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Chapter 1: Introduction

Sexual systems in plants are almost overwhelmingly diverse. Strikingly, in contrast to
animals, most of the species of flowering plants are co-sexual including hermaphrodite species
(bearing perfect bisexual flowers) and monoecious species (bearing unisexual male and female
flowers on the same individual). However, around 5-6 % of angiosperm species are dioecious
(bearing unisexual male and female flowers on separate individuals) (Yampolsky, 1922, Ming et
al., 2011, Renner, 2014). There are 15600 dioecious angiosperms (5-6 % of the total species) in
987 genera (7 % of genera) and 175 families (43 % of families), with somewhere between 871 to
5000 independent origins of dioecy (Renner, 2014). The patchy distribution of these dioecious
species over the phylogenetic tree indicates that dioecy might have evolved multiple times in
different families independently (Ainsworth, 2000, Ming et al., 2011, Renner, 2014). The
evolution of dioecy would require occurrence and establishment of at least two independent
mutations that include a male-sterility (M — m) mutation and a female-sterility mutation (Su" —
SuFemaey (Lewis, 1942, Charlesworth and Charlesworth, 1978, Ross, 1978, Charlesworth, 2002,
Charlesworth, 2013). Also, these two mutations should be closely linked to prevent the
appearance of neuters and hermaphrodites due to their recombination. Eventually, the
chromosomes harbouring such mutations will evolve into sex chromosomes. Molecular and
genetic mechanisms of sex determination have been studied in many monoecious and dioecious
species such as Silene latifolia (Hardenack et al., 1994, Lebel-Hardenack et al., 2002, Muyle et
al., 2012), Rumex acetosa (Kihara and Ono, 1925, Ainsworth et al., 1995, Navajas-Pérez et al.,
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2005), Carica papaya (Liu et al., 2004, Yu et al.,, 2008, Urasaki et al., 2012), Asparagus
officinalis (Bracale et al., 1990, Harkess et al., 2015, Tsugama et al., 2017), Diospyros kaki
(Akagi et al., 2014), Cucumis sativus (Boualem et al., 2009, Guo et al., 2010), Cucumis melo
(Boualem et al., 2008, Martin et al., 2009, Boualem et al., 2015), Zea mays (Chuck et al., 2007),
Spinacia oleracea (Pfent et al., 2005, Sather et al., 2010), Thalictrum (Di Stilio et al., 2005) etc.
Since it is believed that evolution of dioecy has happened multiple times in angiosperms
independent of each other, the molecular mechanisms of achieving unisexual flower
development will most probably vary between different groups of dioecious species (Dellaporta
and Calderon-Urrea, 1993).

Coccinia grandis is one such dioecious species having heteromorphic sex chromosomes
(Male: 22A+XY & Female: 22A+XX) (Kumar and Viseveshwaraiah, 1952, Bhowmick et al.,
2012, Sousa et al., 2013). Y-chromosome of male sex is at least twice the size of the biggest
autosome and plays a decisive role in determining maleness (Sousa et al., 2013). C. grandis
belongs to Cucurbitaceae, a family known for its diverse sexual systems (Kouonon et al., 2009).
Coccinia grandis has received less attention as a system to understand dioecy compared to S.
latifolia, R. acetosa, Populus, etc. Availability of genome sequences for four cucurbit species
gives C. grandis, an advantage as a system to study dioecy. C. grandis, commonly known as ivy

gourd, is used as a vegetable and has rich medicinal value.

Since we were interested in establishing Coccinia grandis as a model system to understand
dioecy, at the beginning, we have carried out detailed morphological, histological and
cytological studies with three difference sexual forms of C. grandis (Ghadge et al., 2014). In
addition to male and female plants, a rare gynomonoecious (GyM) form of C. grandis bearing
pistillate (GyM-F) and morphologically hermaphrodite flowers (GyM-H) was found during our
study (Ghadge et al., 2014). Morphometric analysis showed the presence of staminodes in
flowers of female plant and histological study revealed the absence of carpel initials in the
flowers of male plant. Though GyM plant had XX sex chromosomes, the development of
stamens occurred in hermaphrodite flowers (GyM-H) in addition to carpels. Interestingly, the sex
of C. grandis female plants was modified upon treatment with AgNOz which lead to the
development of morphologically hermaphrodite flowers (Ag-H) (Ghadge et al., 2014). However,

the characteristic development of stamens in hermaphrodite flowers of GyM plant having XX
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sex chromosomes indicates that Y-chromosome dependency is somehow bypassed. Interestingly,
the pollens of Ag-H and GyM-H flowers were found to be sterile, indicating the probable role of
Y-chromosome in governing pollen fertility (Ghadge et al., 2014). Our experimental findings
together with all other previous chromosomal and molecular cytogenetical data strongly support
the view that C. grandis could be used as a potential model system to study sex expression in

dioecious flowering plant.

To understand sex expression and modification in dioecious C. grandis, following objectives
were selected for the present investigation:

1. Candidate gene approach and comparative transcriptomics to identify novel players involved
in sex expression and modification of C. grandis.

2. Proteomic characterization of C. grandis flower buds in order to understand unisexual flower
development and AgNO3s mediated sex modification.

3. Standardization of virus induced gene silencing (VIGS) in C. grandis for functional

characterization of key differentially expressed genes.

Chapter 2: Candidate gene approach and comparative transcriptomics to identify novel
players involved in sex expression and modification of C. grandis.

Due to the unavailability of genome sequence and the slow pace at which sex-linked genes
are identified, sex expression and modification in C. grandis are not well understood. In the
beginning, a candidate gene approach was taken to isolate C. grandis homologs for sex-
determining genes of other species using degenerate primers. Homologs of candidate genes PI,
AG and ACS were isolated from C. grandis by degenerate primer approach. Also, miR172 was
isolated from C. grandis by stem-loop PCR. Expression analysis of these candidate genes
revealed male-biased expression of CgPl. Interestingly, CJACS expression was approx. 10-fold
higher in female buds compared to male. This pattern was similar to the expression profiles of
CmACS-7 (melon) and CsACS2 (cucumber) indicating a possibility of conserved sex
determination mechanisms. Finally, we have carried out a comprehensive RNA-Seq study from
early-staged male, female, GyM-H, and Ag-H as well as middle-staged male and GyM-H flower
buds (Devani et al., 2017). A de novo transcriptome was assembled using Trinity and annotated
by BLAST2GO and Trinotate pipelines. The assembled transcriptome consisted of 467,233
‘Trinity Transcripts’ clustering into 78,860 ‘Trinity Genes’. Female Early vs Male Early,
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Ag_Early vs Female Early, and GyM-H_Middle_vs Male_Middle comparisons exhibited
35,694, 3574, and 14,954 differentially expressed transcripts respectively. Further, gqRT-PCR
analysis of selected candidate genes validated digital gene expression profiling results.
Interestingly, ethylene response-related genes were found to be upregulated in female buds
compared to male buds (Devani et al., 2017). Also, we observed that AgNOs3 treatment
suppressed ethylene responses in Ag-H flowers by downregulation of ethylene-responsive
transcription factors leading to stamen development (Devani et al., 2017). Further, GO terms
related to stamen development were enriched in early-staged male, GyM-H, and Ag-H buds
compared to female buds supporting the fact that stamen growth gets arrested in female flowers.
Suppression of ethylene responses in both male and Ag-H compared to female buds suggests a
probable role of ethylene in stamen suppression similar to monoecious cucurbits such as melon
and cucumber. Also, pollen fertility associated GO terms were depleted in middle-staged GyM-H
buds compared to male buds indicating the necessity of Y-chromosome for pollen fertility
(Devani et al., 2017). Overall, this study would enable identification of new sex-biased genes for

further investigation of stamen arrest, pollen fertility, and AgNOs-mediated sex modification.

Chapter 3: Proteomic characterization of C. grandis flower buds in order to understand

unisexual flower development and AgNO3s mediated sex modification.

To identify sex-related differences, total proteome from male, female, GyM-H and Ag-H
flower buds at early and middle stages of development were analysed by label-free proteomics
(Devani et al., 2018: Under review). 3385 proteins were detected (FDR < 1) using C. grandis
flower bud transcriptome database. SWATH-MS based comparative abundance analysis of 2262
proteins between Female_Early vs Male_Early, Ag_Early vs Female_Early, GyM-H_Middle vs
Male_Middle and Ag_Middle vs Male_Middle identified 644, 849, 669 and 591 differentially
expressed proteins, respectively. Upregulation of ethylene biosynthesis-related proteins in female
buds compared to male buds indicated a conserved stamen arrest mechanism similar to
monoecious cucurbits. AgNO3 treatment induced proteins related to pollen development in Ag-H
buds. However, few proteins governing pollen germination and tube growth were highly
expressed in male buds compared to Ag-H and GyM-H buds indicating the role of Y-
chromosome in governing pollen fertility. Overall, our findings will help in identification of key

molecules governing dioecy and unisexual flower development in Cucurbitaceae.
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Chapter 4: Standardization of virus induced gene silencing (VIGS) in C. grandis for

functional characterization of key differentially expressed genes.

Our transcriptomic and proteomic studies have identified many interesting sex-biased
genes/proteins which might govern the stamen inhibition in female flowers and pollen fertility in
male flowers of C. grandis. However, lack of an efficient in vitro regeneration and genetic
transformation tool for C. grandis was a major limitation to study the function of the sex-biased
genes identified in our study. Initially, we attempted to achieve in vitro regeneration and
transformation of C. grandis in our lab. Agrobacterium-mediated infection was achieved in the
leaf and tendril explants of C. grandis, which was confirmed by GUS staining. However, we
failed to regenerate shoots from these transformed calli even after testing various growth
hormone concentrations. Hence, we chose to standardize virus induced gene silencing tool as an
alternative strategy for gene knockdown in C. grandis using tobacco rattle virus (TRV) and apple
latent spherical virus (ALSV). We have standardized ALSV-VIGS system for C. grandis in
order to understand gene function (Devani et al., 2018: Under preparation). Effective silencing of
CgPDS gene in C. grandis plants using ALSV-VIGS system was achieved (Devani et al., 2018:
Under preparation). Attempts are also ongoing to study candidate DE genes from our
transcriptomics and proteomics approach using ALSV-VIGS in order to understand their role in

sex expression and modification.

