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Abstract
During evolution, plant genomes have under-
gone duplications, deletions and rearrange-
ments resulting in a wide variation in genome
size and number of gene family members
between different species. The variation in
gene families is an important mechanism for
adaptation to different environmental condi-
tions. Allium species, such as bulb onion
(Allium cepa), have a large unsequenced
genome. However, high throughput transcrip-
tome sequencing datasets are now available
which provide an efficient way to identify the
genes present in different Allium species. With
this knowledge, strategies to accelerate phys-
iological and genetic analysis for enhanced
breeding can be developed. In this chapter, we
will describe how RNA sequencing is provid-
ing a better understanding of Allium genetics
and survey the diversity of gene families
involved in bulbing, flowering, male fertility,
flavonoid biosynthesis and sulphur assimila-
tion in bulb onion. In general, we found that
onion has a similar number of gene family

members to other monocots, such as rice,
which have much smaller genomes. This is
consistent with the large genome size of
Allium being due to a massive expansion of
repetitive DNA.

10.1 Introduction

Over the last 17 years, the sequencing of plant
genomes has provided tremendous resources for
identifying genes underlying agriculturally
important traits and equipping breeders with new
tools to enhance the breeding of new cultivars
(Varshney et al. 2014). The sequencing of the
bulb onion genome and other Allium species has
been hampered by their very large genome size
(16 Gbp) and complex structure (McCallum
2007; Khosa et al. 2016b). The bulb onion gen-
ome is about 40 times larger than the rice gen-
ome (0.4 Gbp), which is well annotated and
provides an excellent reference for comparing to
other grasses (McCallum 2007; Jakse et al.
2008). Analysis of the genomes of other plant
species has revealed that increases in genome
size are largely due to whole-genome duplica-
tions and an increase in repetitive DNA. For
example, it is thought that the ancestor of grasses
had five chromosomes, and genome duplication
resulted in first 10 chromosomes, then the current
12 chromosomes in rice. The large increase in the
genome size of other grasses (for example,
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2.4 Gbp for maize and 17 Gbp for wheat) has
been the result of duplication and increase in
repetitive sequences (Wendel et al. 2016).

The Allium genus is very large, comprising
972 accepted species (see theplantlist.org) that
are widely distributed over the Holarctic region
from the dry subtropics to the boreal zone
(Fritsch and Friesen 2002). While most species
grow in open, sunny, rather dry sites in arid and
moderately humid climates, Alliums have also
evolved to grow in diverse habitats. Ornamental
and vegetable Alliums exhibit correspondingly
wide variability in stature, branching, storage
organs, and floral structures (Hanelt 1990). Bulb
onion (Allium cepa) has been cultivated for over
4000 years, and carvings of onions exist on the
pyramid walls highlighting their importance in
the Egyptian diet. Crop domestication resulted in
strong genetic selection for key genes (and
specific variants) that control the plant structures
and physiological attributes which distinguish
crop plants from their wild relatives (Doebley
et al. 2006; Baldwin et al. 2013). Analysing the
diversity of key gene families involved in plant
architecture and adaptation within and among
domesticated Allium and their wild allies may
provide insights into the key genes under selec-
tion during domestication and dispersal
(Ross-Ibarra et al. 2007).

In this chapter, we compare gene families
involved in the regulation of key traits of bulb
onion, such as bulbing, flowering, male fertility,
flavonoid biosynthesis, and sulphur assimilation
with the corresponding gene families present in
other plants. The comparison suggests that the
large genome in genus Allium is not due to the
widespread expansion of individual gene fami-
lies. This is consistent with a recent prediction
that bulb onion has about 35,000 protein-coding
genes, similar to other plants that have small
genomes such as Arabidopsis (27,416) and rice
(37,544) (Wendel et al. 2016; Sohn et al. 2016).
While in cases, individual gene families have
undergone expansion, other gene families con-
tain fewer members than other plant species.
Thus, rather than large-scale gene or genome
duplications, the large genome in genus Allium is

likely to be the result of a massive expansion of
the amount of repetitive DNA (King et al. 1998;
Jakse et al. 2008).

