mitotypes (Small et al. 1989), and also serves as a possible mech-
anism for fertility reversion (Fauron et al. 1995). Dramatic changes of mitochon-
drial DNA molecule stoichiomtries, a phenomenon termed substoichiometric
shifting (SSS), often accompanies recombination in mitochondrial genome (Janska
et al. 1998). Experimental evidence indicates that SSS of mitochondrial genome
leads to male sterility and spontaneous reversion to fertility (Janska et al. 1998;
Feng et al. 2009). One of the nuclear genes, MSHI (MutS Homolog 1), controls the
mitochondrial genome recombination (Shedge et al. 2007). When MSH1 gene is
suppressed, it dramatically alters mitochondrial and plastid properties and plant
response to environment, meanwhile, triggers developmental reprogramming
(Xu et al. 2011, 2012).
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9.3 Transcriptional Regulation of Mitochondrial Genes
in CMS

Usually, chimeric ORFs are located at the flanking end of genes encoding subunits of
mitochondrial complexes. Consequently, the expressions of those genes are altered
in the CMS systems. Moreover, RNA editings of mitochondrial genes were observed
to be changed in CMS compared with its MF line (Hanson and Bentolila 2004).

9.3.1 Mitochondrial Genes are Co-Transcribed with ORFs

So far, numerous mitochondrial rearrangement regions associated with the CMS
phenotype have been identified indicating the striking manner and frequency of
recombination events in mitochondrial genome. Most rearrangements on mitochon-
drial loci were focused on subunit genes of ATP synthesis such as ATP synthesis
subunit 4, 6, 8 and 9 genes in CMS-associated loci (Schnable and Wise 1998;
Hanson and Bentolila 2004). Some other subunit genes of the mitochondrial respi-
ratory complexes were also displayed to be associated with CMS including NDAH
complex in some CMS species. In crucifer crops, several co-transcribed CMS-
associated ORFs and mitochondrial genes were observed from CMS. These include
orfl38 co-transcription with orf158 in CMS Raphanns sativus (Bonhomme et al.
1992), orf222 co-transcription with nad5c in nap CMS Brassica napus (L’Homme
et al. 1997), orf224 co-transcription with atp6 in pol CMS Brassica napus (Singh
and Brown 1991), orf263 co-transcription with azp6 in tournefortii CMS Brassica
juncea (Landgren et al. 1996), orfB co-transcription with nad2 in orf220-type
Brassicajuncea (Yang etal. 2009a), orf193 co-transcription with azp9 in tournefortii-
Stiewe Brassica juncea (Dieterich et al. 2003), orf288 co-transcription with atp6 in
hau CMS Brassica juncea (Wan et al. 2008) and orf108 co-transcription with atpA
in CMS Brassica juncea (Ashutosh et al. 2008). Examples of co-transcribed CMS-
associated ORFs and mitochondrial genes in crucifer crops are listed in Table 9.1.
Actually, more evidences are needed to clarify whether the event of ORFs co-
transcription with mitochondrial genes is causal or phenomenal factors in CMS.

9.3.2 RNA Editings of Mitochondrial Genes
Are Altered in CMS

RNA editing, as a crucial post-transcriptional step for RNA processing in higher
plant organelle, regulates most mitochondrial and chloroplast gene expression in
plant (Maier et al. 1996). Through comparative study, alterations on RNA editing
sites were observed in CMS crucifer crops. Three silent RNA editing sites were
reported for mitochondrial nad3 transcripts in the CMS line of carrot (Rurek 2001).
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Temporal and spatial characteristics of RNA editing for afp9 gene were found in
orf220-type CMS Brassica juncea (Yang et al. 2007). Different RNA editing pat-
terns of mitochondrial nad3/rpsi12 gene were identified in CMS Brassica oleracea
(Wang et al. 2007). When RNA editing is specifically altered in some types of CMS,
several attempts were made to correlate RNA editings with the occurrence of CMS.
Expression of an unedited mitochondrial azp9 gene in a fertile line caused male
sterile in Arabidopsis, of which unedited mitochondrial azp9 gene led to mitochon-
drial dysfunction (Gomez-Casati et al. 2002). Obviously, CMS trait could be
induced at the post-transcriptional level through RNA editings and this result points
to an alternative approach for generating engineered male sterile plants.

9.4 Molecular Control of Nuclear-Cytoplasmic
Communication

In plant cells, mitochondria and chloroplast are semi-autonomous organelles that
encode partial genetic information, with the majority being derived and imported
from the nucleus (Unseld et al. 1997). Wide inter-organellar communications among
the three organelles, in which signals from nucleus to mitochondria and chloroplast
is termed anterograde regulation and signals from mitochondria and chloroplast to
nucleus is termed retrograde regulation correspondingly (Woodson and Chory
2008). Because of the nature of nuclear-cytoplasmic interaction, it is a good model
of CMS to study the anterograde and retrograde regulation among the organelles. To
date, two types of nuclear-cytoplasmic regulation pathway have been found in CMS
including restorer gene in mediation of CMS-associated ORFs and mitochondrial
retrograde regulation of nuclear genes involved in reproductive development.

9.4.1 Identification of Restorer Gene in Mediation
of Nuclear Regulation of Mitochondria

Recovery of fertility mediated by nuclear restorer gene has been well described in
terms of nuclear restorer genes which suppress the function of CMS-associated
ORF:s in the fertile restored line. The majority of nuclear restorer genes operate at
post-transcriptional level, such as RNA editing, processing, and polyadenylation,
acting by controlling copy numbers at the DNA level, post-translational modifica-
tion of CMS-associated proteins and compensation of mitochondrial dysfunction at
metabolic level (Hanson and Bentolila 2004). In crucifer crops, several restorer
genes or loci had already been identified or mapped, including Rfo gene from Ogura
CMS Raphanus sativus (Koizuka et al. 2003; Yasumoto et al. 2009), RfdI loci from
DCGMS CMS Raphanus sativus (Cho et al. 2012), Rfp loci from pol CMS Brassica
napus (Formanovd et al. 2010; Liu et al. 2012), Rfk! loci from Ogu-INRA Brassica
rapa (Niemeld et al. 2012), Rf loci from Moricandia CMS Brassica juncea
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Table 9.2 Examples of mapping or identification of restorer genes in CMS crucifer crops

Restorer Encoded protein/

gene function CMS type References
Rfp mapping pol Brassica napus ~ Formanovd et al. (2010), Liu et al. (2012)
Rfkl mapping Ogu-INRA Brassica Niemeli et al. (2012)
rapa
Rf mapping Moricandia Brassica Ashutosh et al. (2007)
Jjuncea
Rfdl1 mapping DCGMS Raphanus ~ Cho et al. (2012)
sativus
Rfo PPR protein/RNA  Ogura Raphanus Koizuka et al. (2003), Yasumoto et al. (2009)
processing sativus

(Ashutosh et al. 2007). Examples of mapping or identification of restorer genes in
CMS crucifer crops are listed in Table 9.2. The Rfo gene from Ogura CMS Raphanus
sativus encodes a pentatricopeptide repeat (PPR) protein like most restorer genes
from other CMS crops (Koizuka et al. 2003; Yasumoto et al. 2009; Hanson and
Bentolila 2004).

PPR proteins constitute a large family, more than 400 members in plants, of
which about 60 % were predicted to be targeted in mitochondria and involved in
post-transcriptional processes (Lurin et al. 2004). PPR proteins had been suggested
to function as sequence-specific adaptors for a variety of other RNA-associated
proteins (Lurin et al. 2004), which were primarily and definitively supported by
some experimental evidence (Wang et al. 2006b). Hence, PPR proteins were consid-
ered as probable candidates for molecules of nuclear-mitochondrial interactions
with essential effectors in CMS systems.

9.4.2 Identification of Candidate Nuclear Targeted Gene
in Mitochondrial Retrograde Regulation

Until now, there has been no evidence supporting the idea that mitochondrial genes
are directly involved in floral organ development, microsporogenesis, or other
reproductive development. We thought that all types of abnormal phenotypes in
CMS should originate from alterations in the expression of nuclear gene signals
regulated by mitochondria, which would lead indirectly, but specifically to male
sterility. Indeed, two groups of nuclear genes had been reported to be potential tar-
get genes: genes involved in programmed cell death (PCD) and transcriptional fac-
tor genes needed for development of floral organs as well as pollen.

In tapetal cell degeneration inducing the male sterile type of CMS, PCD of tapetal
cells were subsequently extended to other tissues of anthers and were shown to be
activated by the partial release of cytochrome c from the mitochondria into the above
cells (Balk and Leaver 2001). Studies on the homeotic-type of CMS clearly demon-
strated the probable pathway for the effect of mitochondria on the expression of
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specific nuclear homeotic genes for floral organ development. In higher plants, floral
organ development has been intensively researched in dicotyledonary plants, espe-
cially in Arabidopsis and Antirrhinum, which are mainly controlled by the homeotic
genes (Theissen 2001). One classical genetic model, the ABC model, in developmental
biology, can explain and predict flower organ families based on three classes of nuclear
homeotic genes, termed A, B, and C. Any alterations of transcription or mutation in
these genes could lead to global variations in four whorl structures of a flower, of which
a certain type of flower organ would be replaced by the another (Coen and Meyerowitz
1991). Interestingly, such dramatic variations in flower organ were observed in allo-
plasmic cytoplasmic male sterile (CMS) tobacco (Kofer et al. 1991), carrot (Linke
et al. 1999), wheat (Murai and Tsunewaki 1993), Brassica juncea (Yang et al. 2005)
and Brassica napus (Teixeira et al. 2005), which, in most cases, exhibited a complete
conversion of stamens into other floral organs. In recent research, nuclear MADS-box
transcriptional factor (TF) genes, AGAMOUS (AG), APETALA3 (AP3), PISTILLATA
(PI), GLOBOSA- and DEFICIENS-like genes, were found to be transcriptionally
down-regulated in CMS carpelloid tobacco flowers (Zubko et al. 2001), CMS pistill-
ody carrot (Linke et al. 2003), CMS Brassica napus (Teixeira et al. 2005), CMS wheat
(Murai et al. 2002; Hama et al. 2004) and CMS Brassica juncea (Yang et al. 2008a).
Insightful studies of microsporogensis in Arabidopsis reveals SPOROCYTELESS
(SPL, also known as NOZZLE, NZZ) gene, encoding a novel nuclear protein related to
MADS-box transcription factor, was required to promote the differentiation of the pri-
mary sporogenous cells and cells of the anther wall (Schiefthaler et al. 1999; Yang et al.
1999). The research about putative target genes of AG showed that the homeotic pro-
tein AG controlled microsporogenesis by regulation of the SPL gene in Arabidopsis
(Ito et al. 2004). In cytoplasmic male sterile plants, pollen development was halted at a
very early or late developmental stage depending on the CMS system (Hanson and
Bentolila 2004). In CMS Brassica juncea with failure of microsporogenesis, the absent
expression of SPL gene was considered as the failure of pollen development (Yang
et al. 2008b).

In addition, other candidate nuclear genes manipulated by mitochondrial retro-
grade regulation were identified, including retrograde regulating of CTR/ (a nega-
tive regulator of ethylene signaling pathway) gene in ethylene response and
retrograde regulating of RCE! (Related to ubiquitinl-conjugating enzyme) gene in
auxin response (Liu et al. 2012; Yang et al. 2012). All the above down-regulated
nuclear TF or other genes in CMS abnormal reproductive and vegetative develop-
ment allow us to hypothesize the pathway of the molecular mechanism of mito-
chondrial retrograde regulation in CMS.

9.5 Discussion and Perspectives

CMS provides a path to explore the role of mitochondria in vegetative and reproduc-
tive development and interactions between the mitochondria and nucleus, apart from
its agronomic importance in hybrid production. Indeed, so many mitochondrial
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CMS-associated causal factors have been identified to date. Likewise, some restorer
genes in mediating of CMS-associated ORFs expression and potential nuclear tar-
geted genes regulated by mitochondria have also been studied in some CMS types.
Hence, mitochondrial genes could not directly operate on nuclear targeted genes,
and thus there must be a signal pathway from mitochondria to nucleus inducing male
sterility and affecting other traits. However, our understanding of CMS remains lim-
ited, in part because many of the genes involved is still not known including the
genes of controlling mitochondrial recombination, and how their functions are con-
trolled by nucleus/organelle and how to place anterograde or retrograde signaling.
Moreover, from some breeders’ personal communications, we were puzzled that
they were unable to observe heterosis in some CMS crops, especially in vegetative
growth. Thus, in certain CMS sources applied to crops with vegetative organs as
economic trait, CMS could probably only contribute to the seed hybrid production,
but not heterosis vigor in hybrids.