Summary

Out literature review suggested that C. grandis has a unique advantage as a model system
to study dioecy as it belongs to Cucurbitaceae family, where the sex determination mechanisms
for many of its monoecious relatives have been well understood. Also, availability of genome
sequences for multiple cucurbits would help in identification and annotation of genes in C.
grandis. In this study, we began with detailed morphological, histological and cytological studies
with three different sexual forms of C. grandis (Ghadge et al., 2014). We also identified a rare
gynomonoecious form of C. grandis (22+XX) that bears pistillate (GyM-F) and morphologically
hermaphrodite flowers (GyM-H). Interestingly, we observed that application of silver nitrate
(AgNOs3) on female plants induces stamen development leading to the formation of
morphologically hermaphrodite flowers (Ag-H) despite the absence of Y-chromosome. An

omics approach was taken to identify interesting candidate genes that might govern the sex
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expression. RNA from early-staged male, female, GyM-H and Ag-H as well as middle-staged
male and GyM-H flower buds was sequenced on Illumina platform. A de novo transcriptome
was assembled and annotated. Female_Early vs Male_Early, Ag_Early vs Female_Early, and
GyM-H_Middle vs Male_Middle comparisons exhibited 35694, 3574, and 14954 differentially
expressed transcripts respectively (Devani et al., 2017). Simultaneously, total proteome from
male, female, GyM-H and Ag-H flower buds at early and middle stages of development were
analysed by label-free proteomics (Devani et al., 2018: Under review). 3385 proteins were
detected (FDR < 1) using C. grandis flower bud transcriptome database. SWATH-MS based
comparative abundance analysis of 2262 proteins between Female Early vs Male Early,
Ag_Early vs Female_Early, GyM-H_Middle vs Male_Middle and Ag_Middle vs Male_Middle
identified 644, 849, 669 and 591 differentially expressed proteins, respectively. Ethylene
responses were found to be suppressed in both male and Ag-H compared to female buds
suggesting a probable role of ethylene in stamen suppression similar to monoecious cucurbits
such as melon and cucumber. Also, pollen fertility associated GO-terms were depleted in
middle-staged GyM-H buds compared to male buds indicating the necessity of Y-chromosome
for pollen fertility. In absence of genetic transformation technique for C. grandis, we have
standardized ALSV-VIGS system to understand the function of sex-biased genes identified in
our transcriptomics and proteomics study. Effective silencing of CgPDS gene in C. grandis
plants was achieved by ALSV-VIGS (Devani et al., 2018: Under preparation). Attempts are
ongoing to study candidate DE genes from our transcriptomics and proteomics approach using
ALSV-VIGS in order to understand their role in sex expression and modification. Overall, our
study has enabled identification of new sex-biased genes and provided a basis for functional
characterization to understand their role in stamen arrest, pollen fertility, and AgNOz-mediated

sex modification.
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1.1 Diversity of sexual systems in plants

Sexual systems in plants are almost overwhelmingly diverse. Strikingly, in contrast to
animals, most of the species of flowering plants are co-sexual including hermaphrodite species
(bearing perfect bisexual flowers) (e.g., Arabidopsis thaliana, Antirrhinum majus) and
monoecious species (bearing unisexual male and female flowers on the same individual) (e.g.,
Cucumis sativus, Zea mays, Cucumis melo) (Figure 1-1). However, around 5-6 % of angiosperm
species are dioecious (bearing unisexual male and female flowers on separate individuals) (e.g.,
Silene latifolia, Rumex acetosa) (Yampolsky, 1922, Ming et al., 2011, Renner, 2014) (Figure 1-
1). Besides these main sexual states, many other rare intermediate sex forms also exist. For
example andromonoecy (male flowers and bisexual flowers on the same individual),
gynomonoecy (female flowers and bisexual flowers on the same individual), trimonoecy (male
flowers, female flowers, and bisexual flowers on the same individual), androdioecy (male
flowers and bisexual flowers on separate individuals), gynodioecy (female flowers and bisexual
flowers on separate individuals) and trioecy (or subdioecy) (male flowers, female flowers and
bisexual flowers on separate individuals) (Ainsworth et al., 1997b). Dioecism provides a unique
opportunity for studying genetic basis of sex determination, where plants bearing male flowers
might be genetically distinct from plants bearing female flowers. This kind of mechanism cannot
be studied in monoecious system, since each individual though being genetically uniform,

produces both type of flowers, viz. male and female.

m
&Hnes
€4

Male Plant Female Plant

o Hermaphrodite Monoecious
Dioecious

Figure 1-1. Major sexual states in plants. Dioecious species have separate individuals bearing male and
female flowers. Hermaphrodite species have individuals bearing bisexual flowers. Monoecious species
have individuals bearing unisexual male and female flowers on the same individual.
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There are 15,600 dioecious angiosperms (5-6% of the total species) in 987 genera (7% of
genera) and 175 families (43% of families), with somewhere between 871 to 5000 independent
origins of dioecy (Renner, 2014) (Figure 1-2). The patchy distribution of these dioecious species
over the phylogenetic tree indicates that dioecy might have evolved multiple times in different
families independently (Ainsworth, 2000, Ming et al., 2011). It is observed that dioecy is more

common among dicots compared to monocots (Renner and Ricklefs, 1995).
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Figure 1-2. Taxonomic distribution of dioecy and sex chromosomes in angiosperms. Boxes with X
indicate the presence of dioecy. Black boxes indicate the presence of species with heteromorphic sex
chromosomes. Grey boxes indicate that sex chromosomes are believed to be absent in the family.
Reproduced from Charlesworth (2002).
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1.2 Driving forces and evolutionary routes to dioecy

Considering evolution of dioecy, the obvious question that comes to mind is, why would
plants evolve separate sexes giving up the reproductive assurance provided by hermaphroditism?
Outcrossing advantage logically seems to be the most important factor that would have driven
the evolution of dioecious species from hermaphrodite species that suffered from the deleterious
effects of inbreeding (Baker, 1959, Lloyd, 1975, Lloyd, 1976, Charlesworth and Charlesworth,
1978). High rates of self-pollination can result in frequent appearance of recessive traits because
of more number of homozygous deleterious genes. This results in inbreeding depression i.e.
reduced fitness of offspring. Mutant individuals bearing flowers of only one sex would promote
outbreeding and hence will be selected over self-pollinating hermaphroditic individuals. In this
case, we assumed that the ancestors of dioecious plants are hermaphrodite plants suffering from
inbreeding depression. However, this might not be the case with all the hermaphrodite species.
Many of the hermaphrodite species have evolved mechanisms other than dioecy to avoid self-
pollination and inbreeding depression. These mechanisms include dichogamy (maturation of
anthers and stigmas at different times on an otherwise bisexual flower) (Bertin and Christian,
1993) as well as self-incompatibility mechanisms (Nasrallah and Nasrallah, 1993, Newbigin et
al., 1993). The evolution of dioecy from such species can be driven by sexual specialization and
improved resource allocation (Darwin, 1876, Freeman et al., 1997). Availability of resources for
developing pollens and ovule might be limiting in many cases. In such cases, formation of
pollens can limit the production of ovules and vice-versa. Sexual specialization (production of
either pollen or ovule but not both) can result in better allocation of the available resources.
Hence, such sexually specialized mutants bearing either only male or only female flowers get
selected over the hermaphrodites. Apart from these forces, many other factors like sexual
selection, pollination; and flower and seed predation could also play a role and can even override
these forces (Bawa, 1980).

And now, when we know about the forces driving the evolution of dioecy, another
question arises is; what are the steps involved in evolution from hermaphroditism towards
dioecy? The evolution of dioecy would require occurrence and establishment of at least two
independent mutations that include a male-sterility mutation (M — m) and a female-sterility
mutation (Su’ — Su™ma'®) (Lewis, 1942, Charlesworth and Charlesworth, 1978, Ross, 1978,
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Charlesworth, 2002, Charlesworth, 2013) (Figure 1-3). Also, these two mutations should be
closely linked to prevent the appearance of neuters and hermaphrodites due to their
recombination (Figure 1-3). Simultaneous appearance of both these mutations and hence, the
direct evolution of dioecism from hermaphroditism is quite unlikely. The most common
evolutionary route is via gynodioecy (Charlesworth and Guttman, 1999). Individuals with male-
sterility mutation (M — m) (female plants) will spread in the inbreeding hermaphroditic
population if they have equal or higher seed production, resulting in gynodioecious population
(Figure 1-3). Then other mutations in hermaphrodite individuals that can improve male functions
at the cost of female functions will be favoured because such subhermaphrodites could
contribute more genes via pollens than via ovules. Eventually, female functions could get
completely suppressed resulting in male individuals. From such a population, dioecy would
eventually arise when the two mutations are closely linked.

A Genotype at Genotype at locus that mutates first
second locus M/M or M/ m m/m
—_—
1. Loss of stamen |
et promoting factor (SPF or
Su'/8u M) creates females
(no female
suppression) Hermaphrodite ~— Female

2. Gynoecium suppressing
factor (GSF or SuFemale) () 1
reduces female functions

SuyFemale /Gyt Male — Neuter
(male fertility increased)

Recombining PAR region » .
Male-specific Y region

/—/%
B Male-benefit allele

. N \( Non-recombinant
chromosomes giving
O X high male and female
" fitness
Female-benefit allele
. I Y Recombinant
X chromosomes causing
. low male and female

fitness

Figure 1-3. Diagram showing situations during the evolution of dioecy. Two mutations will segregate
(i.e. although the mutations can increase in the population, they do not spread throughout all individuals
and become fixed in the population), and lead to selection for reduced recombination. (A) Two sterility
mutations causing female and male phenotypes are prevented from going to fixation because each causes
sterility of the other sex. (B) A sexually antagonistic mutation that benefits males, but lowers the fithess
of females, may also establish a polymorphism in the population at a locus in the recombining region
closely linked to the male-determining region of the Y-chromosome. Reproduced from Charlesworth
(2013).
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Another evolutionary route via androdioecy is relatively rare (Charlesworth and Guttman,
1999). Female-sterility mutations (Suf — Su™m®) can occur resulting in male individuals among
self-pollinating hermaphrodites (Figure 1-3). But unlike male-sterile plants, these female-sterile
(male) plants would not provide any outcrossing advantage because it is assumed that the
hermaphrodites can self-fertilize most of the ovules which are no longer available for female-
sterile plants to fertilize. Hence, the genetic contribution of female-sterile plants to the next
generation is very low compared to that of the selfing hermaphrodites. However, in case of
outcrossing hermaphrodites, female-sterile plants can spread in the population if their pollen

production and fertility is twice or more compared to the hermaphrodites.

Evolution of dioecy from distyly (individuals polymorphic for anther and style positions
as two different bisexual floral types) is another route. Species showing distyly often also show
self-incompatibility. One floral type exhibits short style and long stamens to promote pollen
dispersal, and another floral type exhibits long style and short stamens. During evolution of
dioecy from distyly, plants with short style flowers evolve into male and vice-versa (Lloyd,
1979).

1.3 Sex chromosomes in plants: Young and still evolving

Even though sex chromosomes in plants (Blackburn, 1923, Kihara and Ono, 1925) were
identified approximately at the same time as in animals (Painter, 1921), there is very little
knowledge about their structure and sequences compared to sex chromosomes in humans,
mouse, fruit fly and worm. It has been almost a century since the discovery of sex chromosomes
in Rumex acetosa (Kihara and Ono, 1925) and Silene dioica (Blackburn, 1923) and yet the
presence of heteromorphic sex chromosomes is well established only in 19 of the dioecious
species, while 20 of the dioecious species are known to have homomorphic sex chromosomes
(Ming et al., 2011). This indicates how remarkably rare the sex chromosomes in the plant
kingdom are! Plant chromosomes are intriguing because they provide a unique opportunity for
the study of sex chromosome evolution. Sex chromosomes in plants are very young and have
evolved very recently (Moore et al., 2003, Navajas-Peérez et al., 2005, Volz and Renner, 2008,
Yu et al., 2008) (Table 1-1).
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Table 1-1. Age of sex chromosomes in some well-studied organisms. Plant sex chromosomes are much
young compared to animal sex chromosomes which makes them suitable candidates for study of sex
chromosome evolution.

Species Age of sex chromosomes

Plant Species

Silene latifolia ~ 10 million years
Carica papaya 0.5-2.2 million years
Rumer acetosa 15-16 million years
Bryonia dioica < 10 million years
Animal Species
Humans ~ 150 million years
Drosophila and C. elegans >100 million years

Taking into account the recent genetic and genomic studies on the male-specific regions
in sex chromosomes of plant species, Ming et al. (2011) modified the three stage model by
Westergaard (1958) to a refined six stage model for the evolution of sex chromosomes (Figure 1-
4). Stage 1 is represented by the appearance of male- and female- sterility mutations in close
proximity on a chromosome. Stage 2 involves suppression of recombination between the sex-
determining loci and close flanking regions. This results in formation of a small male-specific
region on Y (MSY). Stage 3 involves expansion of MSY (male-specific region on Y) through
accumulation of retrotransposons, translocations and duplications. Many of the Y-linked genes
degenerate leading to lethality of the YY genotype in this stage and further stages of sex
chromosome evolution. X and Y appear to be homomorphic, but at molecular level they are
heteromorphic. Stage 4 involves further expansion of MSY region and sex chromosomes appear
to be heteromorphic from this stage. At this stage, Y-chromosome can be significantly larger
compared to the X-chromosome, due to significant accumulation of DNA through
retrotransposons, translocations and duplications. Stage 5 represents severe degeneration and
loss of non-functioning regions of Y-chromosome, eventually leading to its shrinkage.
Recombination between X and Y occurs only at the terminal pseudoautosomal regions (PAR).
Stage 6 shows in further shrinkage of the Y-chromosome and complete loss of recombining
pseudoautosomal regions. This eventually results in loss of complete Y-chromosome and

evolution of a new system for determination of sex based on the ratio of X:Autosome.
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Figure 1-4. The six-stage model for sex chromosome evolution. Stage 1: Unisexual mutation of two sex
determination genes with complementary dominance. Stage 2: Suppression of recombination, YY
genotype is viable. Stage 3: Small male-specific region of the Y-chromosome (MSY) region evolved, YY
genotype is not viable. Stage 4: MSY expansion and degeneration on Y-chromosome. The X and Y-
chromosomes become heteromorphic. Stage 5: Deletions and severe degeneration on Y-chromosome.
Stage 6: Complete suppression of recombination. Eventual loss of Y-chromosome and evolution of X:
Autosome ratio mechanism for sex determination. Reproduced from Ming et al. (2011).