10.2 RNA Sequencing for Gene
Identification in Genus Allium

RNA sequencing (RNA-Seq) provides a power-
ful way to identify the genes in species with large
genomes (Mutz et al. 2013; Martin et al. 2013).
RNA-Seq has been used in Allium species, such
as bulb onion, garlic, bunching onion and chives
to identify candidate genes regulating various
traits (Khosa et al. 2016b). A wide range of
genotypes and tissues have been sequenced using
different platforms (Table 10.1). The focus of
these RNA-Seq studies has been on developing
molecular markers and discovering candidate
genes, involved in bulbing, flowering, flower
development, fertility restoration, sulphur
biosynthesis and allergenicity (Table 10.1). In
addition, transcriptome data has been generated
in bulb onion treated with cold temperatures in
an effort to better understand freezing tolerance
mechanisms (Han et al. 2016). Recently, a
comparative transcriptome analysis of nine dif-
ferent Allium species has been carried out to
better understand morphogenesis and evolution
of fistular leaves in genus Allium (Zhu et al.
2017).

The number of protein-encoding genes in bulb
onion has been estimated to be about 35,000.
However, the number of predicted transcripts
from these studies is often very high (up to
293,000 unique transcripts), due to multiple
transcripts being derived from a single gene and
the presence of transcripts that do not encode
functional proteins (Table 10.1) (Sohn et al.
2016). These large transcriptome datasets pro-
vide an opportunity to compare the number of
genes in particular gene families with those of
other plant species. The number of distinct genes
in each transcription factor gene family varies
between plant species. However, overall bulb
onion has a similar number of transcription fac-
tors to rice (Table 10.2). The variation of gene
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Table 10.1 Summary of published RNA sequencing projects in different Allium species

Species Sequencing
platform

Genotype Gene
identification

Number of
transcripts

Tissue References

Bulb onion Illumina
HiSeq 2000
platform

CUDH2107 Genes
involved in
flower
development

271,665 Leaves, floral buds
from unexpanded
umbels, unopened
florets from expanded
umbels, open florets
with pollen, older
flowers and roots

Khosa et al.
(2016a)

Illumina
HiSeq 2000

36,122 and 36,101 Cold tolerance 93,637 Leaves Han et al. (2016)

Illumina
HiSeqTM

2500

Chalinghuangpi NAC
transcription
factor

117,189 Leaves Zheng et al.
(2016a)

Illumina
HiSeq 2000

Pusa Madhavi Identification
of allergens
and epitopes

293,475 Bulb Rajkumar et al.
(2015)

HisSeqTM

2500,
Utah Yellow Sweet
Y1351

Carbohydrate
metabolism

79,376 Bulb Zhang et al.
(2016)

Illumina
HiSeq 2000

H6, SP3B – 165,179 Six weeks whole
seedlings

Kim et al. (2014)

Illumina
HiSeq 2000

Bravo, Jumbo,
Babosa, California
Red, Pukekohe
Longkeepe, Rio
Tinto, Rumba,
Sapporo Yellow
Globe and South Port
White Globe

– 46,596;
36,897;
99,010;
81,574;
99,761;
81,975;
103,178;
69,206 76,187

Leaves of 4–
8-week-old plants

Scholten et al.
(2016)

454
sequencing

CUDH2150 Identification
of FT gene
family

24,106 Leaves and shoot
meristem at the 4–5
leaf stage

Baldwin et al.
(2012)

PacBio
RSII system

Eumjinara and
Sinsunhwang

– 99,247 Flower, leaf, bulb and
root

Sohn et al.
(2016)

ABI PRISM
3730XL
analyzer

506L and H6 Male fertility
restorer genes

32,674 Unopened flowers Kim et al. (2015)

Roche 454
FLX

OH1 and 5225 – 27,065; 33,254 Vernalized bulbs,
tissue from leaves,
unopened umbels,
bulbs and roots

Duangjit et al.
(2013)

Illumina
HiSeq 2500

– – 117,189 Leaves Zhu et al. (2017)

Illumina
Hiseq 2000

Orlando PCD related
genes

45,891 Bulb scales Galsurker et al.
(2017)