Indeed, when MSH 1 gene that controls organellar genomic recombination is sup-
pressed, some research groups observed extremely similar phenotypes to CMS,
including male sterility, alterations on phytohormone metabolism and others
(Sandhu et al. 2007; Xu et al. 2011, 2012). However, most of the previous researches
were mainly focused on genes dysfunction from mitochondria and their reversions
by restorer genes in nucleus. The striking findings of the CMS-inducing function of
MSH]1 gene provide us with a new window and shed light on further clarifying how
nuclear genes cause mitochondrial recombination in anterograde regulation, and
vice versa, how mitochondrial genes affect responsive nuclear genes expressions in
retrograde regulation, ultimately leading to CMS occurrence.
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Chapter 10
Self-Incompatibility

Hiroyasu Kitasiba and Takeshi Nishio

Abstract Most of wild species and some crops in Brassicaceae have self-
incompatibility, which is a mechanism to prevent self-fertilization after self-pollen
recognition by stigmas to avoid inbreeding depression and to maintain genetic varia-
tions in populations. Genetics and molecular biology of self-incompatibility have
advanced by the studies mainly using Brassica crops, such as Brassica rapa and
Brassica oleracea, and this biological trait is used for practical breeding of Brassica
crops. In this chapter, the study of self-incompatibility in Brassicaceae species and its
application to practical breeding program of Brassica crops will be reviewed and
discussed.

Key words Self-incompatibility ¢ Brassicaceae ¢ S haplotype

10.1 Introduction

Self-incompatibility is a system which inhibits germination and pollen tube growth
of self-pollen. Many flowering plants have this system (de Nettancourt 2001) and
Darwin (1876) investigated this trait in detail. Self-incompatibility has been consid-
ered to have biological roles for avoiding inbreeding depression and for maintaining
genetic variation in populations. Many species of Brassicaceae plants such as
Brassica rapa and Brassica oleracea, members of which are major vegetables, and
genus Arabidopsis, which includes the biological model plant Arabidopsis thaliana,
have the self-incompatibility system. Genetic studies have revealed that this trait is
controlled by a single locus, the S locus, with multiple alleles (Bateman 1955). The
self-incompatibility phenotype of the pollen side is determined sporophytically by
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Fig. 10.1 Linkage of SRK, SP11/SCR, and SLG at the S locus. (a) Three genes, i.e., SRK, SP11/
SCR, and SLG, which are located on the S locus, and a set of alleles of these genes are called S
haplotype. (b) Schematic structure of SRK, SP11/SCR, and SLG. TM transmembrane domain, SP
signal peptide, MR mature protein. (¢) Schematic drawing of the S locus and the flanking regions

a diploid genotype of a parent plant. Dominance relationships between S alleles are
observed on both pollen and stigma sides and determine the S phenotype (Thompson
and Taylor 1966). When the S phenotype of pollen is identical to that of a stigma,
pollen grains are rejected by the stigma through inhibition of pollen germination
and pollen tube penetration into stigma papilla cells. Molecular genetic studies have
revealed three important genes located at the S locus, i.e., S-receptor kinase (SRK)
as a female determinant, S-locus protein 11/ S-locus cystein rich protein (SP11/
SCR) as a male determinant, and S-locus glycoprotein (SLG) highly similar to the
extracellular domain (S-domain) of SRK (Nasrallah et al. 1988; Stein et al. 1991;
Schopfer et al. 1999; Suzuki et al. 1999). SRK, SP11/SCR, and SLG are closely
linked to each other at the S locus, and alleles of these three genes are inherited by
progeny as one set (Fig. 10.1a). Therefore, a set of alleles of these genes is termed
“S haplotype” (Nasrallah and Nasrallah 1993). Studies of self-incompatibility in
Brassicaceae plants were developed mainly in Brassica crops and have been applied
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to breeding programs. Since the early 2000s, self-incompatibility in the genus
Arabidopsis has also been studied with a focus on the molecular basis of self-
incompatibility and the evolution of S haplotypes. In this chapter, we review molec-
ular genetics of self-incompatibility in Brassicaceae species and its application to
practical breeding program of Brassica crops.

S alleles and S haplotypes have been commonly represented by numerical sub-
scripts, e.g., Sy, S,, and S;. However, at present, alleles are represented with+or —
under the standard nomenclature, e.g., S+ 7 or S-/. Nonmutant dominant alleles are
shown with +and mutant recessive alleles are shown with -. However, dominance
relationships between S haplotypes are complicated. Therefore, in this review, we
use — to represent S haplotypes and alleles of S locus genes. S haplotypes in B. rapa
and B. oleracea are shown as BrS-1 and BoS-1, respectively.

10.2 Genes Controlling Self-Incompatibility: SLG, SRK
and SP11/SCR

10.2.1 SLG

Biochemical analyses of self-incompatibility in Brassica crops have revealed
S-specific glycoproteins in the stigma (Nasrallah and Wallence 1967; Nishio and
Hinata 1977), later designated S-locus glycoprotein, SLG. SLGs show allele-
specific pI values and cosegregation with § alleles (Hinata and Nishio 1978; Nou
et al. 1993). SLG is abundant in the cell wall of mature stigma papilla cells,
where self-incompatibility reaction occurs (Nasrallah et al. 1988). Clones of SLG
cDNA have been isolated and sequenced (Nasrallah et al. 1985, 1987), and the
amino acid sequence of SLG has been determined (Takayama et al. 1987). This
sequence information has enabled sequencing of many alleles of SLG in Brassica
crops such as B. rapa, B. oleracea, and Raphanus sativus (Trick and Flavell
1989; Chen and Nasrallah 1990; Kusaba et al. 1997; Sakamoto et al. 1998). SLG
has a hydrophobic signal peptide at the N-terminus for secretion to the outside of
cells, several N-glycosylation sites, three hypervariable regions, and 12 con-
served cysteine residues.

10.2.2 SRK

SRK has been found as an S-linked gene encoding S receptor kinase (SRK) (Stein
et al. 1991). SRK protein has an extracellular domain (S-domain) highly similar to
SLG, a transmembrane domain, and a serine/threonine kinase domain toward the
C-terminus (Fig. 10.1b). Additionally, SLG and the S-domain of SRK of the same
S haplotype exhibit high amino acid sequence similarity to each other, more than
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90 % (Stein et al. 1991; Watanabe et al. 1994; Hatakeyama et al. 1998b; Sato et al.
2002). The SRK gene is also expressed in stigma papilla cells before flower anthe-
sis, coincident with the timing of the self-incompatibility reaction (Watanabe et al.
1994; Delorme et al. 1995).

10.3 Which Is Responsible for Self-Incompatibility,
SLG or SRK?

Which is responsible for self-incompatibility reaction as a female determinant, SLG
or SRK, or both? To answer this question, gain-of-function studies have been con-
ducted. In B. rapa, a transgenic plant transformed with an SRK-9 allele rejected
pollen grains of an S-9 homozygote, while that with SLG-9 allele did not (Takasaki
et al. 2000). This experiment demonstrated that SRK is the sole female determinant
for the S-haplotype specificity in the self-incompatibility response. Supporting this
idea, despite a defect in the SLG-coding sequence and a lack of an SLG gene found
in several Brassica S haplotypes, e.g., BrS-32, BrS-36, BoS-18, and BoS-60, plants
having these S haplotypes have been found to exhibit a strong self-incompatibility
reaction (Suzuki et al. 2000; Sato et al. 2002).

There are two views as to whether SLG is unnecessary for the self-incompatibility
reaction. A transgenic B. rapa plant harboring the SRK-9 transgene along with the
SLG-9 transgene has been reported to produce fewer seeds than a transgenic plant
having the SRK-9 transgene alone, when pollen grains of the BrS-9 homozygote
were pollinated. This result suggests that SLG enhances the self-incompatibility
response (Takasaki et al. 2000). In contrast, another gain-of-function study using
Brassica napus revealed no evidence for enhancement of self-incompatibility reac-
tion by SLG (Silva et al. 2001). Gene conversion of the S domain of SRK with the
SLG sequence in S-54 of B. rapa has been found to result in loss of self-
incompatibility (Fujimoto et al. 2006a), indicating that SLG of S-54 does not recog-
nize the S determinant of S-54 pollen. Taken together these findings indicate that
SRK is necessary in the self-incompatibility reaction and SLG is not. The role of
SLG in enhancement of self-incompatibility is probably limited to some S haplo-
types such as BrS-9, in which SLG exhibits high similarity (98 % amino acids) to
the S-domain of SRK.

10.3.1 SP11/SCR

In 1999, two groups, Suzuki et al. (1999) and Schopfer et al. (1999) succeeded in
identification of the male determinant gene named SP// (S-locus protein 11) or
SCR (S-locus cysteine rich) of B. rapa by cloning and sequencing of the S-locus
region. SP11/SCR is located near SLG and SRK on the S locus. Protein encoded by
SP11/SCR was predicted to be a secreted protein with a signal peptide at the
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N-terminus. Some characteristic sequences are observed in mature proteins after
cleavage of the signal peptide: (1) a basic cysteine-rich protein, (2) eight con-
served cysteine residues (designated C1 to C8), and (3) glycine residue and an
aromatic amino acid residue present between C1 and C2 and between C3 and C4,
respectively (Schopfer et al. 1999; Takayama et al. 2000; Watanabe et al. 2000).
The sequence similarity of mature protein without the signal peptide is very low
(below 50 %) between alleles within species (Watanabe et al. 2000; Sato et al.
2002; Okamoto et al. 2004). Transcripts are specifically detected in the anthers,
especially in tapetum cells and microspores (Suzuki et al. 1999; Schopfer et al.
1999; Takayama et al. 2000; Shiba et al. 2002). Furthermore, pollen grains from
transgenic plants expressing SP71/SCR were found to be rejected on the stigma of
the S haplotype having the same SP1I/SCR allele (Schopfer et al. 1999; Shiba
et al. 2001). Thus, SP11/SCR is considered to be the male determinant of
self-incompatibility.

10.4 Interaction Between SP11/SCR and SRK

Takayama et al. (2001) and Kachroo et al. (2001) have reported that an interaction of
SP11/SCR with SRK from the same S haplotype induces autophosphorylation of SRK
in an S-haplotype-specific manner. SRK tends to form a dimer (or oligomer) in vivo in
the absence of SP11/SCR from the same S haplotype (Giranton et al. 2000; Shimosato
et al. 2007; Naithani et al. 2007). An SRK molecule interacts more strongly with an
SRK molecule derived from the same SRK allele than that derived from another SRK
allele (Naithani et al. 2007). These results suggest that homodimerization of SRK is
required for binding of an SP11/SCR protein from the same S haplotype. Three hyper-
variable regions have been identified in SLG and the S-domain of SRK (Kusaba et al.
1997; Sato et al. 2002). Domain swapping using several functional SRKs of self-
incompatible Arabidopsis lyrata has confirmed that hypervariable regions are respon-
sible for recognition of SP11/SCR (Boggs et al. 2009). Several amino acids have been
found to be important for self-recognition in some S haplotypes, but a general rule on
the key amino acids for self-recognition has not been formulated.

10.5 Genomic Structure of the S Locus

Sequencing of the S locus region containing SLG, SRK, and SP11/SCR has been car-
ried out in B. rapa (Suzuki et al. 1999). In the flanking regions of the S core region
containing SRK, SP11/SCR, and SLG, several genes of unknown function, such as
SP6 (S-locus protein 6) at one side and SLL2 (S-locus-linked gene 2) at the opposite
side, were found (Fig. 10.1c). Structural and transcriptional comparative analyses of
S haplotypes in B. rapa and B. napus (Cui et al. 1999; Shiba et al. 2003) have sug-
gested that the regions outside of the SP6 and SLL2 genes have high similarity
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between different S haplotypes, whereas the region delimited by these two genes is
highly polymorphic and rich with S-haplotype-specific intergenic sequences.

On the basis of nucleotide sequences of SLG alleles or SRK alleles, S haplotypes
have been classified into two groups in Brassica, class I and class II (Nasrallah et al.
1991). In class-II S haplotypes, the order of SRK and SP11/SCR was the reverse of
that in the class-1 S haplotypes (Fukai et al. 2003). Comparative analysis has revealed
that the direction of transcription of SRK, SP11/SCR, and SLG of four class-II
S haplotypes in B. rapa is completely conserved, whereas the region between SRK
and SP11/SCR is highly diverse (Kakizaki et al. 2006). These diversities observed in
class-I and class-II S core regions might contribute to the suppression of the recom-
bination at the S locus. On the other hand, detailed phylogenetic analysis using
S-locus sequences of similar S haplotypes between different species has demon-
strated that although recombination is suppressed in SP/1/SCR and the S-domain of
SRK, the kinase domain of SRK as well as other genes not responsible for self-
recognition in the S locus have experienced recombination between S haplotypes
(Takuno et al. 2007).