The plant species with most well characterized sex chromosomes include Silene latifolia
(Westergaard, 1946, Matsunaga et al., 1996, Guttman and Charlesworth, 1998, Delichére et al.,
1999, Filatov et al., 2000, Scutt et al., 2002), Rumex acetosa (Parker and Clark, 1991, Rejon et
al., 1994, Shibata et al., 1999, Lengerova and Vyskot, 2001) and Carica papaya (Liu et al.,
2004, Ma et al., 2004). Silene latifolia is the most well-studied dioecious plant which shows
“active Y mechanism” of sex determination. The heteromorphic sex chromosomes are well-
studied in S. latifolia (Caryophyllaceae), in which male and female plants carry XY and XX sex
chromosomes respectively (Westergaard, 1940) (Figure 1-5A). Coccinia grandis, a dioecious

climber that belong to Cucurbitaceae family also features heterogametic male (XY) and
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homogametic females (XX), with Y being two times larger than the X-chromosome (Kumar and
Viseveshwaraiah, 1952, Sousa et al., 2013) (Figure 1-5B). The Y-chromosome is reported to be
the largest of all chromosomes in S. latifolia (Matsunaga et al., 1994). Another well-studied
dioecious plant is Rumex acetosa. It shows X to autosome ratio as a mechanism of sex
determination (Ainsworth et al., 1995). The chromosome constitution of female is 12 + XX (X-
chromosome: Autosome = 1) and of male is 12 + XY1Y2 (X:A = 0.5), where both Y1 and Y>
chromosomes are required for the normal development of pollens (Parker and Clark, 1991)
(Figure 1-5C). Homomorphic yet degenerate Y-chromosome is known to be present in male
plants of dioecious plant Carica papaya (Ming et al., 2011) (Figure 1-5D). Interestingly, sex
determination in Populus occurs through a ZW system in which the female is the heterogametic
gender (Yin et al., 2008). Thus, sex chromosome studies from different dioecious plant species

can provide an insight for better understanding of sex chromosome evolution.

1-

Silene latifolia Coccinia grandis Rumex acetosa Carica papaya

Figure 1-5. Mitotic metaphase plates of some dioecious plants. (A) Silene latifolia, (B) Coccinia
grandis and (C) Rumex acetosa showing the presence of heteromorphic X and Y sex chromosomes. (D)
Carica papaya sex chromosomes cannot be distinguished since they are homomorphic. Adapted from
Sousa et al. (2013), Vyskot and Hobza (2004).

1.4 Molecular basis of dioecy

It is assumed that in most cases, dioecy has evolved from hermaphroditism. This means
that the dioecious species have to evolve some mechanism for suppression of inappropriate sex
organs (stamens in case of female plant and carpels in case of male plant) in order to develop a
unisexual flower. Indeed, in S. latifolia, male flowers show the presence of rudimentary
gynoecium (filament) and female flowers show the presence of rudimentary stamens
(staminodes) (Ainsworth et al., 1997a) (Figure 1-6).
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Figure 1-6. Arrest of inappropriate sex organs in Silene latifolia. At stage 3, sepal (se) and stamen (st)
primordial are visible, male and female buds look identical. At stage 5, all primordial are visible; female
bud can be easily distinguished by observing the wide central dome of carpel primordia (ca). At stage 5,
in male bud, the central dome is much smaller and corresponds to filament primordia (f). At stage 8, five
fused carpels (car) are visible in the female bud while in male bud, there is just an undifferentiated
filament (fi) at the centre. At stage8, developing stamens (sta) are visible in male bud while in female,
stamen primordia (st) remain arrested. se, sepal primordia; st, stamen primordia; fmc, flower meristem
centre; ca, carpel primordia; f, filament primordia; sta, stamen; fi, filament; car, carpel. Reproduced from
Zluvova et al. (2006).

From the ABC model of floral development, it is well established that certain MADS box
genes grouped as Organ ldentity Genes (OIGs), control the floral organ identity and development
(Causier et al., 2010). Of these genes, B-class genes are known to play a role in the development
of petals and stamens, while C-class genes are shown to be involved in the development of
stamens and carpels. Hence, these genes are considered as obvious targets for the search of sex-
determining genes in plants with unisexual flowers. OIGs have been identified from numerous
dioecious species including Silene latifolia (Hardenack et al., 1994), Rumex acetosa (Ainsworth
et al., 1995), Spinacia olereceae (Pfent et al., 2005), Asparagus officinalis (Park et al., 2003),
Thalictrum dioicum (Di Stilio et al., 2005) and others. B- and C-class genes of Rumex acetosa

showed very distinct expression patterns compared to hermaphrodite plants with a C-class gene
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RAP1 showing sex-specific expression. Expression of RAP1 ceases as soon as the development
of carpel primordia gets arrested in male flowers and the development of stamen primordia gets
arrested in female flowers. In spinach, using knock-down approach by viral induced gene
silencing, Sather et al. (2010) showed that sexual dimorphism occurs through the regulation of
B-class floral organ identity gene (Figure 1-7). However, in Silene latifolia it was observed that
the expression of MADS box genes was very much similar as predicted from hermaphrodites
showing slight differences between male and females. Thus, it was concluded that MADS box

genes do not play a significant role in sex determination in S. latifolia.

Gynodioecious Population Dioecious Population
4
Ancestral Population i - s B* class gene
| C class gene C Class Gene
B class gene l
| Hermaphrodites Males
C class gene >< ><
I B class gene B* class gene
Hermaphrodites '—> [—>
C class gene C class gene
Females Females

Figure 1-7. Model for the evolution of dioecy in spinach. In the ancestral hermaphroditic species,
upstream elements, including but not limited to GA and LFY, activate both B (Pl and AP3) and C (AG)
class genes. Both classes of genes retain organ identity functions as described in the ABC model.
Mutations in the B class genes, notated by *, result in premature termination of the flower in the third
whorl, and thus the loss of the carpel. The resultant flower is male. Inactivation or suppression of
expression of the B class genes, modulated by the GA response pathway, results in the expression of AG
only. The absence of B class gene products causes a reduction in the number of organs in the first whorl
and the formation of a single, terminal carpel. The resultant flower is female. Reproduced from Sather et
al. (2010).

Cytological studies of Y-chromosome deletions in S. latifolia has led to the identification
of three functionally different regions on Y-chromosome (Figure 1-7). Westergaard (1946)

examined three Y deletion mutants, two of which were hermaphroditic with fully mature and
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functional stamens as well as carpels. Both of these deletions were on non-recombining p-arm of
Y-chromosome and overlapping with each other indicating the presence of at least one
gynoecium/female suppressing locus (Suf) (Figure 1-8). Another Y deletion mutant studied by
Westergaard was asexual. The fourth whorl comprising of carpels was similar to wild-type male
flowers wherein both had arrested carpels. The asexual mutant showed growth of stamens, but
the pollens remained immature. This asexual mutant was partially female fertile, which helped
Westergaard to map the mutation on the g arm of the Y-chromosome (Figure 1-8). This region is
known as ‘late male fertility restorer’ (Lebel-Hardenack et al., 2002). Later, Farbos et al. (1999)
studied one more kind of asexual mutants. This mutant showed arrest of stamens at very early
stage of development like in female flowers of S. latifolia. However, carpel was also arrested at
rudimentary stage. This mutant had deletions in the p arm of the Y-chromosome between
‘gynoecium suppressor’ and ‘late male fertility restorer’ loci (Figure 1-8). This locus is named as
Stamen Promoting Factor (SPF). However, till date, there is no information about the genes

present in these regions that are actually responsible for the observed mutant phenotypes.

p arm q arm
SEX-DETERMINING . F
GENES Su M " M y
gynoecium early anther maturation, anther
FUNCTIONAL suppressor (GSF) stamen promoting (SPF) maturation
REGIONS
X 43 no sex-determining
subtelomeric loci (no phenotype recombination fraction
sequence when deleted) =30%
MARKERS % Bgl10 Bgl16,17  SE4 Sly4 4G12 SIY! ; .
Y T dutiardlie Pairing region
(PAR)
— 51% of arm 40% of arm
male sterility deletion series
(deletion sizes unknown)
DELETIONS bsx deletions, asx deletions,

arm ratios 1.2-3.3
(Lardon et al. 1999)

hermaphrodite

arm ratios 1.2-1.5
(Farbos er al. 1999)

: asexual
deletions of Bgi16 & 17 — deletions of Bgl16 & 17

Figure 1-8. The Silene latifolia Y-chromosome, showing identified markers and genes. The deletions
causing hermaphroditism (bsx), early-stage anther arrest (asx) and pollen sterility or late-stage anther
arrest are shown (male sterility deletion series). Based on the approximate locations of these deletions,
three sex-determining regions are proposed: stamen promoting factor (SPF), gynoecium suppressing
factor (GSF) and late fertility restorer / anther maturation region. Reproduced from Charlesworth (2002).
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Sex determination in papaya is simple involving a single locus M with three alleles (M1,
male; M2, hermaphrodite and m, female). Males have heterozygous Mim genotype, and
hermaphrodites have heterozygous M>m genotype. Females have homozygous recessive mm
genotype. Combinations of homozygous dominant alleles MMz, M1M1, and M2M2 showed
embryonic lethality (Storey, 1953). Males are heterogametic, and sex determination follows XY
mechanism. X and Y-chromosomes of papaya are homomorphic, but the Y-chromosome is
highly degenerated. Non-recombining MSY region shows comparatively much high
accumulation of retroelements, 85.6% compared to 52% in rest of the genome (Ming et al.,
2008).