Shallot Illumina
HiSeq 2500

– – 83,186 Leaves Zhu et al. (2017)

Garlic Illumina
HiSeqTM
2000

Cangshan 15 Genes
involved in
organic
sulphur
biosynthesis

127,933 Vegetative buds Sun et al. (2012)

(continued)
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Table 10.1 (continued)

Species Sequencing
platform

Genotype Gene
identification

Number of
transcripts

Tissue References

– Cangshan 15 Shoot apex
sprouting

45,363 Dormant and
sprouting garlic shoot
apex

Sun et al. (2013)

Fertile garlic clone
#87

Photoperiodic
flowering;
flower
development
and
organosulfur
metabolism

240,000 Root, Basal plate,
Leaf, Clove,
Inflorescence and
Flowers

Kamenetsky
et al. (2015)

Fertile #87 (F87) and
male-sterile #96
(MS96)

Genes
involved in
male sterility
and fertility

– Flower (Early, Mid
and late)

Shemesh-Mayer
et al. (2015)

HiSeqTM
2500

ChalingZiPiSuan 135,360 Bulbs, and whole
plant

Liu et al. (2015)

Illumina
HiSeq 2500

– – 132,225 Leaves Zhu et al. (2017)

Bunching onion GS-FLX;
Illumina
HiSeq 2000

Ki,’’ ‘‘F’’ and ‘‘A.’’ – 42,511;121,354 2-week-old seedlings,
leaf, roots, basal
meristem, immature
flower bract, mature
bract (about 1 week
before anthesis),
opened flowers,
immature fruits and
sliced pseudostem

Tsukazaki et al.
(2015)

Illumina
HiSeq 2000

Bian Gan and glossy
BianGan

Waxy cuticle
biosynthesis

73,128 Leaves Liu et al. (2014)

Illumina
HiSeq 2000

Zhangqiu Genes
involved in
sulphur and
selenium
metabolism

103,286 Leaves, false stem,
basal plate and root
were collected from
14-day old seedlings

Sun et al. (2016)

Illumina
HiSeq 2500

– – 128,372 Leaves Zhu et al. (2017)

Chinese Chive Illumina
HiSeq 2000

– – 150,154 Leaves, shoots and
roots

Zhou et al.
(2015)

A. ascalonicum Illumina
HiSeq 2500

– Leaves Zhu et al. (2017)

A. chinense Illumina
HiSeq 2500

– – 121,008 Leaves Zhu et al. (2017)

A. macrostemon Illumina
HiSeq 2500

– 161,681 Leaves Zhu et al. (2017)

A. tuberosum Illumina
HiSeq 2500

– 148,715 Leaves Zhu et al. (2017)

A. porrum Illumina
HiSeq 2500

– 189,713 Leaves Zhu et al. (2017)

F1 (A. roylei and
A. fistulosum)

Illumina
HiSeq 2000

PRI 91021–8 – 10,361 Leaves of 4–
8-week-old plants

Scholten et al.
(2016)
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family sizes in transcription factors is most likely
due to gene duplication and deletions that alter
gene family sizes (Guo 2013).

10.3 Evolution of the FLOWERING
LOCUS T (FT) Gene Family
in Bulb Onion

The FT gene family is found in all taxa of plants
and encodes phosphatidylethanolamine-binding
domain proteins (PEBP) (Kardailsky et al. 1999;
Turck et al. 2008). The number of PEBP-like
genes vary greatly between different plant spe-
cies; in model plant Arabidopsis, six FT-like
genes, FT, TSF (Twin sister of FT), MFT
(Mother of FT), BFT (Brother of FT), TFL1
(Terminal flower like 1) and ATC (Arabidopsis
thaliana relatives of centroradialis) have been
found, whereas in rice, 13 FT-like genes have
been identified (Table 10.3) (Turck et al. 2008;
Zheng et al. 2016b). Phylogenetic analyses sug-
gest that the PEBP gene family can be divided
into three subfamilies: MFT, TFL1, and
FT (Karlgren et al. 2011). The FT- and TFL1-like
genes are highly conserved in sequence, but