10.6 Dominance Relationships Between S Haplotypes

The nucleotide sequence similarities between SLG and SRK alleles are about
80-90 % within class I or class II; on the other hand, the similarities between classes
are low, about 65 %. On the pollen side, S haplotypes of class I are generally domi-
nant to those of class II (Thompson and Taylor 1966; Hatakeyama et al. 1998a).
Analyses of transcripts of SP/] gene in developing anther have suggested that a
dominant class-I S haplotype suppresses transcription of a class-II SP/1/SCR allele
at the RNA Ievel (Shiba et al. 2002). In addition, transcription of recessive SP11/
SCR alleles is suppressed epigenetically by de novo methylation of 5° promoter
sequences in tapetum cells before the initiation of transcription of the recessive
SP11/SCR alleles (Shiba et al. 2006). Interestingly, the suppression of recessive
SP11/SCR alleles requires no expression of dominant SP11/SCR alleles (Fujimoto
et al. 2006b). What factor causes such a suppression of class-II SP11/SCR? Tarutani
et al. (2010) have found an inverted genomic sequence on the S locus that was simi-
lar to sequences in class-II SP/] promoters and gave rise to a trans-acting small
non-coding RNA expressed specifically in anthers. A small RNA induces methyla-
tion of the promoter of recessive class-II SP/1/SCR alleles and suppresses their
transcription. However, the precise epigenetic mechanism of interaction between
dominant and recessive SP71/SCR alleles is still unclear.

In class II, four and three S haplotypes are known in B. rapa and B. oleracea to
date, respectively, and linear dominance relationships have been observed
(Thompson and Taylor 1966; Kakizaki et al. 2003). Similar de novo methylation
and transcription suppression of recessive SP/1/SCR alleles have been observed
between class-II S haplotypes (Kakizaki et al. 2003; Shiba et al. 2006). However,
the trans-acting non-coding RNA sequence has not been found in the S locus of
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BrS-44, which is the most dominant among class-II S haplotypes in B. rapa, and
there was little transcription of the other S haplotypes (Tarutani et al. 2010). This
suggested the possibility that another consensus sequence is responsible for epigen-
etic control or that a different molecular genetic system is involved. In the class-I
S haplotype, non-linear dominance relationships among S haplotypes have been
observed. However, the correlation between the suppression and the de novo meth-
ylation of recessive alleles is unknown. Together with class-II S haplotypes, further
analyses on the pollen side are required.

Thompson and Taylor (1966) and Hatakeyama et al. (1998a) have studied the
dominance relationship between S haplotypes on the stigma side, but a general rela-
tionship like that on the pollen side has not been uncovered. The expression level of
a transgene of a dominant SRK allele has been found to be lower than a recessive
endogenous allele, but the dominance relationship between these SRK alleles was
not changed (Hatakeyama et al. 2001), suggesting that the dominance relationships
between S haplotypes on the stigma side are determined by SRK protein itself, not
by the difference of their relative expression levels. The kinase domain of BrSRK-54
is highly similar to those of BrSRK-8 and BrSKR-46, but BrS-54 is codominant and
recessive to BrS-8 and BrS-46, respectively (Takuno et al. 2007, and our unpub-
lished data), implying the importance of the S-domain for the dominance relation-
ships of SRK. Naithani et al. (2007) have shown a preferential homodimerization by
an yeast two-hybrid system using eSRKs, i.e., SRK without the kinase domain,
suggesting the possibility that its strong affinity might cause codominance relation-
ships, which are exhibited by a majority of SRK alleles (Naithani et al. 2007).
However, these inferences are not sufficient to explain the dominance relationships
of SRK alleles. Further genetic and biochemical studies are necessary.

10.7 Self-Compatibility of Amphidiploid Species in Brassica

Most mono-genomic Brassica species are self-incompatible. For example, B. rapa,
Brassica nigra, and B. oleracea having A, B, and C genomes, respectively (U 1935),
have self-incompatibility. However, di-genomic species in this genus, i.e., amphidiploid
species with two different genomes, exhibit self-compatibility (SC) (Takahata and
Hinata 1980). B. napus, Brassica juncea, and Brassica carinata are amphidiploid spe-
cies having AC, AB, and BC genomes, respectively (U 1935), and the natural species
exhibit self-compatibility. However, artificially synthesized amphidiploids are self-
incompatible (Hinata and Nishio 1980). This discrepancy between natural amphidiploid
species and artificial amphidiploids has been unresolved for a long time.

Analysis of S haplotypes in 45 lines of B. napus identified six S genotypes, most
of them being combinations of a class-I dominant S haplotype and a class-II reces-
sive one (Okamoto et al. 2007). In self-compatible B. napus ‘Westar’, suppression
of transcription of a dominant SP/1/SCR allele due to an insertion mutation in its
promoter region as well as suppression of a recessive SP11/SCR allele caused by the
dominant S haplotype have been observed (Okamoto et al. 2007). Such suppression
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of a recessive SP11/SCR allele by a dominant S haplotype having a nonfunctional
SPI11/SCR allele has also been observed in a monogenomic Brassica species
(Fujimoto et al. 2006b). This self-compatible trait has been found to be comple-
mented by a transgene of a functional homoeologous dominant SP/1/SCR allele
from B. rapa (Tochigi et al. 2011). In two other genotypes, SRK alleles of dominant
S haplotypes have been revealed to have knockout mutations. These results suggest
that a single mutation event which occurs in a dominant S haplotype can cause self-
compatibility in amphidiploid Brassica plants. Causative factors responsible for
self-compatibility in the other three genotypes have not yet been revealed.

10.8 S Haplotypes in Arabidopsis Species

Arabidopsis lyrata L. and Arabidopsis halleri have a self-incompatibility trait deter-
mined by recognition between SRK and SCR. In the past decade, many full or partial
sequences of SRK and SCR alleles have been cloned in both species (Schierup et al.
2001; Prigoda et al. 2005; Bechsgaard et al. 2006; Tsuchimatsu et al. 2010), and,
furthermore, genomic structures of some S haplotypes have been revealed (Kusaba
et al. 2001; Goubet et al. 2012). The sequence conservation in flanking regions on
both sides of the S locus is observed among different S haplotypes. ARK3 and U-box
genes are located at each boundary, respectively, with high sequence-similarity
among S haplotypes, while within the region delimited by these genes, the order and
orientation of SRK and SCR as well as their physical sizes are different among §
haplotypes (Kusaba et al. 2001; Goubet et al. 2012) and micro-synteny has been
found to be very low because of insertions of variable numbers and types of trans-
posable elements in an S-haplotype-dependent manner, as reported previously in
Brassica (Fujimoto et al. 2006¢). Comparison of the flanking genes of the S locus
by phylogenetic analysis has shown much deeper genealogies for SCR and SRK,
and four phylogenetic classes have been defined based on SRK sequences (Prigoda
et al. 2005), which correlate with classes of SCR sequences. This suggests coevolu-
tion of SRK alleles and SCR alleles. The dominance relationships among S haplo-
types on both pollen- and stigma sides in A. lyrata have been observed to be related
to four phyglogenetic classes (Prigoda et al. 2005), like the relationship observed
between two classes in Brassica, i.e., class I and class II.

A. thaliana, which is a relative of A. lyrata and A. harreli, is a self-compatible
species. A. thaliana has non-functional alleles of SRK (psudo-SRK, ¥SRK) and
SCR (¥SCR) (Kusaba et al. 2001), and their sequences from respective A. thaliana
accessions show polymorphisms (Nasrallah et al. 2004; Boggs et al. 2009). Based
on the analysis of SRK and SCR sequence divergence, three distinct S haplotypes,
designated ¥SA, ¥SB, and ¥SC, have been identified (Kusaba et al. 2001; Tang
et al. 2007; Shimizu et al. 2008). Transformation with just two transgenes, namely,
SRK-b and SCR-b isolated from the S-b haplotype of A. lyrata, conferred a self-
incompatibility phenotype (“self-incompatible A. thaliana” hereafter) (Nasrallah
et al. 2002; Boggs et al. 2009). This result implies that the signal transduction
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pathway downstream from SRK is active even in A. thaliana. However, self-
incompatibility phenotypes of some ecotypes in A. thaliana, such as Col-0, RLD,
and Ws-0, transformed with SRK-b and SCR-b have been found to be limited to a
short period from mature buds to young flowers in floral development (flower stage
13 and early stage 14 as referred to in Smyth et al. 1990), while in other ecotypes
such as C24, Cvi-0, and Sha, transgenic plants with these genes were revealed to
sustain a stable self-incompatibility phenotype almost identical to that of naturally
self-incompatible Arabidopsis species (Nasrallah et al. 2004; Boggs et al. 2009).
A recent study on the difference of self-incompatibility reaction among transfor-
mants of these ecotypes has identified a candidate factor, PUBS, responsible for
modification of the degree of the self-incompatibility reaction (Liu et al. 2007).
This PUBS gene is closely linked to the S locus and encodes an uncharacterized
ARM repeat and a U box-containing protein that regulates SRK transcript levels
(Liu et al. 2007).

10.9 Signaling Pathway for Self-Incompatibility Reaction

As described above, self-recognition on the stigma begins with the interaction of
SP11/SCR, a pollen ligand, and SRK, a stigma receptor kinase. The signaling path-
way following activation of SRK and an immediate cause of self-pollen rejection
are poorly understood. However, several candidate genes have been proposed to be
downstream effectors in the SRK signaling pathway in Brassica species. Three of
them, i.e., MLPK, ARCI, and Exo70A1, have been studied in detail.

10.9.1 MLPK

Hinata and Okazaki (1986) have reported a self-compatible B. rapa ‘Yellow sarson’,
which is cultivated in India, and two independent loci, i.e., S and M, controlling this
trait have been analyzed by classical genetic study. A molecular genetic study on the
S locus of ‘Yellow sarson’ has identified an insertion of a retrotransposon-like
sequence in the first intron of SRK and deletion in the promoter of SP/1, resulting in
suppression of transcription of both mutated genes (Fujimoto et al. 2006b). On the
other hand, the M locus has been surveyed by positional cloning (Murase et al. 2004).
A gene encoding a membrane-anchored cytoplasmic protein kinase, designated
MLPK, was found to be located on this locus. The kinase domain of the mutated
MLPK has been found to have a single base nonsynonymous substitution causing no
autophosphorylation activity and a loss of localization at the cell membrane (Murase
et al. 2004). Two isoforms from the same allele by alternative splicing can interact
with SRK (Kakita et al. 2007). Although there has been no stable complementation
experiment reported, transient expression of a wild-type MLPK allele by particle
bombardment in the stigma papilla cells of plants with mlpk/mipk genotype has been
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reported to complement the self-incompatibility phenotype of these cells (Kakita
et al. 2007). Thus, MLPK is thought to function in SRK-mediated signaling.

10.9.2 ARC1

ARCI1 (ARM-repeat containing 1) has been isolated in a yeast two-hybrid screen as
the protein which interacts with and is phosphorylated by the SRK-kinase domain
(Gu et al. 1998). ARC1 is expressed specifically in stigma tissues. Suppression of
ARC] transcripts by antisense gene transfer in a self-incompatible B. napus line has
been found to cause a partial breakdown of self-incompatibility (Stone et al. 1999).
Since ARCI is an E3 ubiquitin ligase, compatibility factors are considered to be
ubiqitinated by ARC1 and degraded through a proteasomal system (Stone et al.
2003), causing pollen rejection in Brassica.

10.9.3 Exo070A1

Exo070A1 has been isolated as a factor interacting with ARC1 in Brassica napus
(Samuel et al. 2009). Exo70AL1 is a putative component of the exocyst complex,
which generally functions in polarized secretion in yeast and animals (Munson
and Novick 2006; Synek et al. 2006). Overexpression of Exo70A1 in epidermal
cells of self-incompatible B. napus has been found to confer partial breakdown
of the trait, whereas suppression of Exo70Al in self-compatible B. napus and
A. thaliana by an RNA-i method and T-DNA insertion, respectively, inhibited
pollen adhesion, hydration, and germination (Samuel et al. 2009). These results
suggest the possibility that an exocyst complex is involved in the secretion of
compatibility factors.