1.5 Molecular basis of monoecy

Sex determination in monoecious species has been well studied in the members of
Cucurbitaceae. Two unlinked loci were hypothesized in governing the sex expression of melon
namely andromonoecious (a) and gynoecious (g). The genotype of different sexual forms of
melon is A-G- (monoecious), aaG- (andromonoecious), AAgg (gynoecious) and aagg
(hermaphrodite). Recently by Dr. Bendahmane’s group, IPS2, France have identified the
CmACS-7 genes in A locus. It encodes 1-aminocyclopropane-1-carboxylic acid synthase (ACS),
the rate-limiting enzyme in ethylene biosynthesis (Boualem et al., 2008). In situ hybridization
studies have shown that CmACS-7 expresses specifically in carpel primordia. Mutation in some
of the residues of ACS leads to stamen development. In another report, the same group showed
that the G locus encodes CmWIP1 transcription factor (Martin et al., 2009). The recessive g
allele from gynoecious and hermaphrodite plants has an insertion of a DNA transposon Gyno-
hAT at 3’end, 1.3 kb from the stop codon. Gyno-hAT insertion resulted in initiation and
maintenance of DNA methylation on CmWIP1 gene leading to a loss of function, which
promoted carpel development (Martin et al., 2009). These two genes functionally interact with
each other giving rise to a variety of sexual form in melon (Figure 1-9A). CmACS-7 is expressed
in carpel primordia to suppress stamen development, and CmWIP1 epistatically controls
CmACS-7 by suppressing carpel development. Hence, the buds expressing CmWIP1 will exhibit
carpel inhibition resulting in lack of CmACS-7 expression that suppresses stamen development,
leading to the formation of male flowers. Loss of function mutation in CmWIP1 allows carpel

development where CmACS-7 is expressed that leads to the stamen inhibition and hence the
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development of female flowers. Loss of function mutation in both CmWIP1 and CmACS-7 leads
to the development of hermaphrodite flowers in melon (Figure 1-9A). Recently, they also
discovered that the expression of CmWIP1 is negatively regulated by CmACS11 (Boualem et al.,
2015). Hence, the expression of CmACS11 will lead to female flower, whereas its absence will
lead to a male flower (Figure 1-9A). Similar sex-determining mechanisms involving the role of
ACS enzyme are also reported in other cucurbits such as cucumber and watermelon (Boualem et
al., 2009, Boualem et al., 2016).

In another monoecious plant, maize, many mutants affecting sex expression have been
characterized. Out of the six tasselseeds mutants affecting male flower (tassel) development, ts4
encodes a microRNA zma-miR172e that targets indeterminate spikeletl (idsl) which encodes
floral homeotic AP2 transcription factor (Chuck et al., 2007). The dominant Ts6 mutant has G to
T transversion in idsl gene near the binding site of ts4. This prevents the silencing of idsl by
zma-miR172e. Because of the failure to silence idsl, both ts4 and Ts6 mutants fail to suppress

female organs in male flowers (Figure 1-9A).

(A cmacsi CmACS11 CmACS11
CmWIP1 — CmACS-7 CmWIP1 — CmACS-7 CmwIP1 CmACS-7
Carpel Stamen Ca;pel Stamen Ca'rpel Stamen

3 Q ¢

(B) Translated ———— Female

/
ids1 transcript

v Translation blocked
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Figure 1-9. Molecular mechanisms of sex determination in monoecious melon and maize. (A)
Genetic interaction between CmACS11, CmWIP1, and CmACS-7 genes governs the sex in melon.
Expression of CmACS11 leads to the formation of female flower. Lack of CmACS11 expression results in
male flowers whereas CmACS11 expression in combination with mutation in CmACS-7 leads to the
formation of hermaphrodite flowers. (B) The sex of the tassel florets depends on the translation of the
IDS1 transcript. In normal male florets, IDS1 mRNA is not translated because of the presence of the ts4
miRNA (miRNA172). If an IDS1 protein is produced, either as a result of a loss-of-function mutation in
the ts4 gene or a mutation in the miRNA-binding site in ids1 (which has occurred in the mutant Ts6), the
floret is female. Reproduced from Boualem et al. (2015), Banks (2008).
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1.6 Modification of sex expression in dioecy

The molecular mechanisms evolved by dioecious plants for determination of sex are not
very robust. There are various reports demonstrating the modification of sex expression in
dioecious plants. Janousek et al. (1996) showed that 5-azacytidine (5-azaC) mediated
hypomethylation in otherwise male plants of S. latifolia resulted in the development of
hermaphrodite flowers showing various degrees of gynoecium development and fruit set (Figure
1-10). Hypomethylated plant behaved as andromonoecious bearing male and hermaphrodite
flowers (Figure 1-10A). This trait was transmitted to offspring for several generations when
hermaphrodite flower was self-crossed or used as pollen donor (Figure 1-10D). This clearly
indicates that epigenetic mechanisms also play an important role in sex determination. Female
flowers didn’t show any apparent phenotype upon 5-azacytidine treatment. Also, Law et al.
(2002) showed that silver compounds (AgNOs and Ag.S:03) were able to bring about

enhancement of stamen growth in female plants (XX genotype) of Silene latifolia.

Figure 1-10. Characteristics of androhermaphrodite plants obtained after 5-azaC treatment. (A)
Bisexual flower with a reduced ovary and two styli only. (B) Ovary (front wall removed) with fertile
ovules from a nearly perfectly bisexual flower. (C) Representative male karyotype of the Al
androhermaphrodite (sex chromosomes indicated, scale bar 10 um). (D) Perfect hermaphrodite flower
from the self-progeny of Al. Reproduced from Janousek et al. (1996)
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However, the ethylene inhibition by silver compounds was not found to be involved in
the sex modification. Pollens formed on the stamens in female flower were also not fertile. Silver
compounds exhibited no effect on the development of stamens in male plants. Another unique
case of sex modification found in nature is smut fungus (Microbotryum violaceum) infection.
This smut fungus was reported to induce development of anthers in female flowers (XX
genotype) of Silene latifolia (Uchida et al., 2003). However, in this case, also the pollens were

sterile indicating that presence of Y-chromosome is essential for the fertility of pollens.

These labile sex expressions indicate that the sex determination mechanisms are not very
rigid (Korpelainen, 1998). Other opinion is that lability in sex expression might provide scope
for flexibility towards environment giving advantage of better adaptation (Charnov and Bull,
1977). Our observation with regard to AgNOz-mediated sex modification in Coccinia grandis
has been described in the section 1.8.4.

1.7 Modification of sex expression in monoecy

Plant growth regulators are known to have tremendous effect on the sex expression in
many monoecious plants belonging to the Cucurbitaceae family. Laibach and Kribben (1949)
showed for the first time that sex of a plant can be altered by exogenous application of
chemicals. They showed that exogenous application of auxin on cucumber plants can alter the
sex expression towards femaleness. Another report showed that foliar application of gibberellic
acid promoted male flowers in monoecious cultivars of cucumber, where normally female
flowers would have developed (Wittwer and Bukovac, 1958) Also, application of silver
compounds such as AgNOs and Ag»S:0z is shown to masculinize monoecious plants of
cucumber (Yin and Quinn, 1995). AgNOs is well-known inhibitor ethylene response (Beyer,
1976). Hence, ethylene might also be playing a role in sex determination of monoecious
cucurbits. In accordance with these, application of ethrel (an ethylene releasing compound)
promoted the development of female flowers at higher frequency in monoecious melon,

cucumber and summer squash genotypes (Stankovic et al., 2005).

Since we were interested in establishing Coccinia grandis as a model system to
understand dioecy, we began with detailed morphological, histological and cytological studies

with three different sexual forms of C. grandis (Ghadge et al., 2014). Present author has actively
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contributed as a co-author in this publication and has continued research on this topic for

doctoral research. The detail findings are described in the following sections.

1.8 Coccinia grandis (Cucurbitaceae)- a potential model system to study dioecy

Coccinia grandis is a dioecious plant belonging to the family Cucurbitaceae, a family
well-known for its diverse sexual systems. All species belonging to genus Coccinia are
dioecious. Coccinia grandis has received less attention as a system to understand dioecy
compared to S. latifolia, R. acetosa, Populus, etc. C. grandis, commonly known as ivy gourd, is
used as a vegetable and has rich medicinal value. It has male and female flowers on separate
unisexual plants. Male plants possess 22 autosomes and XY sex chromosomes; whereas females
have 22 autosomes and XX sex chromosomes. Sex chromosomes of C. grandis are
heteromorphic with male-specific Y-chromosome being at least twice the size of the biggest
autosome. Apart from male and female plants, we have also identified a rare gynomonoecious
form (GyM) during our initial survey of C. grandis population in the northeastern part of India
(Tripura). Gynomonoecious plant bears two types of flowers: morphologically hermaphrodite
(GyM-H) and pistillate (GyM-F). Phylogenetic analysis based on the sequences of matK and
trnSGCU-trnGUCC intergenic spacer regions clearly established the identity of gynomonoecious
form as another sexual form of C. grandis. Also, we have demonstrated that a foliar spray of
AgNOs on female plants of C. grandis induces the development of morphologically

hermaphrodite flowers by eliminating the stamen inhibition.

1.8.1 Morphological differences amongst three sexual phenotypes

Among the flowers of male, female and gynomonoecious C. grandis, sepal and petal
characteristics are found to be strikingly similar. All the flower types have five sepals and five
fused petals. However, morphological differences exist among them with regards to the
androecium and gynoecium whorls. Male flowers have only three whorls with five (2+2+1)
synandrous stamens and no sign of carpels (Figure 1-11A, E). In contrast, female flowers have
all the four whorls with rudimentary stamens and gynoecium consisting of three carpels having
fused style with three bifid stigmas (Figure 1-11B, F). Morphologically, the pistillate flowers
(GyM-F) of gynomonoecious plant were identical to the flowers of female plant (Figure 1-11D,

H). The hermaphrodite flowers (GyM-H) of gynomonoecious plant had four whorls with full-
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sized stamens and carpels unlike pistillate flowers with arrested stamens (Figure 1-11C, G)
(Ghadge et al., 2014). In few of the hermaphrodite flowers of gynomonoecious plant, we
observed either petaloid stamens or incomplete growth of stamens. The ratio of hermaphrodite
and pistillate flowers on the gynomonoecious plant varied with season. Also, we observed that
seed content (seed number as well as seed weight) of fruits from female flowers was higher

compared to that of fruits from GyM plant.

Figure 1-11. Morphology of mature flowers of Coccinia grandis. Macroscopic view of staminate flower
(A) of male plant, pistillate flower (B) of female plant, hermaphrodite (GyM-H) (C) and pistillate (GyM-
F) (D) flowers of gynomonoecious (GyM) plant with petals cut open. Petals removed from staminate
flower (E) of male plant, pistillate flower (F) of female plant, hermaphrodite (GyM-H) (G) and pistillate
(GyM-F) (H) flowers of gynomonoecious (GyM) plant to show inner floral organs. st: Stamens, c:
carpels, rst: rudimentary stamens, o: ovary. Scale bars = 1 cm. Reproduced from Ghadge et al. (2014).
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1.8.2 Histological analysis of flower buds

In order to understand the spatiotemporal development of floral organs, we have carried

out histological analysis of flower buds from male, female and gynomonoecious plants at
different stages of development.
Male: Longitudinal sections of male flowers at early stages of development (stages 3-5) showed
the presence of sepals, petals and stamens (Figure 1-12A, B). However, carpel initials could not
be observed. Even at later stages of development, the signs of carpel initials were absent. The
presence of carpel primordia during the formation of floral meristem cannot be completely ruled
out just based on histology. Gradual stamen growth can be observed in histological sections of
middle (stages 5-7) and late (10-12) stages of flower development (Figure 1-12A-E). Pollen
grains can also be observed in late stages of male buds when petals were about to open (Figure 1-
12E).

Staminate
flowers
(Male)

Pistillate
flowers
(Female)

GyM-H
flowers
(GyMm)

L J
Stage 3-5 Stage 7-8 Stage 10-12

Figure 1-12. Longitudinal sections (L.S) of C. grandis flower buds at different developmental stages.
(A-E) are the sections of staminate flowers of male plant, (F-J) are the sections of pistillate flowers of
female plant, (K-O) and (P-T) are the sections of hermaphrodite (GyM-H) and pistillate (GyM-F)
flowers of gynomonoecious (GyM) plant respectively. p: Petals, s: sepals, c: carpels, st: stamens, rst:
rudimentary stamens, o: ovary. Scale bars are 500um in A, Imm in B, C, F, G, H, K, L, P and Q, and
2mmin D, E, I,J, M, N, O, R, S and T. Reproduced from Ghadge et al. (2014).
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Female: At early stages of development, sepals, petals, stamens and carpels with inferior ovary
can be observed in the histological sections (Figure 1-12F, G). We find that the development of
androecium gets arrested in early stages (around stage 4-5) whereas, carpel growth can be
observed in middle and late stages of female buds (Figure 1-12G-J).