exhibit antagonistic functions: FT acts as an
activator of flowering, whereas TFL1 acts as a
repressor (Turck et al. 2008; Wickland and
Hanzawa 2015). FT is produced in the leaves
under inductive environmental conditions, and
the protein is transported to the shoot apical
meristem for flowering initiation (Kardailsky
et al. 1999; Turck et al. 2008). The average
number of FT-like genes in monocots is
approximately six times higher than in eudicots
(Table 10.3). The expansion of FT-like gene
families in recent lineages might be due to tan-
dem and segmental duplication in their genomes
(Zheng et al. 2016b). In bulb onion, we identified
six FT-like genes, and their phylogenetic rela-
tionship with other monocot FTs revealed that
these FT-like genes belong to the FT-like group
(Lee et al. 2013).

FTs can act as universal flowering signals in
plants, but some members are involved in a
diverse range of functions (Pin and Nilsson 2012).
FT genes have been found to play an important
role in the regulation of poplar growth, heterosis
in tomato, stomata opening, potato tuberization
and bulbing in onions (Hsu et al. 2011; Krieger
et al. 2010; Kinoshita et al. 2011; Navarro et al.

Table 10.2 Number of members in different transcription factor families in monocots

Gene family Bulb oniona Rice (indica)b Wheatb Maizeb Sorghumb Phalaenopsis (orchid)b

bHLH 162 169 324 308 297 96

NAC 147 158 263 189 180 85

ERF 132 138 181 204 172 91

MYB 121 121 263 203 145 108

WRKY 109 109 171 161 134 67

C2H2 105 113 224 179 140 93
aKhosa et al. (2016a)
bhttp://planttfdb.cbi.pku.edu.cn/ on 15-3-2017

Table 10.3 Number of FT-like genes and their functions in different plant species

Species FT-like genes Functions References

Bulb onion 6 Bulbing and flowering Lee et al. (2013)

Rice 13 Flowering Zheng et al. (2016b)

Maize 15 Flowering Zheng et al. (2016b)

Sorghum 11 Flowering Zheng et al. (2016b)

Potato 3 Tuberization and flowering Navarro et al. (2011)

Poplar 2 Bud cessation and growth Böhlenius et al. (2006)
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2011; Lee et al. 2013). Three FT-like genes of
bulb onion (AcFT1, AcFT2 and AcFT4) influence
flowering time in the Arabidopsis ft-1 mutant
(Lee et al. 2013). AcFT1 acts as a mobile signal to
vigorously promote flowering, whereas AcFT4
represses flowering, and AcFT2 only marginally
alters Arabidopsis flowering time. Expression
analysis of FT-like genes in bulb onion indicates
that, during the juvenile stage of the bulb onion
life cycle, AcFT4 is upregulated and acts antag-
onistically to repress AcFT1 under both
non-inductive, short day (SD) and inductive long
day (LD) length conditions. When the onion plant
reaches a certain developmental stage, under
inductive day length conditions, AcFT4 is
downregulated, and AcFT1 is upregulated to
induce bulbing. Further, AcFT4-overexpressing
onion plants never form bulbs and have a similar
appearance to leeks; AcFT1-overexpressing
plantlets form bulb-like structures whilst still in
tissue culture. Expression and functional studies
indicate that AcFT1 acts as a promoter and that
AcFT4 act as an inhibitor of bulbing. AcFT2
might act as a flowering promoter as it is only
expressed in vernalized and flowering onion
plants (Lee et al. 2013). Among other alliums,
expression of FTs in garlic (Allium sativum L.)
has been studied and show that AsFT1 is
expressed at higher levels in bulbing plants, and
AsFT4 acts antagonistically to it, however, it is
not known whether they are involved in bulbing
regulation (Shalom et al. 2015). B-box sequences
(regions which determine FT function) of FT1,
FT2 and FT4 among different Allium species
show a high degree of conservation (Khosa et al.
unpublished). This indicates that the role of FTs
in the regulation of storage organ formation and
flowering might be conserved in different alliums.