10.10 Function of Orthologs of MLPK, ARCI,
and Exo70A1 in Arabidopsis

An Arabidopsis MLPK ortholog, AtfAPK1b, is located on the genomic region of
A. thaliana with high synteny to that of B. rapa. Two isoforms from the same
AfAPKID allele have also been predicted by alternative splicing and the expression
is preferentially detected in the stigma (Kakita et al. 2007). However, transforma-
tion of A. thaliana plants having an inactivated AtfAPK b allele due to T-DNA inser-
tion with SRK-b and SCR-b alleles from A. lyrata has shown self-incompatibility
(Kitashiba et al. 2011), suggesting that functional AtAPK1b is not required for the
self-incompatibility function of the stigmas.
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A part of A. thaliana chromosome 2 has been found to share extensive synteny
with the ARC1-containing region of A04 linkage group in B. rapa (Kitashiba et al.
2011). In the A. thalina syntenic region, fragmented ARC1 sequences have been found
to be interspersed with other neighboring genes by comparative genomic sequence
analysis (Kitashiba et al. 2011). This fragmentation has also been observed even in
A. lyrata, a self-incompatible species. Additionally, a null allele of its closest paralog,
PUBI17, has been reported to be unable to disrupt self-incompatibility in self-incom-
patible A. thaliana (Rea et al. 2010). Thus, there is no evidence for the involvement of
ARCI and an ARCI-like gene in the Arabidopsis species. Similarly, overexpression of
AtExo70A1 in stigma tissue under self-incompatible A. thaliana was shown not to
weaken the self-incompatibility response (Kitashiba et al. 2011), contrary to the report
of B. napus (Samuel et al. 2009). Thus, MLPK/ARC1/Exo70A1-based model of sig-
naling pathway proposed for Brassica is not applied to self-incompatible A. thaliana.
Why are these discrepancies between these two genera observed? Is it because of
different signaling pathways in the two genera or because of different cumulative
outcomes of multiple SRK-mediated signaling pathways? A. thaliana is a model plant
utilized to understand many biological processes in plants. Since both Brassica spe-
cies and Arabidopsis species belong to the same Brassicaceae family, it is difficult to
support the above-described ideas. To resolve the discrepancies, reexamination of the
roles of the three genes in Brassica species will be necessary.

10.11 Collection of S Haplotypes

S tester lines, which are S homozygous lines with well-characterized S haplotypes
used for S haplotype identification by pollination tests, were originally developed in
B. oleracea by Thompson and Taylor (1966). They increased the number of S hap-
lotypes to 36 from S-1 to S-47, 11 missing S haplotypes of which are due to syn-
onyms, and the collection of S haplotypes was further expanded by Ockendon
(2000), who added 14 S haplotypes, giving S haplotype names to S-67, the total
number of S haplotypes becoming 50.

Thirteen S tester lines from S-7 to S-13 in B. rapa were developed by Nishio and
Hinata (1978) and were used for analysis of S glycoproteins in stigmas. Three of
them, i.e., S-8, S-9, and S-12, were later used as materials for molecular genetic
study of self-incompatibility (Schopfer et al. 1999; Suzuki et al. 1999; Takayama
et al. 2001). S haplotype collection was further expanded by Nou et al. (1993), who
collected 22 S haplotypes, giving them new names from S-27 to S-49, because
seeds of the original B. rapa S tester lines except S-8, S-9, and S-12 had lost their
germination ability. S-43, S-28, and §-24 of Nou et al. (1993) are synonyms of S-8,
S-9, and S-12, respectively. Eleven new S haplotypes from S-53 to §-72 were added
by Takuno et al. (2010). The total number of S haplotypes in B. rapa identified so
far is 39. We determined SLG sequences of old dead seeds of the original S tester
lines and revealed correspondence between S haplotypes of Nishio and Hinata
(1978) and those with deposited nucleotide sequences (Table 10.1). Since there are
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Table 10.1 Correspondence S haplotypes Corresponding published SLG sequences
of SLG sequences of the
S L S-1 S-60
original S tester lines in 5 $-40
Brassica rapa to the s- )
published sequences S-3 S5-26
S-4 S-56
S-5 S-44
S-6 S-44
S-7 No corresponding sequence
S-10 §-27
S-11 S-12
S-13 S-8

many missing numerals of S haplotypes and even S-99 without identification of
S haplotypes from S-73 to S-98, renaming might be required.

S tester lines from S-7 to S-21 in R. sativus have been reported by Sakamoto et al.
(1998). Niikura and Matsuura (1999) have collected 37 S haplotypes and named
them S-201 to S-237. There may be some synonyms between them. Furthermore,
Lim et al. (2002) have independently collected ten S haplotypes in R. sativus and
named them from S-/ to S-10, causing confusion of S haplotype names. S haplo-
types from S-71 to S-10 of Lim et al. (2002) are different from those of Sakamoto
et al. (1998). Different nucleotide sequences of SLG alleles have been deposited in
DNA databases under the same S haplotype names, producing homonyms. To
decrease such confusion, exchange of materials is required.

Based on his longtime efforts to collect new S haplotypes in B. oleracea,
Ockendon (2000) reported that the total number of S haplotypes in B. oleracea is
unlikely to go much beyond 50. Comparing S haplotypes in natural populations of
B. rapa in Japan and Turkey, Nou et al. (1993) have estimated the total number of
S haplotypes in B. rapa to be more than 100. Since the methods for estimation of the
total number of S haplotypes in a species are different between these studies, it may
not be appropriate to simply compare the total numbers between them. If it is
allowed, B. rapa can be considered to have a much larger number of S haplotypes
than B. oleracea. In fact, B. oleracea has only three class-II S haplotypes, i.e., S-2,
S-5, and S-15, which are pollen recessive S haplotypes more frequently found in
populations than other class-1 S haplotypes, while B. rapa has four class-II S haplo-
types, i.e., $-29, §-40, S-44, and S-60. S-40, S-44, and S-60 in B. rapa have nucleo-
tide sequences similar to those of S-5, S-2, and S-15 in B. oleracea, respectively
(Sato et al. 2006). Furthermore, we have recently identified two new class-II S hap-
lotypes in B. rapa (Kawanabe et al. unpublished data). Although identified class-I
S haplotypes in B. rapa are fewer than those in B. oleracea, new S haplotypes can
still be identified with relative ease, suggesting that the number of S haplotypes in
B. rapa is more than those in B. oleracea.

Although there is some confusion regarding S haplotypes, i.e., synonyms and
homonyms, the S tester lines whose nucleotide sequences have been determined and
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deposited earlier in the DNA database will become the international standards of
S haplotypes. Determination and deposition of SPI1, SRK, and SLG sequences of
many S haplotypes are important. However, in some S haplotypes, only partial
sequences of SLG alleles or § domain of SRK alleles have been deposited. It will be
difficult to make such S haplotypes the international standards without nucleotide
sequence data of the coding regions of SP11, SRK, and SLG alleles.

International standards of S tester lines available to the public are required.
However, the production of S homozygous lines results in inbreeding depression.
Since these lines are maintained by hand pollination, contamination of different
S haplotypes sometimes occurs. Determination of the nucleotide sequences of
S-locus genes enables development of a rapid reliable method for S haplotype iden-
tification by which contamination of different S haplotypes can be efficiently elimi-
nated from the S tester lines.

10.12 S Haplotype Sequences

At the beginning of the study of nucleotide sequencing of alleles of the S-locus
genes, cloned DNA isolated from cDNA libraries or genomic DNA libraries were
used for sequencing (Nasrallah et al. 1985, 1988; Trick and Flavell 1989; Stein et al.
1991). However, such a method is much too laborious and does not reveal variation
of nucleotide sequences of the S-locus genes because of the presence of many
S haplotypes in a species. Although polymerase chain reaction (PCR) is an efficient
method for isolation of specific sequences, high homology between SLG and SRK
makes it difficult to amplify one of them. Use of the 3’-UTR sequence of SLG as a
primer has enabled specific amplification of SLG, and nucleotide sequences of
many SLG alleles have been determined in B. rapa, B. oleracea (Kusaba et al.
1997), and R. sativus (Sakamoto et al. 1998). Because of the presence of a highly
variable long intron in SRK and SPII, specific amplification of their genomic
sequences have been unsuccessful except in class-I1 SP11 (Sato et al. 2006). Reverse
transcription-PCR (RT-PCR) has been used for amplification of SRK (Sato et al.
2002) and SP11 (Watanabe et al. 2000; Sato et al. 2002), and many of their alleles
have been sequenced. Nucleotide sequences and deduced amino acid sequences of
the S domain of SRK are highly similar to those of SLG, especially within the same
S haplotypes, suggesting frequent gene conversion between SRK and SLG at the
same S locus (Nishio and Kusaba 2000; Sato et al. 2002). Variations of nucleotide
sequences and deduced amino acid sequences of SP// are higher than those of SRK
and SLG (Watanabe et al. 2000; Sato et al. 2002).

An interesting finding in a sequencing study of a large number of SLG, SRK, and
SP11 alleles is the presence of interspecific pairs of S haplotypes between B. rapa
and B. oleracea (Kusaba et al. 1997; Kusaba and Nishio 1999; Kimura et al. 2002;
Sato et al. 2003). Comparison of a large number of SLG sequences in B. rapa and
B. oleracea has revealed high sequence variation of SLG within a species and highly
similar sequences between these two species, e.g., SLG-25 in B. rapa and SLG-14
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in B. oleracea (Kusaba et al. 1997). Combinations of S haplotypes having similar
SLG sequences between B. rapa and B. oleracea have also been revealed to have
similar sequences in SRK and SP11 (Kusaba and Nishio 1999; Kimura et al. 2002),
and these combinations of S haplotypes are called interspecific pairs. Because of the
presence of interspecific incompatibility between B. rapa and B. oleracea, it is not
easy to compare recognition specificities of S haplotypes between the two species.
Use of interspecific hybrids between B. rapa and B. oleracea, B. rapa transformants
with B. oleracea SP11 alleles, and bioassay of SP11 proteins synthesized in bacteria
have revealed the interspecific pairs of S haplotypes, i.e., BrS-46/BoS-7, BrS-
8/BoS-32, BrS-36/BoS-24, BrS-47/BoS-12, and BrS-41/BoS-64, to have the same
recognition specificities (Kimura et al. 2002; Sato et al. 2003). In class-II S haplo-
types, BrS-60, BrS-40, and BrS-44 have sequences of SLG, SRK, and SP11 highly
similar to those of BoS-15, BoS-5, and BoS-2b, respectively, suggesting these pairs
of S haplotypes to be interspecific pairs, but recognition specificity might have
changed after speciation of these species. Although BrS-60 has been found to have
the same recognition specificity as BoS-15, the recognition specificity of BrS-40
has been revealed to be slightly different from that of BoS-5, and that of BrS-44 has
been shown to be completely different from that of BoS-2b (Sato et al. 2006).
A species in a different genus, R. sativus, has also been found to have an S haplotype
similar to that in B. rapa (Okamoto et al. 2004). Recognition specificity of SP11 of
S-21 in R. sativus has been revealed to be the same as that of SP11 of S-9in B. rapa
(Sato et al. 2004).

10.13 Evolutionary Diversification of S Haplotypes
in Brassica Species

Distribution of the same $ haplotypes in different species in Brassica or in different
genera suggests that the diversification of S haplotypes occurred before divergence
of species and the same ancestral S haplotypes are shared by different species or
genera in the evolution of Brassica species as shown in Fig. 10.2. Except for a few
S haplotypes, e.g., BrS-44 and BoS-2b, recognition specificities of S haplotypes may
not have changed for a long time.

The presence of interspecific pairs of S haplotypes having the same recognition
specificities is probably not due to recent introgression of S haplotypes. Determining
S locus sequences of interspecific pairs between B. rapa and B. oleracea, Fujimoto
et al. (2006¢) have revealed that B. oleracea S haplotypes have longer sequences
than those of B. rapa S haplotypes in three interspecifc pairs. Although genome
sequences covering SLG, SRK, and SP11 have been determined in B. rapa, determi-
nation of the sequence of the region covering SLG, SRK, and SP11 in B. oleracea has
not been possible because of the presence of many retrotransposon-like sequences.
It has been hypothesized that many transposable elements have been inserted into
the S locus of B. oleracea but not so much into that of B. rapa after speciation.
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Fig. 10.2 A model of S haplotype evolution in Brassica and Raphanus

How new S haplotypes were generated has long been an enigma of self-
incompatibility study. Comparison of nucleotide sequences and deduced amino acid
sequences of SRK and SP11 between different S haplotypes in a species suggest that
new S haplotypes were generated not by a single mutation event but by accumula-
tion of amino acid changes in both SRK and SP11 alleles (Chookajorn et al. 2004;
Sato et al. 2004). Mutations that greatly change the recognition specificity of only
SRK or SPI1 in an S haplotype cause unsuccessful recognition between SRK and
SP11 and result in the loss of self-incompatibility.