GyM: Histological sections of GyM-F buds looked very similar to the buds of female plant
(Figure 1-12P-T). However, in the GyM-H buds, all organs namely sepals, petals, stamens and
carpels showed gradual development through early, middle and late stages of development
(Figure 1-12K-0). Stamen arrest was observed only in the sections of GyM-F buds but not in
GyM-H buds. Both GyM-H and GyM-F buds showed inferior ovary like the buds of female
plant.

1.8.3 Karyotyping of the three sexual forms

Kumar and Viseveshwaraiah (1952) reported for the first time the presence of
heteromorphic sex chromosomes in C. grandis. The male plants carry 22A+XY and female
plants carry 22A+XX-chromosomes (Figure 1-13). The Y-chromosome is twice in size
compared to largest autosome, while the X-chromosome is morphologically indistinguishable
from the other autosomes (Figure 1-13A, B). The present record of diploid chromosome number
2n = 24 in both male and female sexes and the presence of heteromorphic sex chromosomes in
male has been reconfirmed by Bhowmick et al. (2012), (Sousa et al., 2013) and Ghadge et al.
(2014). The gynomonoecious (GyM) form reported by Ghadge et al. (2014) showed 22A+XX

genotype (Figure 1-13C). GyM form showed stamen development even in absence of Y-

chromosome.
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Figure 1-13. Metaphase chromosomes of C. grandis. Mitotic metaphase chromosomes showing 2n = 24
chromosomes of male (A) (arrow indicates the large Y-chromosome), female (B) and gynomonoecious
(GyM) (C) plants. Meiotic metaphase chromosomes showing 12 bivalents of male (D) (arrow indicates
end to end pairing of X and Y-chromosomes), gynomonoecious (GyM) (E) plants. Scale bar = 5 pm.
Reproduced from Ghadge et al. (2014).
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1.8.4 AgNO:s induced sex modification

Law et al. (2002) showed that silver compounds (AgNO3z and Ag.S.03) were able to
stimulate stamen growth in female plants (XX genotype) of S. latifolia. Silver is a well-known
inhibitor of ethylene signalling, and silver compounds have been shown to promote stamen
growth in monoecious and dioecious cucurbits such as melon, cucumber and Cannabis (Sarath
and Mohan Ram, 1979, Yin and Quinn, 1995). In order to see if silver nitrate (AgNQO3) has any
effect on C. grandis, different concentrations of AgNOs solution were sprayed on the basal
leaves of male, female and GyM plant. Newly emerging flower buds of wild-type female plants
showed enhanced growth of stamens after application of AgNOs3 solution whereas; male flowers

did not show any changes in floral structure (Ghadge et al., 2014) (Figure 1-14).

Figure 1-14. Effects of silver nitrate (AgNOs) solution on flowers of female C. grandis plant. (A-C)
are the pictures of female flowers after spraying of AgNOs solution showing gradual enhanced stamen
growth. Magnified view of stamens in (D) pistillate flowers of AgNO; treated female plant and (E)
hermaphrodite (GyM-H) flowers of gynomonoecious (GyM) plants. Scanning electron micrographs of top
view of (F) pistillate flowers from AgNO:s treated female plant and (G) hermaphrodite (GyM-H) flowers
of gynomonoecious (GyM) plants. Petals and sepals have been removed to view sexual structures better.
Longitudinal sections (H-K) of flower buds of silver nitrate treated female plant (after spraying of 35 mM
AgNO:s solution). H, I — flower buds of stage 5, J — flower bud of stage 8 and K — flower bud of stage 10.
p: Petals, s: sepals, c: carpels, st: stamens, o: ovary. Scale bars are 300um in F, Imm in G, H and I, and
2mm in J and K. Reproduced from Ghadge et al. (2014).
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Histological studies further confirmed the dose-dependent stamen growth in wild-type
female flowers. However, AgNOs concentrations higher than 35 mM had lethal effect. At
dosages of 30 and 35 mM of AgNOs, the morphology of newly developed flowers was
comparable to GyM-H flowers after 10-12 days of observation (Figure 1-14) (Ghadge et al.,
2014). Interestingly, all mature flowers in GyM plant were found to be hermaphroditic after
application of AgNOs, indicating that even the staminodes of pistillate flower buds have

developed into mature stamens.

1.8.5 Mating experiments and pollen fertility

Mating experiments were carried out to assess the fertility of pollens from the flowers of
male plant as well as morphologically hermaphrodite flowers (GyM-H) of gynomonoecious
plant. Approximately, 90% fruit setting was observed in the cross between male and female
plants.  However, cross between morphologically hermaphrodite flowers (GyM-H) of
gynomonoecious plant and flowers of female plant did not result in any fruit set. Similar results
were achieved when flowers of female plant were replaced with pistillate flowers of
gynomonoecious plant. Also, a cross made between flowers of male plant and emasculated
hermaphrodite flowers (GyM-H) of gynomonoecious plant did not yield any fruit set. In another
experiment, unopened morphologically hermaphrodite buds (GyM-H) of gynomonoecious plant
were bagged at late stage of development to check for the possibility of self-fertilization.
However, we observed that none of the bagged GyM-H flower buds set fruit. These results
showed that pollens from only the flowers of male plant are fertile, whereas pollens from
morphologically hermaphrodite flowers of gynomonoecious plant are sterile in nature. However,
female organs of both the hermaphrodite (GyM-H) and npistillate (GyM-F) buds of
gynomonoecious plant are fertile and can give rise to fruit upon fertilization with the pollens

from male plant.

In order to confirm these results, we carried out pollen viability staining using
acetocarmine and fluorescein diacetate (FDA). In addition to the pollens from the flowers of
male plant and hermaphrodite flowers of gynomonoecious plant, pollens from the hermaphrodite
flowers (Ag-H) of AgNOs treated plants were also studied. Pollens from flowers of only male

plant were able to retain the acetocarmine and FDA stains (Figure 1-15A-F). While authors
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observed that the pollens of GyM-H and Ag-H buds did not retain either of the stains indicating

non-viable pollens.

Additionally, in vitro pollen germination assay was carried out from male, GyM-H and
Ag-H buds. Different pollen germination media were tested by varying the sucrose
concentration. Highest frequency of pollen germination (38%) was achieved when pollens of
male flowers were incubated in 5% sucrose solution containing required amount of Ca(NO3).
and H3BOs (Figure 1-15G,H). In contrast, pollens of GyM-H and Ag-H buds did not show any
germination when incubated in different germinating media. From the results of these three
different approaches, we concluded that the pollens from only male flowers are fertile whereas

pollens from GyM-H and Ag-H flowers are sterile in nature.

1 2 ' 5 ‘ 10 ‘ 20
Sucrose concentration (%)

Figure 1-15. Viability tests of pollens from male, gynomonoecious (GyM) and AgNOs treated female
plants of C. grandis. Pollens stained with 1% acetocarmine from male (A), gynomonoecious (GyM) (B)
and AgNO;s treated female (C) plants. (D), (E) and (F) are the fluorescein diacetate (FDA) stained pollens
from male, gynomonoecious (GyM) and AgNOs treated female plants respectively. Pollens stained with
acetocarmine (A) and FDA (D) are viable. Scale bars are 10 pm in A, 5 um in B, 50 ym C, and 25 pm in
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D, E and F. (G) Highest germination of male pollens in 5% sucrose solution. Scale bar = 50 pm. (H)
Graphical representation of the germination percentage in different concentrations of sucrose solutions.
Means + standard errors are reported in the graph; n=10. Reproduced from Ghadge et al. (2014).

An interesting observation to note here is that presence of Y-chromosome is correlated
with the property of pollen fertility. Only male plants have Y-chromosome, whereas both
gynomonoecious and AgNO3 treated female plants lack Y-chromosome. As Y-chromosome has
already been shown to govern pollen development in dioecious plants like Silene latifolia and
Rumex acetosa, we hypothesize that Y-chromosome might have a similar role in governing

pollen fertility of C. grandis.

Our morphological, histological and cytological characterization, uncovered a few
interesting events during the unisexual flower development in C. grandis, such as inhibition of
stamens at early stages of development in flowers of female plant but not in the male and GyM-
H flowers. However, if AgNO3 treatment was given on the leaves at optimal concentration, the
flowers of female plants were able to bypass this inhibition indicating a probable role of ethylene
in stamen suppression. Also, we observed a correlation between the presence of Y-chromosome
and fertility of pollens. Thus, in order to understand the underlying molecular mechanisms
behind these interesting observations, we raised the following crucial questions with regard to

sex expression and modification in C. grandis.

1.9 Key questions and objectives

1.9.1 Key questions

1. Which are the genes that regulate sex determination in C. grandis?

2. Does Y-chromosome play any role in rendering maleness?

3. How does AgNOs bring about sex modification in C. grandis?

4. Does ethylene play any role in sex determination? Is the stamen suppression role of ACS

genes conserved in dioecious members of Cucurbitaceae?

In absence of genome and transcriptome data for Coccinia, we initiated with candidate gene

approach to identify the molecular players involved in sex expression and modification.
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However, since the evolution of dioecy has most likely taken place independently in different
angiosperm families, the players governing sex might not be conserved. Hence, we took a de
novo transcriptomics approach followed by proteomics in order to identify sex-biased genes and
proteins in C. grandis. We wanted to validate the key candidate sex-biased genes by functional
studies to understand their role in sex determination and differentiation. However, lack of an
efficient in vitro regeneration and genetic transformation tool was a major limitation to study
gene function in C. grandis. Hence, we chose to standardize virus induced gene silencing tool as
an alternative strategy for gene knockdown in C. grandis.

To understand sex expression and modification in dioecious C. grandis, we laid down the
following objectives for the present investigation which are described in their respective

chapters:

1.9.2 Obijectives

1. Candidate gene approach and comparative transcriptomics to identify novel players involved
in sex expression and modification of C. grandis.

2. Proteomic characterization of C. grandis flower buds in order to understand unisexual flower
development and AgNO3z mediated sex modification.

3. Standardization of virus induced gene silencing (VIGS) in C. grandis for functional

characterization of key differentially expressed genes.

Part of this chapter has been published in the following research article:

Ghadge A., Karmakar K., Devani R.S., Banerjee J., Mohanasundaram B., Sinha R.K., Sinha S.,

Banerjee A.K. (2014). Flower development, pollen fertility and sex expression analyses of three
sexual phenotypes of Coccinia grandis. BMC Plant Biology. 14: 325. DOI: 10.1186/s12870-
014-0325-0
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Chapter 2: Candidate gene approach and
comparative transcriptomics to identify novel players

involved in sex expression and modification
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2.1 Background

Monoecy, dioecy, and hermaphroditism are the three major sexual forms observed among
the flowering plants. Ninety (90 %) of angiosperms are found to be hermaphrodite (both male
and female organs are in the same flower), while 5 % plant species exhibit monoecy (male and
female flowers are on the same plant) and remaining 5 % show dioecy (male and female flowers
are in separate plant) (Charlesworth, 2002). Dioecism provides a unique opportunity to study the
genetic basis of sex determination. Silene Ilatifolia (Caryophyllaceae), Rumex acetosa
(Polygonaceae), Carica papaya (Caricaceae), Spinacia oleracea (Chenopodiaceae) and Populus
(Salicaceae), have been well characterized to understand the mechanism of sex determination
(Ainsworth et al., 1995, Pfent et al., 2005, Yin et al., 2008, Urasaki et al., 2012). However, the

molecular mechanism and the genes that govern sex determination are not well understood.