10.4 Circadian Clock and Bulbing

There are a number of parallels between the
photoperiodic control of onion bulb formation
and the photoperiodic induction of flowering in

other plants (Brewster 2008). The circadian clock
enables plants to respond to changes in seasons
and to regulate different development processes
(Sanchez and Kay 2016). In the photoperiodic
flowering pathway of Arabidopsis, expression of
clock genes GIGANTEA (GI) and FLAVIN-
BINDING, KELCH REPEAT, F-BOX1 (FKF1)
coincides in long days (LD), enabling the
GI-FKF1 proteins to form a complex that binds
to CYCLING DOF FACTOR 1 and 2 (CDF1
and CDF2), targeting them for ubiquitin-
dependent degradation, thereby releasing CON-
STANS (CO) from repression. CO then accumu-
lates in LD and initiates transcription of FT,
which in turn initiates flowering after the FT
protein moves from the leaves to the shoot apical
meristem (Sawa et al. 2007; Johansson and
Staiger 2015). In the majority of plant species,
single copies of GI and FKF1 are found, but in
plants with a highly duplicated genome, such as
maize and orchid, they occur in multiple copies
(Table 10.4). In bulb onion, there are two copies
of GI and one copy of FKF1. This indicates that
certain genomic regions in bulb onion genome
have undergone duplication, leading to multiple
copies of some genes, but not all (Taylor et al.
2010). Similar to bulb onion, potato responds to
day length for the formation of underground
storage organs (tubers), and it has been shown
that StGI and StFKF1 regulate circadian clock
genes to activate the potato FT orthologue,
StSP6A, expression for tuber initiation (Kloost-
erman et al. 2013). This indicates that photope-
riodic pathway genes have evolved to regulate
diverse developmental stages, such as under-
ground storage organ formation. Similar to Ara-
bidopsis, bulb onion AcGI and AcFKF1 show
maximum expression at dusk; however, it is not
yet known whether they are involved in bulbing
(Taylor et al. 2010; Lee et al. 2013). Further-
more, AcFKF1 is differentially expressed in SD
and LD onions, and this might be responsible for
day length sensitivity and timing-of-bulbing dif-
ferences between SD and LD onions, but it needs
further investigation (Taylor et al. 2010).
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10.5 Flower Development

The genes involved in the specification of floral
organ identity and flower development have been
identified and characterized in a wide range of
plant species. These studies indicate that com-
mon mechanisms of flower development occur
across plant species (Thomson et al. 2017). The
majority of floral identity genes belong to the
MADS box gene family, with a few exceptions,
such as APETALA2 (AP2) (Ng and Yanofsky
2001; Becker and Theißen 2003; Wellmer et al.
2014; Thomson et al. 2017). These floral organ
identity genes are grouped into five classes (A, B,
C, D and E) based on their role in flower
development. Genes in class A + E specify
sepals, A + B + E petals, B + C + E stamens,
C + E carpels, and D ovules, have been identi-
fied in different plant species (Wellmer et al.
2014; Thomson et al. 2017). The diversification
(number and expression pattern) of MADS box
genes involved in flower development con-
tributes towards the floral diversity in the plant
kingdom (Irish and Litt 2005; Heijmans et al.
2012). Alliums as a genus are notable and highly
valued for their floral diversity (Hanelt 1990).

The bulb onion flower consists of fives whorls
of floral organs viz: outer perianth, inner perianth,
outer stamens, inner stamens, and carpels (Jones
and Emsweller 1936). Recently, we identified
various genes involved in flower development