10.14 Development of Methods for S Haplotype
Identification and Their Application to Brassica
Genetic Study and Breeding

S haplotypes have been identified by test crossing with the § tester lines, and incom-
patibility between a test plant and an S tester line investigated by observation of seed
set or pollen tube behavior indicates these plants to have the same S haplotype. This
is the standard method for S haplotype identification, but handling of many S tester
lines is extremely laborious. Furthermore, environmental conditions have an influ-
ence on the incompatibility reaction. Isoelectric focusing analysis of S glycoprotein
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(=SLG) has been used for S haplotype identification (Nishio and Hinata 1980; Nou
et al. 1993), but this method is costly. Genomic Southern blot analysis of SLG can
also be used for S haplotype identification (Nasrallah et al. 1988; Okazaki et al.
1999). However, this analysis is time consuming and requires skill for DNA analy-
sis. A simple rapid method for S haplotype identification is required.

PCR-RFLP analysis of SLG has been reported to be usable for S haplotype iden-
tification (Brace et al. 1993; Nishio et al. 1994). This method is easy and reliable,
and therefore commonly used for basic studies of self-incompatibility, F; hybrid
breeding of Brassicaceae vegetables, and seed purity tests. However, although dis-
crimination of S genotypes is easy with this method, identification of S genotypes of
heterozygotes is difficult. Furthermore, there are some S haplotypes lacking SLG
(Sato et al. 2002). The same method can be applied for polymorphism analysis of
S-RNase in S haplotype identification of Rosaceae fruit trees (Ishimizu et al. 1999;
Takasaki et al. 2004; Tao et al. 1999).

Since alleles of SP/1 are highly variable in a species, they can be identified by
allele-specific hybridization to dot-blotted DNA (Fujimoto and Nishio 2003). In this
method, plant genomic DNA is dot-blotted onto a nylon membrane, and therefore
intensities of detected signals are sometimes not high enough, and analysis requires
skill as in the case of genomic Southern blot analysis. Dot-blotting of DNA ampli-
fied by PCR using multiple primer pairs for many SP// alleles has been found to
enable allele-specific detection of SP// with high signal intensities (Takuno et al.
2010; Oikawa et al. 2011). Dot-blot hybridization of SP11 alleles enables identifica-
tion of S haplotypes, and analysis of S genotypes of heterozygotes and a large num-
ber of plants at one time. This method may replace PCR-RFLP of SLG.

10.15 Use of Self-Incompatibility in F; Hybrid Breeding

In self-incompatible Brassicaceae vegetables, self-incompatibility has been used for
seed production of F, hybrids. Although male sterility is generally used for this
purpose in many self-compatible crops, use of self-incompatibility is simpler and
more efficient than the use of male sterility. In the use of self-incompatibility, two
inbred lines having different S haplotypes are cultivated side by side, and all obtained
seeds are F, hybrids. In the use of male sterility, a male sterile line is used as a
maternal parent, and F, seeds can be harvested only from the male sterile line. For
developing self-incompatible inbred lines, selfings are repeated by overcoming self-
incompatibility. Bud pollination is commonly used for selfing. For large scale seed
production of inbred lines, CO, gas is supplied to a plastic house, where each inbred
line is grown, at flowering time to enhance CO, concentration to about 4 %
(Nakanishi and Hinata 1975). Spraying of salt solution is also effective in overcom-
ing self-incompatibility in Brassica, but effect is unstable. In Brassica vegetables, a
single cross is commonly used for hybrid seed production, while double cross is
common in radish, which sets a small number of seeds per pod. The biggest prob-
lem of F, hybrid seed production using self-incompatibility is contamination of
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selfed seeds in F; seeds, which results from weak self-incompatibility of inbred
lines. Selection of inbred lines having strong self-incompatibility is required for
production of F; seeds with high purity. Since the strength of self-incompatibility
depends on S haplotypes, selection of S haplotypes using the S haplotype identifica-
tion method is important.

In self-compatible B. napus, cytoplasmic male sterility is used conventionally for
efficient seed production of F, hybrids. However, male-sterile lines are not preferred
by insect pollinators because of the absence of pollen grains and abnormality of
nectaries or flower morphology caused by male sterility cytoplasm. Tochigi et al.
(2011) exhibited a model for F, hybrid breeding in B. napus using a dominant class-
II S haplotype, which shows strong self-incompatibility. An artificially synthesized
B. napus line with BrS-44, which is the most dominant among class-II S haplotypes,
and a recessive S haplotype exhibiting strong self-incompatibility was developed
(Tochigi et al. 2011). This artificial line as the maternal side was crossed with natu-
ral B. napus ‘Westar’ as the pollen side, which harbors a non-functional class-I S
haplotype. The developed F; hybrid did not express any SP/1/SCR genes, and then
showed a self-compatible phenotype resulting in high seed production. Additionally,
the natural B. napus plants with two other combinations, in which mutations
occurred in class-I SRK alleles, are also considered to be usable as a paternal parent
(Okamoto et al. 2007; Tochigi et al. 2011). Taken together, if an elite self-
incompatible B. napus parent having a highly dominant class-II S haplotype were
developed, the elite parent as the maternal side would be useful in F, hybrid breed-
ing by crossing with natural self-compatible B. napus. A self-incompatible B. napus
line with class-II S haplotypes has been developed by interspecific crossing with B.
rapa, that might be useful in F; hybrid breeding (Zhang et al. 2008). The causes of
self-compatibility in other amphidiploids, e.g., B. juncea and B. carinata, are still
unclear. If the phenotype is due to mutations in S haplotypes, the same F; hybrid
breeding system will be usable in these species.
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Chapter 11
Hybrid Technology in Cruciferous Vegetables

Muhammad Awais Ghani, Langlang Zhang, Junxing Li, Bin Liu,
and Liping Chen

Abstract Use of male sterile plants has become an important technique in heterosis
breeding,which simplify and reduce the cost of hybrid seed production. Cruciferous
vegetables are very important crops in the world, and two types of male sterility
have been mainly explored in cruciferous vegetables (1) nuclear male sterility, this
kind of male sterility is controlled by the dominant or recessive nuclear genes, and
its sterility is easy to be restored, but difficult to maintained; (2) cytoplasmic male
sterility, in which male sterility is controlled by a particular cytoplasmic male sterile
gene (S). Cytoplasmic male sterility is easy to be maintained but complicated to be
recovered. Male sterility can be produced by different ways; natural mutation, wide
hybridization, and protoplast fusion. Ogu CMS and Polma CMS were found in rad-
ish and B. napus respectively by natural mutations. Among the male sterile materi-
als, most of them were obtained by the wide hybridization among varieties, species
and genera. CMS cabbage was produced by the fusion of leaf protoplasts from fer-
tile cabbage and CMS Ogura broccoli lines. The Pol CMS had been transferred from
CMS B. napus to Chinese cabbage. Chinese breeders produced many cabbage vari-
eties after introduced male sterility from other materials. A new cabbage hybrid
varieties Zhonggan no.16, 17 and 18 were produced by hybridization of dominant
genic male sterility line and inbred line in China. A stable CMS line of tuber mustard
was developed by distant crosses and subsequent backcrosses and induced 100 %
male sterility. To date, extensive efforts have been made on identification of male
sterility systems and the possibilities of development of hybrids in application.
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11.1 Introduction

The concept of heterosis was first proposed by Shull (1908). It’s synonymous is
hybrid vigor. Heterosis or hybrid vigor refers to the phenomenon that progeny of
diverse inbred varieties exhibit greater biomass, speed of development, and fertility
than the better of the two parents (James et al. 2010). First suggestions to exploit the
heterosis were made by Hayes and Jones (1916) in cucumber crops. And later, this
phenomenon has been studied in other crops, such as maize, sorghum, sunflower, oil
seed, rice, Chinese cabbage and cabbage etc. The practical utilization of heterosis in
crop plants has been greatly facilitated during the past years by the use of controlled
pollination system for low cost, large scale emasculation of the seed parents of
hybrids. The method is now being used in commercial production of hybrid (Duvick
1959). There are two ways to control pollinations in crops: (1) removal of anthers or
male flowers, and (2) the use of male sterility systems. Male sterility mean, the
inability of the plant to produce fertile pollen, which provides one of the most effi-
cient and direct controlled pollination for hybrid seed production in crops on large
scale (Prakash et al. 2009). Therefore, the plant breeders had begun to pay attention
to utilizing male sterility system for hybrid seed production in various crops.
Cruciferous vegetables, belonged to the family Brassicaceae, are very important
crops, and are widely cultivated in the world, with many genera, species such as
cauliflower, cabbage, Chinese cabbage and broccoli. Cruciferous vegetables are
rich in nutrients, including several carotenoids (beta-carotene, lutein, zeaxanthin);
vitamins C, E, and K; folate; and minerals. In addition, Cruciferous vegetables con-
tain a group of substances known as glucosinolates, which are responsible for the
pungent aroma and bitter flavor in Cruciferous vegetables. Many scientific studies
have presented the health benefits of these vegetables such as, broccoli and cauli-
flower which help to prevent bladder, ovarian, prostate, colon, breast and lung can-
cers. Similarly more eating cabbage can reduce the menstrual pain for endometriosis
sufferer due to the anti-inflammation. Radish have folic acid, anthocyanins and
Vitamin C, which is very effective in fighting cancer especially in fighting against
oral, colon, intestinal, stomach and kidney cancers (http://ingenira.hubpages.com).
Cruciferous vegetables have shown positive response towards heterosis. There
are two ways for hybrid seed production in Cruciferous vegetables i.e. (1) use of
self-incompatibility line; (2) use of male sterile line. However, there are some prob-
lems existed by using self-incompatibility system. One is the parents showed con-
tinuous viability recession (depression). The other is the parent need to be manually
stripping bud pollination with high cost, and it is very difficult to achieve 100 %
purity in the hybrids. The use of male sterile line to produce a generation hybrids
can solve these problems. This has prompted people to pay more attention to the
genetic sources of male sterility and use of them in heterosis breeding of Cruciferous
crops. The main type of male sterility in Cruciferous vegetable is summarized as:
(1) nuclear male sterility (NMS), this kind of male sterility is controlled by the
dominant or recessive nuclear genes, and its sterility is easy to be restored, but not
easy to be maintained; (2) cytoplasmic male sterility (CMS), this type of male
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sterility is controlled by a particular cytoplasmic male sterile gene (S). The plants
show cytoplasm male sterility no matter what is a nuclear gene. It has the character-
istics of the cytoplasmic inheritance, maternal inheritance, and its sterility is easy to
be kept, but not easy to be recovered

Nuclear male sterile types generally exists in many plants, the types of male
sterility is controlled by nucleus sterile gene, which can be divided into dominant
and recessive gene. Dominant nuclear male sterile (DNMS, DGMS) have been
reported in several Cruciferous crops, e.g. Chinese cabbage and cauliflower (Van
Der Meer 1987; Ruffio-Chable et al. 1993). In the cabbage, the dominant male ste-
rility gene Ms-cd1 (c, cabbage; d, dominant) was identified as a spontaneous muta-
tion (Fang etal. 1997). Li et al. (1990) further comfirmed the male sterility controlled
by dominate gene in B. oleracea and B. napus. Zhang et al. (1990) also developed
the male sterility system controlled by dominant gene “88-1A” that was used for
hybrid seed production in Chinese cabbage. Recessive genic male sterile (RGMS)
was discovered as a spontaneous mutant in a B. napus in 1991 (Chen et al. 1993).
As for recessive nuclear gene male sterility, it can be controlled by a single gene or
double genes. The male sterile line of B. napus S445AB, Norins3AB and Chinese
cabbage Xiaogingkou 127 were controlled by single recessive nuclear gene (Niu
et al. 1980). Some recessive genic male sterile lines contain two recessive genes
(Bnms3 and Bnms4) with one epistatic suppressor gene (BnRf or BnEsp) (Chen
etal. 1998). Hou et al. (1990) reported double recessive male sterility nuclear genes
i.e. “S45AB” and “117AB” in B. napus.