Coccinia grandis (L.) Voigt, a dioecious member of Cucurbitaceae family having an
inferior ovary has received comparatively less attention. Members of Cucurbitaceae family
exhibit variety of sexual forms (Kouonon et al., 2009). Apart from its rich medicinal value, C
grandis, commonly known as ivy gourd, is also used as a vegetable. Coccinia grandis bears male
and female unisexual flowers on separate plants. Similar to Silene latifolia (Caryophyllaceae),
the sex in Coccinia grandis is determined by the presence of Y-chromosome (Kumar and
Deodikar, 1940, Bhaduri and Bose, 1947, Chakravorti, 1948). The chromosome constitution of
male and female plants is 22A + XY and 22A + XX respectively, where Y -chromosome is larger
than the X-chromosome (Kumar and Viseveshwaraiah, 1952, Bhowmick et al., 2012, Sousa et
al., 2013). The male flower consists of three convoluted (bithecous) stamens (Bhuskute et al.,
1986, Ghadge et al., 2014) and lacks female reproductive organs; however, the female flower
consists of three rudimentary stamens surrounding the three fused carpels with an inferior ovary
(Ghadge et al., 2014). There are two ways by which unisexual flower development can be
achieved. One of the ways is when both male and female sex organ primordia are initiated at
early stages of flower development, but at later stages, the opposite sex organs are aborted as in
Silene latifolia (Hardenack et al., 1994). Another way is that organ primordia of the opposite sex
organs do not develop at all as shown in Thalictrum dioicum (Di Stilio et al., 2005). Also, there
are flowers, wherein the inappropriate sex organs are retained in rudimentary form (instead of

getting aborted) as in Rumex and C. grandis (Ainsworth et al., 1995, Ghadge et al., 2014).
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Additionally, Coccinia grandis shows sex modification upon application of AgNO3 leading to
the development of stamens in female flower (Such flower will be referred to as Ag-H) as
described in our previous report (Ghadge et al., 2014). Ag* has been long known to be an
inhibitor of ethylene response (Beyer, 1976). It has been suggested that the binding of Ag* to the
ethylene receptor inhibits the conformational change, which maintains the receptor in the active
conformation (McDaniel and Binder, 2012). Application of silver compounds such as silver
nitrate (AgNOs) or silver thiosulphate (Ag2S203) masculinizes monoecious plants such as
Cucumis sativus as well as female plants of dioecious species such as Silene latifolia and
Cannabis sativa (Sarath and Mohan Ram, 1979, Yin and Quinn, 1995, Law et al., 2002).
However, the mechanism of action by which Ag* induces stamen development is not known till
date (Law et al., 2002).

Despite the interesting discovery of sex chromosomes in dioecious plants more than 50
years ago, the mechanism of sex determination remains poorly understood (Blackburn, 1923,
Kihara and Ono, 1925). This is primarily because of the slow pace at which sex-linked genes
were identified from dioecious species (one to two genes/year) (Muyle et al., 2012). However,
the improvement in NGS technology has already started changing the situation by accelerating
the rate of sex-linked gene identification. The NGS-based approach has a big advantage that it
does not require prior knowledge of the gene sequences to be investigated. Recently, an NGS-
based RNA-Seq approach was applied to Silene latifolia, which was the first report that
demonstrated the phenomenon of dosage compensation in plants (Muyle et al., 2012). A
comparative transcriptomics approach was applied to papaya, a trioecious species, to identify the
candidate genes for sex determination. This study led to the identification of 312 unique tags that
were specifically mapped to the primitive sex chromosome (X or Y") sequences in papaya
(Urasaki et al., 2012). A genome-wide transcriptional profiling of apical tissue of a gynoecious
mutant (Csg-G) and the monoecious wild-type (Csg-M) of cucumber was also performed to
isolate genes involved in sex determination. This study revealed that genes involved in plant
hormone signalling pathways, such as ACS, Asrl, CslAA2, CS-AUX1, and TLP, and their
crosstalk might play a critical role in the sex determination. Authors have also predicted the
regulation of some transcription factors, including EREBP-9, in sex determination (Wu et al.,
2010). In another study, transcriptome sequencing was carried out from cucumber flower buds of

two near-isogenic lines, WI11983G, a gynoecious plant which bears only pistillate flowers and
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WI1983H, a hermaphroditic plant which bears only bisexual flowers (Guo et al., 2010). This
study identified differentially expressed genes as well as putative SSR and SNP markers between
flowers of two different sexes. Akagi et al. (2014) sequenced genomic DNA, mRNA as well as
small RNA from flower buds of persimmon and identified a Y-chromosome—encoded small
RNA, OGI, that targets a homeodomain transcription factor MeGlI regulating pollen fertility in a
dosage-dependent manner. A recent de novo transcriptomics study in garden Asparagus
identified 570 differentially expressed genes, where genes involved in pollen microspore and
tapetum development were shown to be specifically expressed in males and supermales in

contrast to females (Harkess et al., 2015).

Initially, we began with candidate gene approach and isolated the C. grandis homologs of
sex-determining genes that have been studied in other species. We chose organ identity genes,
ACC synthase (ACS) and miR172 as potential candidates based on literature review. Organ
identity genes have been shown to inhibit female organs in male flowers of spinach and
Thalictrum (Di Stilio et al., 2005, Pfent et al., 2005, Sather et al., 2010). In maize, a monoecious
system, miR172-APETALA 2 module inhibits the development of female organs in male flower
(Chuck et al., 2007). Hence, we also studied the expression of miR172 in sex forms of C.
grandis. Sex determination in monoecious relatives of C. grandis such as melon, cucumber and
watermelon is governed by ACS (Boualem et al., 2008, Boualem et al., 2009, Boualem et al.,
2016). Also, the role of CmACS11 has been implicated in evolution of dioecious systems from
monoecious cucurbit melon (Boualem et al., 2015). Hence, ACS was an obvious choice for study
of sex determination in C. grandis. Expression analysis of these candidate genes was undertaken
to understand their role in unisexual flower development of C. grandis. However, the role of sex-
determining genes from one model system may not be conserved in other systems. Hence, a de
novo transcriptomics approach was also taken to identify novel sex-biased genes in C. grandis.

In order to elucidate the mechanism of sex expression and AgNOs: mediated sex
modification in C. grandis, a comprehensive RNA-Seq study from early-staged male (M),
female (F), GyM-H and Ag-H as well as middle-staged male and GyM-H flower buds was
carried out. De novo transcriptome was assembled to identify C. grandis homologs of various
flower development genes. Digital expression profiling was undertaken to identify sex-biased

genes which might play a pivotal role in the arrest of stamen development in female flowers,
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genes that promote anther development in female flowers upon AgNOs treatment and genes

controlling pollen fertility in male flowers.

2.2 Methods

2.2.1 Flower bud collection and RNA isolation

Clones of wild-type male, female and gynomonoecious (GyM) forms of C. grandis were
grown in the experimental plot at IISER Pune, India. Gynomonoecious (GyM) plant bears
pistillate flowers (GyM-F) as well as morphologically hermaphrodite flowers (GyM-H)
(Herbarium Voucher: Tripura University Campus, Karmakar, 433). Foliar spray of 35 mM
AgNO:s solution to the basal leaves on some of the female plants led to the development of
morphologically hermaphrodite flowers (Ag-H) as per our earlier observation (Ghadge et al.,
2014). Ag-H flower buds were morphologically similar to GyM-H flowers. Flower buds from
male (M), female (F), GyM-H and Ag-H were harvested separately in liquid nitrogen and
categorized into early and middle stages based on our previous study (Ghadge et al., 2014)
(Figure 2-1).

' Female

Early Middle

Figure 2-1. Different stages of C. grandis flower buds selected for RNA-Seq analysis. (A) Female, (B)
Male flower buds. GyM-H and Ag-H buds sized similar to female buds were chosen for RNA seq study
as described in our previous work (Ghadge et al., 2014). Scale bar =1 cm. Reproduced from Devani et al.
(2017).
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In early-staged male flower buds, only stamens are present with no sign of carpel initials.
Whereas, early-staged female flowers (stages 3-4, Figure 2-1) have both carpel and stamen
primordia. Stamen growth in female flowers gets arrested around stages 4-5. In the
hermaphrodite flowers of gynomonoecious plant, however, both stamens and carpels develop
simultaneously during early as well as middle stages of development. Our selection of early-
staged flower buds was carried out such that the event of stamen inhibition in female flowers can
be analysed. Whereas, middle-staged flower buds were chosen such that meiosis-stage and
pollen maturation event can be investigated. Total RNA was isolated by TRIzol reagent
(Invitrogen) following the manufacturer’s instructions. RNA quality was assessed using an
Agilent Bioanalyzer RNA nanochip, and RNA samples with RIN > 8.0 were used for library

preparation.

2.2.2 ldentification and isolation of PISTILLATA, AGAMOUS, miR172, and ACC Synthase

homologs from C. grandis

To isolate AGAMOUS (CgAG) and PISTILLATA (CgPIl) homologs from C. grandis, degenerate
primers were designed from conserved sequences of Pl and AG using iCODEHOP (Boyce et al.,
2009). Two pg of total RNA pooled from male, female and GyM-H buds was used for RT-PCR
reactions using SuperScript® Il One-Step RT-PCR System with Platinum®Taq (Invitrogen).
The first step of reaction included incubation at 50 °C for 20 min for cDNA synthesis followed
by 94 °C for 2 min, 40 cycles of incubations at 94 °C for 15 s, 50 °C for 30 s and 68 °C for 35 s.
Final extension was carried out at 68 °C for 5 min. Amplified products were resolved on 2 %
agarose gel and cloned into pPGEMT Easy vector (Promega) and finally sequence verified. These
sequences were used to design primers for 5’ and 3’ RACE to obtain the full-length transcript
sequences. RACE-ready cDNAs were generated using SMARTer RACE cDNA synthesis kit
(Clontech). 5" and 3’ sequences were further amplified from the cDNAs using the designed
primers and the universal primer provided with the kit. Amplified 5" and 3’ regions of CgPI and
CgAG were sequence verified. Primers were designed to amplify full-length transcripts. Deduced
amino acid sequences were aligned with cucumber and melon homologs of PISTILLATA and
AGAMOUS using Clustal Omega and consensus sequences were shaded using Boxshade server.
Conserved domains were identified using NCBI’s Conserved Domain Database (CDD) search.

For isolation of ACC synthase (ACS) homolog of C. grandis, primers were designed based on the
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DNA sequence alignment of CmACS-7 and CsACS2 using PriFi (Fredslund et al., 2005). Two
micrograms total RNA was used for complementary DNA (cDNA) synthesis by SuperScript 111
reverse transcriptase (Invitrogen) using an oligo(dT) primer. Touchdown PCR was carried out
using Advantage Il polymerase with following steps: 94 °C for 2 min, 5 cycles of incubation at
94 °C for 30 s, 63 °C for 30 s and 72 °C for 150 s. Annealing temperature was lowered to 61 °C
for the next 5 cycles and 59 °C for the following 5 cycles keeping the rest of cycling conditions
the same. Finally, 30 cycles of incubation at 94 °C for 30 s, 57 °C for 30 s and 72 °C for 150 s
were carried out followed by final extension at 72 °C for 5 min. Amplified product was resolved
on 1.5 % agarose gel and cloned into pGEMT Easy vector (Promega) and finally sequence
verified. Mature miR172 was detected by stem-loop RT-PCR as described earlier (Varkonyi-
Gasic et al.,, 2007). Pulsed reverse transcription was carried out using stem-loop primer
miR172STP. End-point PCR was performed using miR172FP and universal reverse primer
(univRP). The amplicon was cloned in the pGEM-T Easy (Promega) and was confirmed by

sequencing.
2.2.3 RNA-Seq library preparation and sequencing

Library preparation was performed at Genotypic Technology’s Genomics facility,
Bangalore using Illumina TruSeq RNA Sample Preparation Kit according to the manufacturer’s
specifications. RNA sequencing libraries were prepared in duplicate for early-staged male (M),
female (F), GyM-H and Ag-H flower buds, as well as middle-staged male (M) and GyM-H
flower buds. The quality of all the twelve libraries and insert size distribution was assessed using
an Agilent High Sensitivity Bioanalyzer Chip. Libraries showed a peak in the range of 250-1000
bp. The effective sequencing insert size was 130-880 bp, and the inserts were flanked by
adaptors whose combined size was 120 bp. Libraries were quantified using Qubit and sequenced
on Illumina NextSeq 500 platform, producing 2 X 150-nucleotide paired-end reads. RNA-Seq
data generated in this study has been deposited in the NCBI SRA study SRP111347.