including MADS box genes (Khosa et al. 2016a).
The phylogenetic relationship of bulb onion
transcripts encoding ABCDE-like genes with
those of other monocots indicates these transcripts
belong to the ABCDE model (Fig. 10.1). Tran-
scripts encoding B class genes AP3 and PI show a
close relationship with each other, while C and D
class transcripts cluster together in the same clade.
Bulb onion E class genes, AGAMOUS LIKE6
(AGL6) and SEPALLATA3-like (SEP3-like),
grouped in separate clades. AP3 and PISTILLATA
(PI) are members of a paralogous gene lineage,
whereas C and D class genes are thought to have
arisen from gene duplications during the evolution
of angiosperms. E class genes diverged from other
MADS box genes most recently (Becker and
Theißen 2003; Theißen et al. 2016; Chanderbali
et al. 2016). The number of genes encoding class
B proteins is higher in bulb onion and other
Asparagales (orchids) than in grasses and Ara-
bidopsis (Table 10.5). Different studies indicate
that ABCDE genes underwent duplication in
Asparagales to result in diverse floral structures
(Mondragón-Palomino 2013; Tsai et al. 2014; Cai
et al. 2015; Otani et al. 2016; Dodsworth 2017).
The bulb onion MADS-box genes are highly
expressed in floral organs (Khosa et al. 2016a). In
the future, it would be desirable to study the
expression of ABCDE genes to have a better
understanding of their role in flower development
and whether any of the paralogous members play
a divergent role.

Table 10.4 The number of GIGANTEA and FKF1 homologues identified in various species

Plants GIGANTEA FKF-1 References

Arabidopsis 1 1 Higgins et al. (2010)

Rice 1 1 Murakami et al. (2007), Higgins et al. (2010)

Brachypodium 1 1 Higgins et al. (2010)

Barley 1 1 Higgins et al. (2010)

Maize 2 2 Dong et al. (2012)

Soybean 3 2 Li et al. (2013)

Medicago 1 – Kim et al. (2013)

Bulb onion 2 1 Taylor et al. (2010)

Oncidium orchid 2 2 Chang et al. (2011)

Cymbidium sinense 2 – Zhang et al. (2013)
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LEAFY (LFY) is a plant-specific transcription
factor involved in floral meristem identity and in
the initiation of floral development in plants
(Moyroud et al. 2010). In genus Allium, the LFY
orthologue has been identified in bulb onion,
shallot, bunching onion and garlic (Rotem et al.
2007; Yang et al. 2016). The LFY homologs of

different Allium species exhibit a high level of
sequence conservation and a close phylogenetic
relationship. In garlic, two alternatively spliced
transcripts of LFY have been identified, and only
the unspliced variant is associated with the
transition from vegetative to floral organ differ-
entiation (Rotem et al. 2007). Similar to other

AP3

PI

AG like

AP1 like

SEP3

AGL6

E class

A class

C class

D class

B class

Fig. 10.1 Phylogenetic relationship of bulb onion transcripts encoding ABCDE-like genes with those of other
monocots

Table 10.5 The distribution of gene homologues involved in ABCDE model of flower development in different plant
species

Class Gene
name

Bulb
onion

Erycina pusilla
(orchid)

Cymbidium sinense
(orchid)

Arabidopsis Rice

A AP1/FUL 2 3 1 4 4

B AP3 4 3 6 1 1

B PI 2 1 1 1 2

C AG 3 4 3 4 5

E AGL6 1 3 1 2 2

E SEP3 1 2 1 1 2

Adapted from Khosa et al. (2016a), Lin et al. (2016), Xu and Kong (2007)
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species, LFY in garlic and bulb onion is highly
expressed during floral transition and floral organ
development (Neta et al. 2011; Yang et al. 2016).
Arabidopsis plants overexpressing AcLFY exhi-
bit early flowering and a series of morphological
malformations (Yang et al. 2016). In the future, it
would be interesting to determine the interaction
of LFY with other floral integrators to activate
genes involved in floral development.

10.6 Male Sterility and Fertility
Restoration

Hybrid development of bulb onion varieties
became economically feasible with the discovery
of cytoplasmic male-sterility (CMS) systems.
Various physiological and genetic studies have
given us better insights into the origin, distribu-
tion and factors regulating CMS in different plant
species (Chen and Liu 2014). In many species,
most restorer genes (restorers of fertility, Rf or
Rf) cloned so far belong to pentatricopeptide
repeat (PPR) protein family, which contain a
characteristic PPR motif of 35 amino acids
(Schnable and Wise 1998; Chase 2007; Chen and
Liu 2014; Islam et al. 2014). In bulb onion, a
wide range of molecular markers have been
identified for the identification of male-sterile
and maintainer (male-fertile sister) lines (Khosa
et al. 2016a). The floral parts of male-fertile and -
sterile plants were used for transcriptome
sequencing (RNA-Seq), and bulked segregant
analysis (BSA) to identify candidate genes
involved in fertility restoration (Kim et al. 2015).
Candidate genes involved in male fertility
restoration gene (Rf) in bulb onion have been
identified.