Cytoplasmic male sterility (CMS) was first discovered by Correns (1906). As of
1972, CMS had been reported in 140 species from 47 genera and 20 families (Laser
and Lersten 1972; Edwardson 1970; Grun 1976). Several types of cytoplasmic male
sterility has been identified in Cruciferous vegetables which include Raphanus/ogu
(Ogura 1968), tour (Mathias 1985; Stiewe and Robbelen 1994), polima or pol (Fu
1981), and nap (Shiga and Baba 1971, 1973; Thompson 1972). Pol CMS was dis-
covered in 1972 (Fu 1981), and became the first CMS system to be extensively
utilized for hybrid seed production (Fan et al. 1986; Robbelen 1991). The pol CMS
is sensitive to environment in certain nuclear backgrounds leading to breakdown of
sterility, which reduces hybridity levels in F, hybrids. So far, nine CMS lines in B.
napus have been characterized into four types: pol, ogu, nap, tour (Yang et al. 1998).
The recent reports of CMS in Brassica include CMS 681A of spontaneous origin in
a mutant line of a B. napus cv. Xiangyu 13. It has the same restorer and maintainer
relationship as pol CMS but possessed different mitochondrial DNA sequences (Liu
et al. 2005). Another CMS system named “126-1" was identified in a population of
doubled haploids of synthetic B. napus ISN 706 and subsequently transferred to B.
Jjuncea (Sodhi et al. 2006). Several CMS systems of alloplasmic origin have also
been reported in B. juncea containing cytoplasm of several wild species viz. B.
oxyrrhina (Prakash and Chopra 1990), B. rournefortii (Pradhan et al. 1991;
Arumugam et al. 1996), Diplotaxis siifolia (Rao et al. 1994), Moricandia arvensis
(Prakash et al. 1998), Erucastrum canariense (Prakash et al. 2001), Diplotaxis eru-
coides (Bhat et al. 2006) and D. berthautii (Bhat et al. 2008). This chapter will
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discuss the production of male sterility, development of hybrid technology in major
Cruciferous vegetables of the world and their future prospects.

11.2 The Main Way to Produce Male Sterility
in Cruciferous Vegetables

11.2.1 Natural Mutations

Natural mutation also occurred in male sterility gene as same way as in other genes
in nature. Mutation rates increase up to 0.2 % by the mutagenic effect of cosmic
rays, or other factors. Most of natural genetic sterility is due to recessive nuclear
mutation, and cytoplasmic or genetic male sterility, while dominant genetic male
sterility was less reported. In 1968, Radish cytoplasm infertility source (Ogu CMS)
was first found in Kagoshima, Japan (Ogura 1968). In 1970, Dickson found male
sterile materials controlled by recessive gene in B. oleracea crops. In China, the
earliest Pol CMS is found in sterile plants of Polma population of the B. napus by
Fu and Yang (1990). Fang et al. (1997) obtained 79-399-3 male sterile plants in wild
cabbage named 79-399, which the major gene controlled by a single dominant
nuclear gene. Zhang found a dominant male sterile gene, and received 100 % sterile
groups from Wanquangin varieties in Chinese cabbage (Zhang et al. 1990). He and
Shi (1987) found male sterility resource in a number of local varieties of Chinese
radish, and developed “77-01A” and other male sterile lines, which controlled by a
nuclear recessive gene, and sterile cytoplasm.

11.2.2 Development of CMS Lines Through Wide
Hybridization

CMS plants have appeared during breeding programs in a series of backcrosses
resulted from the exchange of the nuclear genome in one breeding line and other
cytoplasm line. CMS plants also produced due to successive backcrosses by
exchange of nuclear genome of one variety to the nuclear genome other variety.
Such process led the concept that male sterility could arise from nuclear cytoplas-
mic incompatibility. Later, attempts were made to create CMS lines deliberately by
a program of crossing one species as the male parent with another species as female
parent. For example, such deliberate backcrosses have given rise to sunflower CMS
lines (Le-Clercq 1983) and CMS lines of Nicotiana that contain nuclear genomes of
one specie and cytoplasmic genomes of another (Gerstel 1980).

Among the male sterile materials, most of them were obtained by the hybridiza-
tion among varieties, species and genera. For example, Bannerot et al. (1977)
reported the male sterility was introduced into Cruciferous vegetable by
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intergeneric hybridization that was practically used for the F; seed production. A
hybrid can be produced by the cross between B. napus and B. oleracea, if the B.
oleracea is used as recurrent parent in backcross. Male sterility continued, B. olera-
cea progenies exchange the cytoplasm with B. napus through backcross. Male fer-
tility was fully restored when the C genome was reintroduced in the cytoplasm of B.
oleracea (Chiang and Crete 1987). The cross between B. juncea (2n=36, AABB)
and B. rapa (2n=20, AA) was happened by repeated backcrossings with fertile
tuber mustard using as recurrent parents and as corresponding maintainers of CMS
which produced the donor of CMS tuber mustard (B. juncea var. tumida Tsen et
Lee) with an alloplasmic cytoplasm. It was successful to produce a stable male
sterile line of tuber mustard showing 100 % in male sterility (Chen et al. 1995).

The B. campestris, B. napus and B. juncea contained the oxyrhina cytoplasm
(‘oxy’) which lead to the male sterility (Prakash and Chopra 1990). Male sterile line
was isolated from B. napus, B. oleracea, and B. campestris which are now widely
applied in agricultural production (Huang et al. 2009). Due to interactive inheri-
tance of genetic male sterility, that was controlled by two types of genes. 100 %
male sterility plants were confirmed by Wei et al. (1992) and Zhang et al. (1990).
Later on, Feng et al. (1996) interpreted the new idea that the inheritance was con-
trolled by multiple alleles and also proposed a multiple allele model for genetic
male sterility. Cao and Li (1980) was produced the genic male sterile A and B lines
i.e. Bcajh97-01A/B from ‘Aijiaohuang’ (B. campestris ssp. chinensis). This sterility
is controlled by a recessive mutation at a single nuclear locus (Huang et al. 2008).
The stable sterile B. juncea line was established by the ten successive backcrosses
with B. juncea 00-6-102B. This CMS was transferred to B. napus through interspe-
cific hybridization (Wan et al. 2008). Stable CMS lines of kale were bred by inter-
specific or intra-specific hybridization and subsequent backcrosses (Zhu and Wei
2006). Shiga and Baba (1973) found the Nap CMS from the F, generation of hybrid-
ization between Qianjia and Beilu23 in B. napus. Li (1986) found the male sterile
plant among the hybrid progeny and then developed male sterile line Shan 2A of B.
napus. In addition, the Pol CMS had been transferred from B. napus to Chinese cab-
bage (Ke et al. 1992).

11.2.3 Protoplast Fusion

Protoplast fusion technology can generate genetic variability. It allows the forma-
tion of new nuclear cytoplasmic combinations by the transfer of gene groups and
families, chromosome parts or chromosomes, and cytoplasmic genetic information
(Gleba and Shlumukov 1990; Pelletier 1993; Bajaj 1994; Iicheva and San 1997).
Thus, new sources of male sterility are possible. Protoplast fusion has often been
suggested as a means of developing unique hybrid plants which cannot be produced
by conventional hybridization. Protoplasts can be produced from many plants,
including most crop species (Gamborg et al. 1981; Evans and Bravo 1983; Lal and
Lal 1990; Feher and Dudits 1994). The conventional method for recovery of
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cytoplasmic male sterile Cruciferous vegetables for hybrid seed production is labor-
ing and time consuming. It can be substituted by in vitro techniques (Menczel et al.
1983; Kumashiro et al. 1988; Nikova et al. 1991).

Ogura male sterile plant was produced through the protoplast fusion of cauli-
flower and cabbage (Waiters et al. 1992). CMS were transferred to B. napus from
Ogura radish by recurrent backcross through B. oleracea used as a bridge plant
(Bannerot et al. 1974), and also reported by Pelletier et al. (1983), Menczel et al.
(1987) and Jourdan et al. (1989a, b). Protoplast fusion of Raphanus sativus (CMS
line) and B. napus were produced sterile hybrid (Sakai and Imamura 1990). With
the help of protoplast fusion transfer of a newly found cytoplasm male sterility were
in Raphanus sativus to B. napus in a single step (Sakai and Imamura 1990).
Cytoplasmic male sterile (CMS) cabbage (Brassica oleracea var. capitata) was pro-
duced by the fusion of leaf protoplasts from fertile cabbage and CMS Ogura broc-
coli lines (Sigareva and Earle 1997). One line (7642A) carried the CMS gene in
Ogura (R,) derived from radish; the other line (7642B) carried a normal Brassica
cytoplasm. The cytoplasmic traits in B. oleracea were stable after one cycle of in-
vitro culture and regeneration (Jourdan et al. 1990).

11.3 Male Sterility in Chinese Cabbage

Chinese cabbage (Brassica campestris L.ssp.pekinensis) is the most important leafy
vegetable with widely growing cultivation areas in China. Because Chinese cabbage
is one of the cross-pollination crops, so it has an obvious heterosis. Therefore, for
the high yield, the hybrid seed is used on a large scale. The excellent hybrid lines
have about 30 % more yield than other general varieties. While the artificial hybrid
and the self-incompatibility line can’t produce the F; hybrid progeny on a large
scale. The pure hybrid seeds were produced by utilization of male sterility which
makes it to be the most important way to produce hybrid seeds in Chinese cabbage.
Therefore, the breeders from China and foreign countries give importance to the
studies of male sterility in Chinese cabbage.

In the start of 1970s, Chinese scientists started their research program on Chinese
cabbage and successfully bred genetic male sterility lines (double purposes line).
These lines were applied to the production of hybrid, which solves the problems of
high cost and inbreeding depression. However, it increased breeding costs due to the
removal of the 50 % female fertile plants in hybrid seed production. In addition, the
seed quality cannot be guaranteed and the hybrid vigor rate decreased with the
incomplete removal of plant. To get 100 % of the infertile groups, Li et al. (1995)
were to propagate the infertile plants of Chinese cabbage by using tissue culture
method and were succeeded, but the application of seed production in large area is
still difficult. Hinata and Konno (1979) developed the cytoplasmic male sterility by
series backcrossing Diplotaxismuralis as female with B. campestris. Van Der Meer
(1987) found the male sterile plant in F, hybrid progeny, and then developed the
dominant genic male sterile material through backcrossing and thought it was



11 Hybrid Technology in Cruciferous Vegetables 215

controlled by single dominant gene. Zhang et al. (1990) proposed the model of
interactive genic male sterility of Chinese cabbage, and then developed the
Kuaicaiyihao, Shenyangkuaicai, LvxingJ6 and other male sterile series of Chinese
cabbage lines for production. Feng et al. (1995) reported the model of multiple
allele male sterility in Chinese cabbage, then developed the excellent combination
of Chinese cabbage and cabbage. After then, the domestic scientists committed to
the research on breeding change of interactive genie male sterility and multiple
allele male sterility in different Chinese cabbage varieties. Chen et al. (2000)
obtained the nucleo-cytoplasmic interactive Chinese cabbage male sterile line 98-2
with 100 % rate of male sterility. Wen et al. (2003) got the successful transfer and
obtained the Chinese cabbage interactive genic male sterile lines of Qingmaye type
to develop the combination groups.

11.4 Male Sterility in Cabbage

Cabbage (Brassica oleracea) is one of the most important vegetable crops in the
family of Brassicaceae and is grown in many countries of the globe, especially in
Europe and America. And the annual cultivated area in China has reached 270 thou-
sand hectare (Wang 2000). Like Chinese cabbage, the cabbage also has an obvious
heterosis, so using of the heterosis is the main approach for cabbage breeding. That
is to produce the F; hybrid progeny by using of self-incompatibility line and male
sterile line. For a long time, the using of self-incompatibility line is the main way to
produce F, hybrid in cabbage, and it has made a great achievements by developing
a large number of excellent varieties. However, the cabbage breeders took a long
time to study the using of male sterile line in breeding and have made a big break-
through. Despite the late start of male sterility studying in China, but the breeders
take a high importance to it. After years of hardly studies, the cabbage breeders in
China have made great achievements. Here, we mainly talk about the research of
hybrid seed production using male sterility in cabbage.

The cabbage breeders in China started the further research earliest from the
introduction of foreign countries materials. From 1980s, Breeders of Institute of
Vegetables and Flowers, Chinese Academy of Agricultural Sciences have made a
series studies of cabbage. They have introduced the radish cytoplasmic male steril-
ity and B. nigra cytoplasmic male sterility, and the improved the radish cytoplasmic
male sterility by crossing and series backcrossing with different cabbage inbred
lines. However, it is difficult to apply these materials in cabbage breeding because
of the decreased hybrid vigor of the male sterile lines after several backcrossing and
the limit of temperatures (Fang et al. 2001). In 1998, they introduced 6 improved
Radish cytoplasmic male sterility materials include CMSg;625 and CMSg;629
which showed good prospect in cabbage breeding (Liu et al. 2002).