2.2.4 Pre-processing of lllumina reads and de novo transcriptome assembly

Raw RNA-Seq reads were processed using Trimmomatic v0.33 for trimming adapters as
well as low-quality bases from ends of the reads (Bolger et al., 2014). Poor quality reads with
average Phred quality score < 20 and reads with length < 36 were also filtered out. The resulting
set of good quality reads were then assembled with Trinity v2.1.1 software using default
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parameters (Grabherr et al., 2011, Haas et al., 2013). Similarly, de novo transcriptome was also

assembled using another software, Bridger with k-mer length = 25 (Chang et al., 2015).

The quality of the resulting assembly was assessed by various methods. BUSCO
(Benchmarking Universal Single-Copy Orthologs) was used to explore completeness of the
transcriptome according to conserved ortholog content (Siméo et al., 2015). Finally, TransRate
was used to compare the assembly to the publicly available Cucumis sativus protein-coding
primary transcript sequences (Smith-Unna et al., 2016). The assembly quality was comparable
between the two software (Trinity and Bridger) when assessed by BUSCO and Transrate. The
downstream analyses is much more streamlined for Trinity assembly as the software package
comes bundled with the scripts required for transcript quantification, differential expression
analysis and functional annotation, etc . Also, there is an active community for technical support
in order to help with troubleshooting the problems that one might encounter while using Trinity.
Hence, Trinity assembly was chosen for all the downstream analyses reported in this study.
RNA-Seq read representation of the assembly was checked using bowtie2 (Langmead and
Salzberg, 2012). Ex90N50 transcript contig length (the contig N50 value based on the set of
transcripts  representing 90 % of the expression data) was computed using
contig_ExN50_statistic.pl script bundled with Trinity. Then the representation of full-length
reconstructed protein-coding genes was studied. The assembled transcripts were compared with
SwissProt using BLAST and the hits were analyzed using a perl script blast_outfmt6_group_
segments.tophit_coverage.pl, provided with the Trinity package.

2.2.5 Annotation of the de novo-assembled transcripts

The de novo-assembled transcripts were compared with the viridiplantae sequences from
nr and SwissProt database using BLASTX with an e-value threshold of 1e-3 (Altschul et al.,
1990). BLAST output generated from this comparison was loaded into BLAST2GO for mapping
GO terms to the transcripts and annotation (Gotz et al., 2008). Enzyme codes and KEGG
pathway mapping were also carried out. ANNEX (Annotation Expander) was used to enhance
the annotations. Finally, GO-Slim mapping was applied to get a broad overview of the ontology

content.

In addition to BLAST2GO facilitated annotation, Trinotate pipeline was used to carry out

comprehensive functional annotation of the transcripts leveraging various annotation databases

Chapter 2: De novo transcriptomics approach for C. grandis



34

(eggNOG/GO/KEGG databases) (Haas et al., 2013). Trinotate pipeline also included
identification of open reading frames, homology search against SwissProt and TrEMBL. Protein
domain identification was carried out using HMMER/PFAM. Protein signal peptide and
transmembrane domains were predicted by signalP and tmHMM respectively.

2.2.6 Transcript quantification and differential expression analysis

align_and_estimate_abundance.pl script from Trinity package was applied to align
cleaned reads from each library to the de novo transcriptome using bowtie and to estimate the
transcript abundance using RSEM (Li and Dewey, 2011). abundance_estimates _to_matrix.pl
script was used to construct a matrix of counts and a matrix of normalized expression values. PtR
script was used to generate correlation matrix and Principal Component Analysis (PCA) plot for
comparing replicates across all the samples. Differential expression analysis was carried out with
two biological replicates from the count matrix using run_DE_analysis.pl with edgeR as the
method of choice (Robinson et al., 2010). analyze_diff_expr.pl script was used to examine GO
enrichment and to extract all transcripts that had p-values at most 1e-3 and were at least 22 fold
differentially expressed. The DE features were partitioned into clusters with similar expression

patterns by define_clusters_by cutting_tree.pl script with Ptree method.

2.2.7 Validation of differentially expressed genes by gRT-PCR

For expression analysis, qRT-PCR was carried out using aliquots of the same RNA
samples that were used for RNA sequencing. Two micrograms (2 ug) of total RNA was used for
complementary DNA (cDNA) synthesis by SuperScript 1V reverse transcriptase (Invitrogen)
using an oligo(dT) primer. CgJACT2 gene was used as reference gene for normalization. gRT-
PCR was performed on BIO-RAD CFX96 machine with gene-specific forward and reverse
primers. The reactions were carried out using Takara SYBR Premix Ex Taq Il (Takara Bio Inc.)
and incubated at 95 °C for 3 min followed by 40 cycles of 95 °C for 15 s, 58 °C for 15 s and 72
°C for 15 s. PCR specificity was checked by melting curve analysis, and data were analysed
using the 2-24€T method.
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Primer name

Sequence (5" > 3")

CgPIB12 F

CgPI D8 R

CgAG A26 F

CgAG A51R

PI GSP1 (5’ RACE)
PI GSP2 (3’ RACE)
AG GSPI (3’ RACE)
AG GSP2 (5’RACE)
CgPI RTB-F

CgPI RTB-R

CgAG RTC-F

CgAG RTC-R
18S-FP2

18S-R

CgACSpf F
CgACSpf R
CsACS_Ex-Intr2_Fwd
CsACS_7252_CtoG
172STP

172FP

miRNA Universal RP
DEX1 gF

DEX1_gR

CER3_gF

CER3_gR

EMS1 oF

EMS1 gR

TPD1 gF

GGAAAAAGACTGTGGGATGCNAARCAYGA
TCTTTCTTGCAGATTTGGTTGNATNGGYTG
GAGGAAAGATTGAAATTAAGAGAATHGARAAYAC
CTCTCAGCTTAGCAGCTTCYTGYTGRTA
TGGTTGGATCGGTTGCACTCTGAAGGC
TCACTGGTGTTCGTGAGAAGCAGTCGGAG
TCTATGTGATGCTGAAGTTGCTCTAATCG
TAGTGGAATCTGAGGATGCCTTCTTGTATC
GGGAAGAGGCTGTGGGATGCTAAG
CTCCGACTGCTTCTCACGAACACC
GAGGCCAGATTGGAGAGAGGAATCAG
GTTTGTTGTTGTTGCTGCTGCTGTTG
GGGCATTCGTATTTCATAGTCAGAG
CGGTTCTTGATTAATGAAAACATCCT
AGATTCGCCGTATTTTGCTGGCTGGAAAGCGTATG
AGCGTAAAGCTAGACATCCGGCGAGCGG
CCTTACTATCCTGGATTTGACAGAG
AATGTCTTCGATTGTGGACCGTTG

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACATGCAG

CGGCGGTAGAATCTTGATGATG
GTGCAGGGTCCGAGGT
CTATGTCTGTTCCCCTGCCCTG
GACCAGACTTTTCAATCACCCATG
TCCCAACACTTAGACTCTCAACAC
GGAAAGGTTCACTATTGGGCGTG
TCCGTCAAGTTGTTACACACCAC
TGCTCCACTCCTCTGTCTCTCC
TGCAACTGAAATGACACTCGCC
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TPD1 gR ACCAATCTAACAGGCCACACAC
ZAT3_gF ACGACGGAAACTAAGCGGCG
ZAT3 gR GCGCCGAAGATCACTCCTCC
DYT1 gF GAAGCGGAAAGGGGCATTCAC
DYT1 gR TGACGTGCAAAAGAGCCCATTG
AMS_gF2 GGGAGCTCTGGATTGTCTTCGGG
AMS_gR2 TCTCCGGCTTCCTTTATCCCGC
MMD1_qgF2 TTCAGTGTGATCAATTGTGTCTCGC
MMD1_gR2 TTGGAAGGTGGGGCTACAGATTC
MS1 gF2 CGACCGAGCAACAGGTGAAAC
MS1 gR2 TCCTTCAGCTCATCAATGGTGGC
FERONIA gF AGATCCACCTCCCACTACACCC
FERONIA gR ACCGCAACTCCAACCACAACAG
EIL1 gF GAGAACGCTAACTTTCCACGCC
EIL1 gR TGGAAACGAGGAATGGTGGCC
SHT gF CAAGGTTGTGGCTGCCGATG

SHT gR GTTGTCGTCGTTGTTGCGGG

2.3 Results

2.3.1 Candidate gene isolation and expression analysis

In order to understand whether B and C class Organ Identity Genes (OIGs) have any role

in determining the sex of the developing flowers of male, female and GyM plant, CgPI (a B class

OIG) and CgAG (a C class OIG) were isolated and an expression analysis was carried out using

quantitative real-time PCR (qRT-PCR). The degenerate primers based on the conserved amino
acid sequences of Pl (PISTILLATA) and AG (AGAMOUS), yielded ~350 bp of PISTILLATA
(CgPIl) and ~250 bp of AGAMOUS (CgAG) homologs through RT-PCR reaction. The partial
sequences for CgPl [DDBJ: AB859715] and CgAG [DDBJ: AB859714] have been deposited in
DDBJ. Full-length transcript sequences were deduced from 5’ and 3" RACE products, and
amplicons of CgPI (~893 bp) and CgAG (~952 bp) were obtained (Figure 2-2A).
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Figure 2-2. Isolation of candidate genes from C. grandis. (A) Amplification of full-length CgPl, CgAG,
CgACS and Cg-miR172 transcripts from total RNA harvested from flower buds. Adapted from (Ghadge et
al., 2014) (B) Sequence confirmation of Cg-miR172 using miRBase search.

cDNA for CgPIl and CgAG coded for putative proteins of 212 and 232 amino acids
respectively. The deduced amino acids sequences for both the genes showed high conservation
when aligned with PISTILLATA and AGAMOUS sequences from melon and cucumber (Figure
2-3A, B). Two consensus regions, MADS domain and K-box, were found on the deduced amino
acid sequences (Figure 2-3A, B). CgPl, a B class gene required for petal and stamen
development, was found to be expressed in male, wild-type female and GyM flower buds (Figure
2-4A). Expression of CgAG, a C class gene essential for stamen and carpel development, was
also noted in male, wild-type female and GyM flower buds (Figure 2-4B). Our results showed
that both these genes are expressed in all developmental stages (early, middle and late) of
flowers from male, female and GyM plant. CgPIl had a significant difference of expression
across all three sexual forms during early, middle and late developmental stages (Figure 2-4A),
while CgAG showed significant differential expression in buds of early stages only (Figure 2-
4B). We have also noted that CgPl expression is comparatively high in male flower buds than
that of wild-type female buds. However, GyM flowers exhibited an intermediate level of CgPlI

expression in early and late staged buds (Figure 2-4A).
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Figure 2-3. Multiple sequence alignment for CgPIl, CgAG and CgACS proteins. (A) Comparison
of CgPl with At PI, Cg_PI, Cs_CUM26 and Cm_pMADS2 (PISTILLATA like genes from
Arabidopsis thaliana, Coccinia grandis, Cucumis sativus and Cucumis melo respectively). (B)
Comparison of CgAG with Cg_AG, Cs_MADS1, Cm_AGAMOUS, Mc_MADS_bhox2, At AGAMOUS
(AGAMOUS like genes from Coccinia grandis, Cucumis sativus, Cucumis melo, Momordica
charantia and Arabidopsis thaliana respectively). (C) Comparison of CgACS with CmACS-7 and
CsACS2 from melon and cucumber. Conserved regions are shaded in black.