A total of 483 transcripts containing the PPR
motif have been identified, and among them, 41
transcripts of Rf-like PPR genes were found. The
number of PPR and Rf-like genes identified in
bulb onion is consistent with that in other plant
species (Fujii et al. 2011; Sykes et al. 2017).
However, the bulb onion Rf-like genes identified
so far are not in linkage disequilibrium (LD) with
the male sterility locus (Ms). Instead of a
PPR-like gene, AcPMS1 (a regulator of DNA

mismatch repair, MMR) seems to be the most
plausible candidate gene responsible for the
restoration of male fertility in onion CMS. In
Arabidopsis and tomato mismatch repair genes
are responsible for reduced pollen development
and induction of CMS (Li et al. 2009; Dion et al.
2007; Sandhu et al. 2007). Also, in other crop
plants, various non-PRR genes control fertility
restoration. (Chen and Liu 2014). It is possible
that the real causal gene for fertility restoration
has been missed during screening for homozy-
gous SNPs and differentially expressed genes.
Deep RNA, or whole genome, sequencing of
mitochondrial sequences from male-sterile and
fertile plants is required for better understanding
of the evolution and molecular basis of CMS in
onion (Kim et al. 2016).

The identification of fertile garlic flowering
clones enabled researchers to identify the genetic
basis of male sterility. RNA seq of male-fertile
and male-sterile developing flowers led to the
identification of >16,000 differentially expressed
genes. The genes involved in the development of
reproductive organs such as AP3, MMD1, MS2
and glycerol-3-phosphate acyltransferase 2
(GPAT2) show high expression in male-fertile
plants, whereas genes involved in energy flow,
respiration and mitochondrial functions show
high expression in male-sterile plants
(Shemesh-Mayer et al. 2015). Similar results
have been reported during RNA-Seq of Japanese
bunching onion male-sterile and fertile plants
(Liu et al. 2016). These studies suggest that
respiratory restrictions and/or non-regulated
programmed cell death of the tapetum can lead
to energy deficiency and consequent pollen
abortion (Shemesh-Mayer et al. 2015; Liu et al.
2016). In future, functional characterization of
the putative role of these genes in male sterility
and fertility restoration will give us new clues
about CMS system in genus Allium.

10.7 Flavonoid Biosynthesis

RNA-Seq data has been used to identify key
genes in flavonoid production (Khosa et al.
2016b; Schwinn et al. 2016). Onions have a wide
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variation in bulb colour due to variation in the
production of different flavonoid compounds,
such as red anthocyanins, pale yellow flavanols,
and bright yellow chalcones. Anthocyanins, fla-
vanols, and chalcones are all products of the
flavonoid biosynthetic pathway. The key genes
involved in anthocyanin biosynthesis pathway
such as anthocyanidin synthase (ANS) gene, di-
hydroflavonol 4-reductase (DFR), chalcone syn-
thase (CHS) and chalcone isomerase (CHI) have
been identified, and mutation in these genes leads
to different bulb colour (Masuzaki et al. 2006;
Khar et al. 2008). In the bulb onion genome,
DFR and ANS occur in single copies, however, in
some other plants they are found in multiple
copies (Table 10.6). The multiple copies of these
genes also show differential expression in dif-
ferent organs, and different catalytic activities,
which indicates that gene duplication might play
a role in diversifying the functions of DFR
enzymes (Huang et al. 2012).