Fang et al. (1997) found the dominant genic male sterile plant 79-399-3 in the
natural population of original material 79-399 in cabbage, and then he discovered
that the male sterility was controlled by a dominant nucleic gene CDM399-3. Now,
they have developed more than 20 homozygous dominant male sterile lines include
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318P5 and 997522-6 and selected the 01-20Mg, 01-216Mg and other two excellent
dominant male sterile lines with normal performance and 100 % sterile plants and
infertility. By crossing with admirable inbred lines, they have obtained a number of
excellent hybrid combinations. Among these, the Zhonggan no.16, Zhonggan no.17
and the Zhonggan no.18 have been approved by the National Crop Variety Approval
Committee. This was the first using of dominant genic male sterility to produce the
new cabbage varieties (Yang et al. 2004).

11.5 Male Sterility in Mustard

Cytoplasmic male sterility system has developed in mustard (Brassica juncea) fol-
lowing repeated backcrossings of the somatic hybrid Moricandia arvensis (2n=28,
MM) x B. juncea (2n=36, AABB), carrying mitochondria and chloroplasts from M.
arvensis, to B. juncea. Cytoplasmic male sterile (CMS) plants are similar to normal
B. juncea. Female fertility was normal. Genetic information for fertility restoration
was introgressed following the development of a M. arvensis monosomic addition
line on CMS B. juncea. The putative restorer plant also exhibited severe chlorosis
similar to CMS plants but possessed 89 % and 73 % pollen and seed fertility, respec-
tively, which subsequently increased to 96 % and 87 % in the selfed progeny. The
progeny of the cross of CMS line with the restorer line MJR-15, segregated into 1
fertile: 1 sterile (Prakash et al. 1998). A stable CMS line of tuber mustard was
developed by distant crosses and subsequent backcrosses and induced 100 % male
sterility during crossing with more than 600 tester line including 150 B. juncea lines
and 450 B. rapa lines (Yu et al. 2009). Banga (1986) proposed the cytoplasmic male
sterility in F; hybrid progeny of the cross combination between the mustard species
RLM198 and EJ-33. Anand and Rawat (1978) also produced the male sterility in
mustard, and developed the restorer lines with restoring rate 90-95 % by the trans-
fer of two restorer genes from B. nigra to mustard. Shi et al. (1991) found a male
sterile plant in mustard name “European-Xinping A”. Then after several years of
study by test crossing and inter crossing, a set of “three lines” with low erucic acid
was accomplished and the F, hybrid yielded 19.2-34.8 % more than the control
“Kunming-Gaoke”.
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Chapter 12
Genetic Modifications for Pest Resistance

Hongbo Liu, Bizeng Mao, Peng Cui, Tian Tian, Changrong Huang,
Xi Xu, and Weijun Zhou

Abstract Diseases and insect pests are serious threat to the growth and yield of
Brassica crops. As such, breeding for resistance to pests has been considered as a
major objective in oilseed rape (Brassica napus L.) plant. The traditional method of
genetic modification is utilizing the wild species which have resistance to one of
diseases or insects to improve the cultivated species by distant hybridization. So far,
the availability of resistant sources against pests has been greatly explored in many
kinds of wild species. However, the narrow genetic resource (germplasm) also
inhibits the development of pest resistant breeding program. On the other hand, with
the development of biotechnology, genetic transformation has become possible to
bring about quick and dramatic improvements in the tolerance to diseases and insect
pests. In the past decades, more and more resistant genes were cloned and character-
ized, then transferred to cultivated species to obtain the resistant traits. The present
chapter focuses on genetic modification of disease and insect pest resistance by
conventional hybridization and transgene breeding in Brassica crops.
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12.1 Introduction

The Genus Brassica and its wild species belong to the tribe Brassiceae in the
Cruciferae family. Some cultivated species can be used to produce edible oil and
vegetable (Momoh et al. 2002; Zhou 2001), such as Brassica nupas, Brassica rapa
and Brassica oleracea, etc. Meanwhile, these cultivated species were attacked by
diseases and insect pests, which is a big challenge in the production for oilseed rape
over the years. On the Indian subcontinent and North America, some major diseases
cause considerable economic yield losses, such as blackleg, leaf blight and root rot,
etc. (Rai et al. 2007). While Aphid and Diamondback moth are nefarious insect pest
of Brassicaceae crops (Bhatia et al. 2011; Mohan and Gujar 2003).

Chemical control and cultivar resistance were considered to be more effective
methods to the management practices of diseases and insect pests. The former is
expensive and raises healthy or environmental concerns in oilseed rape production.
Therefore, adoption of resistant cultivars has been considered as the most economic
and environmentally friendly strategy for pest management. To date, most of wild
relative species which possess pest resistant traits have been reported (Gerdemann-
Knorck et al. 1995; Liu et al. 1995; Snowdon et al. 2000; Kumar et al. 2011). They
used distant hybridization and backcross to integrate the important resistant traits
into the cultivated species for pest resistant breeding. Meanwhile, the gradual adap-
tation of pests or narrow insect-resistant spectrum to transgene is another problem
for agricultural application of genetically modified organism. With the development
of biotechnology, a number of pest resistant genes were cloned and characterized,
then transferred to cultivated species by transgene techniques (Cho et al. 2001;
Chen et al. 2006; Mondal et al. 2007; Dong et al. 2008; Liu et al. 2011a). It has
opened up new horizon to improve the level of pest resistance and development of
Brassica transgene breeding.

12.2 Conventional Breeding for Pest Resistance

Successful disease and insect control requires a thorough knowledge of correspond-
ing resistant genetic resources. There are more than 74,000 accessions of oilseed
and vegetable Brassica germplasm lines exploited all over the world, and more than
60 % of which were held in China, India, the United Kingdom, the United States
and Germany (Singh and Sharma 2007). Among these species, many resistant
resources were identified and utilized to improve cultivated species by conventional
breeding methods.
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12.2.1 Disease

Blackleg is a serious disease of Brassica caused by Leptosphaeria maculans
(Desm.) Ces. Et de Not., especially in oilseed rape (Brassica napus L.) cultivation
in Europe, Canada and Australia. The non-aggressive isolates of L. maculans cause
no or a little mild symptoms comparing to the aggressive isolates which result in
yield losses ranged from 13 % to 50 % (Purwantara et al. 1998; Williams and Fitt
1999; Hu et al. 2009). There are few resistant cultivations which were screened to
the pathogen in B. napus, B. campestris (B. rapa), B. oleracea. In contrast, wild
relative species and most lines of species containing the B genome were character-
ized to resistant this pathogen by molecular markers (Chevre et al. 1997; Plieske
et al. 1998; Dixelius 1999; Dixelius and Wahlberg 1999; Saal and Struss 2005;
Dusabenyagasani and Fernando 2008). Therefore, the transferring of disease resis-
tant traits to cultivation, both sexual and somatic, has been considered as an effec-
tive method for resistant breeding.

Chromosome introgression is an important approach to the transfer of genes
between species by sexual and somatic hybridization. A number of studies demon-
strated that the recombinant lines expressed high resistant level similar to that of the
donor parents in interspecific hybrids (Plieske et al. 1998; Saal et al. 2004; Chevre
et al. 2008). The genetic resistance to anamorph P. lingam was investigated in addi-
tion lines of B. napus and B. nigra. The results showed that at least 3 different
B. nigra chromosomes had contribution to the blackleg resistance. Thus, this resis-
tance was assumed to be polygenic (Zhu et al. 1993). In Plieske’s et al. (1998) study,
among homozygous recombinant lines, there are no significant differences in the
level of resistance and in the phenotype of the resistance mechanisms, no matter
where the B genome origins, i.e. B. nigra, B. juncea and B. carinata. Therefore, it
was assumed that the resistance genes might be located in the conserved domain,
and the mechanisms of each B-genome species are identical. For another studies,
the resistance to blackleg is monogenic and highly efficient under field conditions
in B. napus-B. juncea recombinant lines. In these addition lines, three markers
totally linked to resistant L. maculans were also located on the B4 and B8 chromo-
somes in B. napus-B. nigra and B. oleracea-B. nigra addition lines. It was con-
firmed that there involved chromosome rearrangements between the two B genomes
of B. nigra and B. juncea (Chevre et al. 1997). Thus, the majority of species contain-
ing B genome were used to create addition lines for improving the cultivation. The
resistant gene, termed r;/m2, was identified by screening spring type addition lines
from B. napus-B. juncea. The introgression individuals can be resistant to all the
tested virulent pathotypes at seeding stage, especially to two isolates which have
shown to overcome dominant B genome-derived resistance genes (Saal et al. 2004).

When the goal of genetic modification is to transfer several genes or when the
genes of interest are unidentified, asymmetric somatic hybridization such as proto-
plast fusion may be a more efficient method. So far, there have been shown that
many successful examples in transferring resistant genes to susceptible species by
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asymmetric somatic hybridization (Sjodin and Glimelius 1989; Gerdemann-Knorck
et al. 1995; Liu et al. 1995; Dixelius 1999). Sometimes, a specific aggressive isolate
of L. maculans has been found to overcome resistance originating from the B
genome in Brassica species, but the distant Brassica genus which has specific resis-
tance can solve this problem. In Brassica napus-Sinapis arvensis addition lines,
some individuals with adult plant resistance but cotyledon susceptibility were
observed in possible resistant introgression lines. In addition, phytopathological
analysis of selfing progenies from 3 different highly resistant BC; plants showed that
seedling and adult plant resistance are probably conferred by different loci (Snowdon
et al. 2000). The similar resistant mechanism between cotyledon and adult plants
was observed in some other researches (Chevre et al. 1996; Chevre et al. 1997).

Apart from blackleg, some other diseases could bring about considerable
economic losses to Brassica species, such as clubroot (Plasmodiophora brassicae),
black spot (Alternaria brassicae), cottony rot (Sclerotinia sclerotiorum), root rot
(Rhizoctonia solani), and so on. In addition, white rust (Albugo candida) obtained
from B. campestris and B. juncea could attack many other different hosts which con-
tained B. napus, B. oleracea and Raphanus sativus (Pidskalny and Rimmer 1985).

Clubroot, it is a root infection caused by the fungus P. brassicae. High resistance
recourses have been found in black mustard (B. nigra) and radish (R. sativus)
(Hu et al. 2009). Transfer of clubroot resistance was studied between B. napus and
B. nigra by asymmetric somatic hybridization (Gerdemann-Knorck et al. 1995) and
between B. oleracea and R. sativus by protoplast electrofusion (Hagimori et al.
1992). In all causes, the resistance of somatic hybrids retained were identified and
progenies from some of the hybrids with high resistance inherited. But many of
B. napus and B. nigra line expressed resistance to just only one isolate.

A. brassicae also known as Alternaria blight or Alternaria black spot, is the most
prevalent causal agent of black spot on oilseed Brassica species. In serious regions,
yield losses can be measured up to 70 % due to this pathogen in seed Brassica
(Downey and Rimmer 1993). A few of successful instance of A. brassicae resis-
tance transferring from S. alba to B. napus and B. oleracea by somatic hybridization
has been reported (Chevre et al. 1991; Ryschka et al. 1996). Among the introgres-
sion plants of B. napus, the level of resistant to A. brassicae was similar to that of S.
alba (Chevre et al. 1991). In hybrids of B. oleracea+S. alba, plants of the S. alba
chromosome addition ranged from moderately to absolutely resistant to A. brassi-
cae. For interesting, the hybrids were female fertile, and thus it is promise that
resistant genetic resources can be created for Brassica breeding by backcross
(Ryschka et al. 1996).

In some areas, Sclerotinia sclerotiorum (Lib.) de Bary (also be known as cottony
rot) could cause an equal or even greater damage to cultivation of Brassicas than
that of blackleg. The resistant resources to S. sclerotiorum were screened in the
greenhouse and field among different lines of B. oleracea var. capitata. Several
resistant lines PIs showed good tolerance, such as non heading cabbages, a savoy
cabbage and some red cabbage. Furthermore, the backcross populations using the
best non heading cabbage suggested a major recessive gene for resistance (Dickson
and Petzoldt 1996).
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12.2.2 Insect

The cruciferous crop is susceptible to a number of insect pests, including large
white (Pieris brassicae), diamondback moth (Plutella xylostella), mustard aphid
(Lipaphis. erysimi), mustard sawfly (Sathalia proxima), leaf minor (Bagrada cruci-
ferarum), and so on. Chemical control was considered to be a most common method
to manage these pests, but it is not a sustainable pest control strategy for continuing
reliance on insecticides and environmental issue. The concept of integrated pest
management (IPM) is the more effective approach for insect pest control (Panda
and Khush 1995). Identifying resistant sources and understanding the mechanisms
of resistance are the major components of IPM.

Pieris brassicae, also called cabbage butterfly, is one of the destructive pests
mainly on cruciferous crops such as rapeseed, cauliflower and broccoli. To deter-
mine the performance of P. brassicae on various Brassica crops, assessment of
different brassicaceous host plants on the fitness of Pieris brassicae (L.) was inves-
tigated (Hasan and Ansari 2011). Survival, development and reproduction of pest
were quantified under laboratory conditions on cabbage (B. oleracea capitata), cau-
liflower (B. oleracea botrytis), radish (R. sativus), broccoli (B. oleracea italica), and
mustard (B. campestris). According to the results, cabbage was recognized as the
most suitable host plant for P. brassicae because of shorter developmental time
from eggs to adult eclosion, higher percentage survival, lower doubling time (6.00),
and higher number of adult emergence (29.7 %). The similar investigation was also
conducted in the preferences and performance of P. xylostella on nine commercial
cultivars of canola (Brassica napus L.) under greenhouse conditions. It has the
potential to screen a most resistant host to be used in the integrated management of
P. xylostella (Fathi et al. 2011). In view of these experiments conducted under the
laboratory conditions, a further study should be required to give more detailed infor-
mation in the field. Thus, it can help breeder to employ the most appropriate control
tactics towards integrated pest management of a particular Brassica crop in the field.

The glucosinolate and their hydrolysis products were considered as a stimulant
for larval feeding initiation and oviposition of P. brassicae and other Pieridae in
Alternaria thalinan or other Brassicaceae (Renwick 2002; Raybold and Moyes
2001; Miles et al. 2005). The glucosinolate was used as a recognition cue to identify
an appropriate host for oviposition by adult females of P. brassicae and other
Pieridae. This may explain why the low level of glucosinolate in cruciferous crops
could potentially reduce plant damage caused by these pests (Huang and Renwick
1994; Renwick 2002). Thus, manipulating the glucosinolate system may be an
effective method to increase resistance to P. brassicae and other Pieridae.

Aphid has the preference in different species of Brassica. The oilseed Brassica
is susceptible infested by green peach aphid (Myzus persicae S.), cabbage aphid
(Brevicoryne brassicae L.) and turnip aphid (L. erysimi Kalt.). B. juncea is predomi-
nantly infested by L. erysimi, whereas B. brassicae and M. persicae also occur
(Bhatia et al. 2011). In the India subcontinent and other growing regions, mustard
aphid is a serious insect pest which brings about destructive damages that the mean
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loss in yield ranged from 35.4 % to 91.3 % under various agro-climatic conditions
(Singh and Sachan 1994; Rai et al. 2007). It can cause damage at all growth stages
during the crop development, especially in the flowering and seeds production
stages. Over the past few decades, a number of attempts had been made to screen
resistant genetic sources in crop Brassica species (Brar and Sandhu 1978; Amjad
and Peters 1992; Bhadoria et al. 1995; Saxena et al. 1995). However, it has not been
possible to breed resistant cultivars by conventional techniques owing to the non-
resistance source identified in the crossable germplasms and lack of knowledge of
the resistant mechanisms.

For Crucifereae species, lectins are important chemicals for its insecticidal
activity against a wide range of insects (Rahbe et al. 1995; Sadasivam and
Thayumanavan 2003), especially the sap sucking insects (Foissac et al. 2000;
Powell 2001). A number of wild relative Brassicas have been reported to possess
resistance against cabbage aphid, B. brassicae (Cole 1994a, b; Ellis and Farrell
1995; Ellis et al. 2000). Recently, Brassica fruticulosa and Brassica montana were
used to screen the resistance against mustard aphid under laboratory conditions.
These two wild species exhibited stronger resistance to mustard aphid than that of
susceptible B. rapa ssp. brown sarson cv. BSH-1 (Kumar et al. 2011). The bio-
chemical analysis also showed that high concentration of lectins had been detected
in B. fruticulosa. It is attempted to transfer resistant trait from B. fruticulosa to
B. juncea, and excellent resistance was observed in B. juncea introgression lines,
indicating heritable nature of fruticulosa resistance.

12.3 Genetic Transformation for Pest Resistance

With the development of genetic engineering, heterologous genes have been uti-
lized to ameliorate most of the economically important Brassica species. In this
context, the Brassica breeding objective of disease and insect resistance can be real-
ized by tissue culture and Agrobacterium tumefaciens mediated transformation. To
date, a number of regeneration and transformation procedures were constructed in
many kinds of cultivars such as B. napus (Moloney et al. 1989; Khan et al. 2003;
Wang et al. 2005; Sakhno et al. 2008; Liu et al. 2011a), B. juncea (Barfield and Pua
1991; Kanrar et al. 2002; Cao et al. 2008), B. rapa (Cho et al. 2001; Zhang et al.
2011), B. campestris (Xiang et al. 2000) and B. oleracea (Ding et al. 1998; Chen
et al. 2006; Yi et al. 2011). It was considered to be a quick and desirable approach
of genetic modification for pest resistance in Brassica species.

Chitinase is one of the earliest resistant genes for controlling fungal and insect
pests in transformation research. It can catalyze hydrolysis of chitin, which is a
homopolymer of f-1,4-N-acetylglucosamine and one of the important structural
components of the fungal cell wall and insect cuticle (Bartnick 1968; Kramer and
Muthukrishnan 1997). These hydrolytic enzymes extracted from plants and
microbes were found to retard or inhibit fungus growth in vitro (Chen et al. 2007;
Mauch et al. 1988a, b; Melander et al. 2006), and a number of successful
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transformations have been reported that transgene crops with chitinase gene also
have high level resistance to insects and fungi (Broglie et al. 1991; Corrado et al.
2008; Grison et al. 1996; Tohidfar et al. 2005).

However, the transgenic broccoli plants expressing a Trichoderma harzianum
endochitinase gene just showed the resistance to A. brassicicola, but no affection to
S. sclerotiorum (Mora and Earle 2001). In addition, Melander et al. (2006) found
that some of the transgene doubled haploid (DH) plants with a barley chitinase gene
just had an improvement of resistance to L. maculans, but none to A. brassicicola,
S. sclerotiorum and V. longisporum. It is assumed that the reason of the differences
in resistance level might be the genetic variation naturally present within the
cultivars. Thus, the development of alternative approaches involving more effective
resistance would be exploited.

The pathogenesis related (PR) protein is a type of toxic protein to fungal
pathogens. Glucanase, as a plant defense barrier, can hydrolyze glucan which is a
major cell-wall component of pathogenic fungi. The resistance to A. brassicae was
identified in transgene plants of B. juncea with transferring a class I basic glucanase
of tomato. Protein extracted from independent transformants, arrested 15-54%
hyphal growth of A. brassicae. Under poly house bio-assay, the number, size and
spread of lesions caused by A. brassicae were restricted in transgenic lines com-
pared to that of wild type (Mondal et al. 2007).

The insect resistance Bacillus thuringiensis (Bt) gene has been used in control-
ling insect larvae infestation in transgene crops for many years. There are also many
Bt genes such as crylAc, cryl C, crylAb and crylBa3 were used in various Brassica
transgene studies to resistant lepidopteran insects (Cao et al. 1999; Cho et al. 2001;
Cao et al. 2008; Xiang et al. 2000; Yi et al. 2011). The transgenic Chinese cabbage
and their progeny with crylC gene were identified not only to against diamondback
moths (DBM) (P. xylostella), cabbage loopers (Trichoplusia ni) and cabbage worms
(Pieris rapae), but also to susceptible Geneva DBM and a DBM population resis-
tant to CrylA protein (Cho et al. 2001). In addition, pyramided two Bt genes in
vegetable Indian mustard and broccoli were conducted by sequential transformation
and sexual crosses respectively. The levels of two Bt proteins were stably and highly
produced compared to that of wild type. Transformants pyramided cryl Ac+crylC
effectively controlled diamondback moth and the types resistant to CrylA and
Cry1C (Cao et al. 2002, 2008). These Bt-transgenic plants could be used either for
controlling DBM and other lepidopteran insect pests or for integrated management
as a trap crop to protect other high value non-transgenic crucifer vegetables.

Some insects have already developed resistance to Bt toxin genes due to the wide
use of Bt-transgenic plants (Roush and Shelton 1997). It is imperative that requiring
new insect-resistant genes or introducing more than one insect-resistant gene simul-
taneously into plants to avoid gradual pest adaptation. Thus, several other novel
genes were also being used to enhance resistance against insects for solving this
problem. It is found that protease inhibitors (PIs) exhibited the feature to be effec-
tive against leaf chewers. Oryzacystatin I (OC-I), a cysteine protease inhibitors, can
inhibit the growth of A. pisum, A. gossypii and M. persicae when fed by protease
inhibitors. It has been used to against M. persicae in B. napus transgene research.
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The mean adult weight, fecundity and biomass of M. persicae fed on tansformants
expressing OC-I showed significantly reduction, when compared to those fed wild
type (Rahbe et al. 2003). The potato proteinase inhibitor II (pinll) is a serine pepti-
dase inhibitor that usually possessed the function to digestive serine proteases tryp-
sin and chymotrypsin in the insect gut (Lawrence and Koundal 2002; Mosolov and
Valueva 2008). So it has great potential in crop protection for the broad anti-inset
spectrum. A bioassay of DMB resistance was conducted in the second generation of
individual transgene lines which integrated pinil. The results showed that the larvae
fed on transgenic leaves had a higher mortality than those fed on the wild-type
leaves (Zhang et al. 2011). Wheat germ agglutinin (WGA), a chitinbinding lectin
from wheat germ, has been shown to be antimetabolic, antifeedant and insecticidal
to the mustard aphid (L. erysimi. Kalt). The transgenic plants with WGA showed
that high resistance to aphids (Kanrar et al. 2002).

Moreover, there is another option that introducing two combined genes with
different mechanisms can slow down or minimize the risk of developing resistance
produced by insects and fungal diseases. The novel insect-resistant gene combina-
tion, containing scorpion toxin and chitinase gene was introduced into B. napus.
The bioassay of artificial inoculation with diamondback moth (P. maculipenis) lar-
vae indicated that transformants performed high resistance against the tested pest
infestation (Wang et al. 2005). Similarly, a binary vector carrying sporamin and
chitinase PjChi-1 genes in tandem was introduced into B. napus for dual resistance
against disease (S. sclerotiorum) and insect (P. xylostella) attack in our transgene
study. Transgenic plants exhibited high levels of resistance to S. sclerotiorum and
P. xylostella compared to untransformed wild-type plants. (Liu et al. 2011a). To
better understand the inheritance of resistant in progeny, artificial inoculation with
S. sclerotiorum and P. xylostella in in vitro bioassays showed not only significant
resistance compared to the wild type but also the resistant levels closely to the
parental line (Liu et al. 2011b). In addition, we also inoculated another phytopatho-
genic fungus (Botrytis cinerea) to evaluate the resistance in progeny. For all T,
population individuals showed a good performance to inhibit the fungal growth,
especially in T-11#1, T;-11#3 and T;-11#9 of B. napus (Fig. 12.1). Stable and con-
sistent expression of foreign genes in serial propagation is a crucial factor to induce
effective and efficient resistance through genetic engineering in insects and fungi. It
would be better if a transgenic plant sticks to the characters such as stable expres-
sion and inheritance, and low inter- or intra-transformant variability of foreign
genes in serial propagation. That is a crucial factor to induce effective and efficient
resistance through genetic engineering in insects and fungi.

12.4 Future Prospects

Diseases and insect pests have been a big challenge in the production of Brassica
crops over the years. Over the past few decades, there were many attempts to
improve the resistance by genetic modification. This review surmised the major
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WT Tl

T)-11#3 T)-11#9

Fig. 12.1 Results of positive Brassica napus T1-11 progeny resistance against Botrytis cinerea.
WT: wild type, and T1-11#1, 3, 9: positive T1 progeny plants. Fully expanded leaves were
wounded on the midrib with a sterilized needle and inoculated with a 3-mm mycelial segment
taken from the edge of a 3-day-old colony. The cultures were then placed in Petri dish containing
3 ml of distilled water to keep the leaves fresh (at 25+1 °C, keeping moisture in Petri dish). The
diameter of plaque was measured after 2 days of inoculation under photoperiod of 16/8 h (light/
dark). Scale bar=1 cm

methods and developing strategy for pest resistance. In future perspective, exploita-
tion and discussion of novel approaches and emerging possibilities will be required
in the breeding program of pest resistance.

Recently, secondary metabolites of plants especially volatile substances had
been explored to develop resistance to aphids (Beale et al. 2006; Schnee et al. 2006).
Thus, it may be an effective method of controlling other insect infestations for
Brassica crops by altering the volatile substance of plants to disrupt the host recog-
nized cue of pest. In addition, signal elicitors induced by biotic stresses play an
important role in plant defense against diseases and insect pests. Understanding the
interactions and associated signaling pathways of plants with pests can also provide
new approaches for exploiting Brassica defense which can be achieved through
genetic modification.
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