Anthocyanin synthesis is regulated by a tran-
scriptional activation complex consisting of
R2R3-MYB, bHLH and a WD-repeat
(WDR) proteins. This complex acts directly
upon the promoters of flavonoid biosynthetic
genes (Xu et al. 2015). Recently, four R2R3-
MYB factors that putatively regulate flavonoid
production have been identified in bulb onion
transcriptomic datasets (Schwinn et al. 2016).
TheMYB genes from bulb onion and lilies cluster
with the SG1/PAP1 clade and these sequences

are absent in Poaceae and Orchidaceae indicating
divergence of these transcription factors within
Asparagales. The MYB1 and anthocyanin
biosynthetic genes, DFR and CHS, exhibit high
expression in red onions. Transient overexpres-
sion, and knockdown experiments of the MYB1
gene leads to induction and inhibition of antho-
cyanin production, respectively (Schwinn et al.
2016). Bulb onion MYB1, overexpressed in
transgenic garlic, results in strong red pigmen-
tation in the callus, leaves and leaf bases, but not
in control plants. Onion MYB1 is closely related
to that of dicots and complements the antho-
cyanin MYB mutant of snapdragon (Schwinn
et al. 2016).

10.8 Sulphur Assimilation
and Metabolism

The genes involved in sulphate assimilation
pathway are present in photosynthetic organisms,
fungi, and many bacteria for the synthesis of
sulphur-containing amino acids, and a range of
other metabolites such as glucosinolates and
alliins (Takahashi et al. 2011). Different Allium
species have a high content of organosulphur
compounds, and in recent years the genomic
basis of sulphur assimilation has been studied,
especially in bulb onion. Various key genes
involved in organosulphur biosynthesis pathways
have been reported in bulb onion, garlic and

Table 10.6 The distribution of key gene homologues involved in the anthocyanin biosynthesis pathway

Species Dihydroflavonol-4-reductase Anthocyanidin
synthase

References

Arabidopsis 1 1 https://www.arabidopsis.org/

Tomato 1 1 Bongue-Bartelsman et al. (1994)

Potato 1 1 De Jong et al. (2003)

Medicago 2 1 Xie et al. (2004), Pang et al. (2007)

Lotus japonicus 6 – Shimada et al. (2005)

Rice 1 2 Shih et al. (2008)

Populus
trichocarpa

2 2 Huang et al. (2012)

Bulb onion 1 1 Kim et al. (2004a, b)
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bunching onion (Brewster 2008; McManus et al.
2012; Kamenetsky et al. 2015; Sun et al. 2016).

In the sulphur assimilation pathway, sulphite
reductase (SiR) is a key enzyme involved in the
reduction of sulphite for the synthesis of sulphur
compounds in bulb onion and other plants
(Takahashi et al. 2011; McManus et al. 2012).
Bulb onion have single functional SiR copy,
whereas the rice and poplar genomes have two
copies (Kopriva 2006; McManus et al. 2012).
Further, phylogenetically, the Allium SiR groups
with those of Eudicots; the SiR genes of Poales
form an independent clade. This is consistent
with large-scale phylogenetic relationships,
based on EST and genome sequences (Kuhl et al.
2004). Recently, a large number of isoforms
encoding different enzymes involved in sulphur
metabolism have been identified in a garlic
transcriptome dataset (Kamenetsky et al. 2015).
The majority of these genes were expressed in a
wide range of organs except reproductive organs.
This indicates that cysteine sulphoxides are
synthesized in leaves and roots, and then
translocated to the underground storage organ
(Kamenetsky et al. 2015).

10.9 Future Prospects

Over the last decade or so, large amount of
genomic data has been generated for different
plant species providing us with insights into the
genome, gene family and evolution. Advances in
technology have led to significant reductions in
the cost of generating this data, and offer new
avenues for gene discovery. While there is still
limited genomic data for Allium species such as
bulb onion. Transcriptomic datasets have now
been generated for bulb onion, and other Allium
species, leading to gene discovery and marker
development. These resources have been utilized
to identify the different gene families involved in
regulation of bulbing, flowering, bulb colour,
fertility restoration and sulphur metabolism.
Insights into the evolution and neofunctional-
ization of genes have been garnered, and there is
a lot more to discover yet. In coming years,

RNA-Seq along, with whole genome sequencing,
will lead to a comprehensive understanding of
the different gene families in bulb onion and the
Allium genus as a whole.
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