Further, our results for stamen-specific expression analysis showed a significant
difference for both CgPl and CgAG levels between stamens of male, GyM-H, AgNO3 treated
female plant, rudimentary stamens of GyM-F and wild-type female plant (Figure 2-4C, D).
Surprisingly, rudimentary stamens of GyM-F showed higher CgPIl expression than stamens of
GyM-H flowers (Figure 2-4C). Similarly, CgACS was amplified by touchdown PCR using
primers based on the sequences of CmACS-7 and CsACS2. Partial sequence of 847 bp was
amplified, which showed high homology to CJACS-7 and CsACS2 (Figure 2-2A, Figure 2-3 C).
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Figure 2-4. Expression analyses of candidate genes from C. grandis. Expression patterns of CgPI
(A) and CgAG (B) in flower buds of male, female and gynomonoecious (GyM) C. grandis at different
developmental stages (early, middle and late) by quantitative real-time PCR (qRT-PCR). Stamen
specific expression patterns of CgPI (C) and CgAG (D) from flowers (late developmental stage) of
male, female (rudimentary), hermaphrodite (GyM-H) and pistillate (GyM-F, rudimentary) flowers of
gynomonoecious (GyM) and converted flowers of AgNO; treated plants. Error bars indicate SD
(standard deviation) of three biological replicates each with three technical replicates. Asterisks
indicate statistical differences as determined using single factor ANOVA (*P < 0.05 and **P < 0.01).
Adapted from Ghadge et al. (2014). Expression patterns of CgACS (E) in flower buds of early-staged
male and female buds. Expression patterns of Cg-miR172 (F) in flower buds of male, female and
gynomonoecious (GyM) C. grandis at different developmental stages (early, middle and late).

Primers were designed for qRT-PCR based expression analysis using the sequence of
CgACS isolated from C. grandis. Interestingly, we observed that the expression of CJACS was
approximately 10-fold higher in early-staged female buds compared to that in early-staged buds

(Figure 2-4E). The sex-biased expression profile of CgACS was similar to the expression of
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CgACS-7 and CsACS2 in flowers of melon and cucumber respectively. This gave us an
indication that role of ACS might be conserved in sex determination of C. grandis similar to
monecious cucurbits melon, cucumber and watermelon. Also, mature miR172 was isolated from
C. grandis by stem-loop PCR (Figure 2-2). However, expression analysis revealed that unlike in

maize, the expression of miR172 in C. grandis is not sex-biased (Figure 2-4F).

2.3.2 RNA sequencing, Trinity-based de novo transcriptome assembly and annotation using
BLAST2GO and Trinotate

A total of 306575536 paired-end reads (150 bp) were obtained after sequencing all the
twelve libraries on the Illumina NextSeq 500 platform. Subsequently, 186399131 good quality
paired-end reads were used for de novo assembly of Coccinia grandis flower bud transcriptome
(Table 2-1).

Table 2-1. RNA sequencing read counts and alignment statistics for all the samples used for de novo
transcriptome assembly. Reproduced from Devani et al. (2017).

% Read pairs mapped

Sample name Raw Reads Cleaned reads concordantly
Male Early A 21719110 13216446 76.33%
Male Early B 22080977 12149633 74.84%
Female Early A 25607195 15634598 76.34%
Female Early B 25433955 15316996 75.94%
GyM-H Early A 27936206 17378706 76.67%
GyM-H Early B 27617808 17107330 76.69%
Ag-H Early A 26147527 15140736 71.02%
Ag-H Early B 25392540 15128539 69.35%
Male Middle A 25502209 15490027 76.70%
Male Middle B 25837400 15919727 75.27%
GyM-H Middle A 28465770 17441923 76.90%
GyM-H Middle B 24834839 16474470 77.43%

TOTAL 306575536 186399131
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Two different software were used for assembling the transcriptome namely Bridger and
Trinity. The assembly generated by Bridger consisted of approximately ~153000 transcripts,
whereas, the assembly generated by Trinity consisted of 467233 “Trinity Transcripts’ clustering
into 378860 ‘Trinity Genes’ with an N50 value of 881 bp (Table 2-2, Additional file 1).

Table 2-2. Assembly statistics for C. grandis flower bud transcriptome generated using Trinity.
Reproduced from Devani et al. (2017).

Parameter Assembly statistics
Number of ‘Trinity Transcripts’ 467233
Number of ‘Trinity Genes’ 378860
Percent GC 38.96
Median contig length (bp) 347
Average contig length (bp) 606.45
N50 (bp) 881
Total assembled bases 283354298

For Trinity assembly, BUSCO output [C:89.8%(S:14.5%,D:75.3),F:5.0%,M:5.2%,
n:1440] showed that out of 1440 BUSCOs for Plants dataset, 1293 full-length BUSCOs were
detected in our de novo-assembled Coccinia grandis flower bud transcriptome indicating 89.8%
completeness. Similarly, for Bridger assembly, BUSCO output was [C:91.7%[S:34.5%,D:
57.2%],F:3.3%,M:5.0%, n:1440] indicating 91.7 % completeness. Using TransRate, we were
able to detect C. grandis homologs for 84 % (18039) of protein-coding primary transcripts of C.
sativus in Trinity assembly, of which, 13430 reference sequences had at least 95 % of their bases
covered by a CRB-BLAST hit (Table 2-3). Whereas, for Bridger assembly, similar analysis
detected C. grandis homologs for 78 % (16507) of protein-coding primary transcripts of C.
sativus in Trinity assembly, of which, 11955 reference sequences had at least 95 % of their bases
covered by a CRB-BLAST hit (Table 2-3). We found that the assembly quality was comparable
between the two software (Trinity and Bridger) when assessed by BUSCO and Transrate.
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Table 2-3. Coccinia grandis flower bud transcriptome metrics calculated using TransRate. Protein-coding
primary transcripts of Cucumis sativus were chosen as reference. Adapted from Devani et al. (2017).

Contig metrics Trinity  Bridger Comparative metrics Trinity  Bridger
n seqs 467233 153044 CRBB hits 115567 54736
smallest 201 182 n contigs with CRBB 115567 54736
largest 17089 18881 p contigs with CRBB 0.25 0.36
n bases 2.83E+08 186170843 rbh per reference 5.37 2.55
mean len 606.45 1216.45 n refs with CRBB 18039 16507
n under 200 0 2 p refs with CRBB 0.84 0.77
n over 1k 68072 54433 cov25 17607 15880
n over 10k 44 211 p cov25 0.82 0.74
n with orf 70688 43151 covs0 16890 15105
mean orf percent  54.73 41.97 p cov50 0.79 0.7
n90 260 457 cov75 15744 13975
n70 441 1380 p cov75 0.73 0.65
n50 881 2441 cov85 14934 13262
n30 1713 3687 p cov85 0.69 0.62
nl0 3162 6000 cov95 13430 11955
gc 0.39 0.39 p cov95 0.62 0.56
bases n 0 20 reference coverage  0.84
proportion n 0 0

The downstream analyses is much more streamlined for Trinity assembly as the software
package comes bundled with the scripts required for transcript quantification, differential
expression analysis and functional annotation, etc. Also, there is an active community for
technical support in order to help with troubleshooting the problems that one might encounter
while using Trinity. Hence, Trinity assembly was chosen for all the downstream analyses
reported in this study. The transcripts of 200-399 bp size were found to be most abundant in the
length distribution of transcripts assembled by Trinity (Figure 2-5). However, a higher
proportion of transcripts with length around 1000-2000 bp had a BLAST hit compared to the
proportion of smaller transcripts (Figure 2-5).
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Figure 2-5. Transcript size distribution for C. grandis flower bud transcriptome. Reproduced from
Devani et al. (2017).

Cleaned reads were mapped back to the transcriptome using bowtie2 with ~70 % or more
reads from each library aligning concordantly (Table 2-1). An Ex90NS50 statistic calculated using
80806 transcripts from the assembly (ignoring the rest of the transcripts with poor read coverage)
was found to be 1784 bp (Figure 2-6). Altogether 8916 unique BLAST hits in the SwissProt

database were represented by nearly full-length transcripts, having more than 70 % alignment
coverage, and 12315 hits showed more than 50 % alignment coverage (Table 2-4).

o W%
-]
o
g | pd E
0 =]
= f \
th °
g 2 \
-— o
. [
= It o0
c ow®
o 8 °
O €7 |o
o
[¥p]
=
(=]
% 1 o
o
T T T T T T
0 20 40 60 80 100
Pct. Ex.

Figure 2-6. EXN50 statistic for C. grandis flower de novo transcriptome assembly. Reproduced from
Devani et al. (2017).
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Table 2-4. Distribution of percent length coverage for the top matching SwissProt database entries.
Reproduced from Devani et al. (2017).

#hit_pct_cov_bin count_in_bin >bin_below
100 5680 5680
90 1838 7518
80 1398 8916
70 1473 10389
60 1926 12315
50 2765 15080
40 5137 20217
30 10818 31035
20 28691 59726

10 46993 106719

Coccinia grandis flower bud transcripts were compared to plant protein sequences of the
nr and SwissProt database resulting in 259200 and136663 transcripts having at least one hit from
the respective database. Species distribution analysis of the BLAST hits showed that majority of
these hits were from Arabidopsis and Rice for SwissProt database whereas for nr database most
top hits were from cucumber and melon (Figure 2-7A, B). The number of transcripts annotated
with various GO terms of biological process, molecular function, and cellular component

categories are provided in Figure 2-7C.

Trinotate v3 pipeline was also used simultaneously for comprehensive functional
annotation of the Coccinia grandis flower bud transcripts. Details regarding the
SwissProt/TrEMBL BLAST hits, GO, KEGG and eggNOG mappings can be found in the
Additional File 2. HMMER/PFAM predicted protein domains, as well as information regarding
signal peptides and transmembrane domains could also be found in the Additional File 2. Taken
together, we have assembled a good quality transcriptome for early and middle-staged flower
buds of Coccinia grandis and comprehensively annotated the transcripts using well-established

BLAST2GO and Trinotate pipelines.
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Figure 2-7. BLAST2GO annotation of C. grandis flower bud transcriptome. (A) BLAST Top-Hits
species distribution when compared with Swiss-Prot database, (B) BLAST Top-Hits species distribution
when compared with nr database, (C) GO category distribution of C. grandis flower bud transcriptome.
Reproduced from Devani et al. (2017).

2.3.3 Differential Expression analysis reveals probable factors for pollen fertility and sex

modification

Following transcriptome assembly and annotation, differential expression analysis was
carried out. First of all, RSEM was used for transcript abundance estimation. Following which,
we checked for the correlation between the replicates for all the samples using PtR script. PCA
analysis and correlation matrix showed a good correlation between the replicate sets for each of
the six samples (Figure 2-8). EdgeR was used to identify the differentially expressed transcripts
for all the pairwise comparisons between the six samples (Table 2-5; Figure 2-9). Differentially
expressed transcripts at a minimum fold change of 272 with p-values at most 1e-3 were extracted

and GO enrichment analysis was performed (Additional File 3, Additional File 4).

Chapter 2: De novo transcriptomics approach for C. grandis



A
o Ag_Early GYMH_Early
Female_Early < Male_Middle
+ Male_Early v GYMH_Middle
<
© ©
N
o\c‘ o
<
~ o
~ o
T 5 T°
(9]
O
L
O’ —
1
a4
I I I I I T I
-04 -0.2 00 0.1 02

B

Color Key

| ]
2 & 2

g

2

3

GYMH_Mid

Male_Early_B
Male_Early_A
Male_Middie_B
Male_Middle_A
GYMH_Early 8
GYMH_Early_A
GYMH_Middle_82
GYMH_Middie_A
Ag_Early_B
Ag_Early_A
Female_Early_B

Female_Early_A

8 2

GYMH_Early |

48

Figure 2-8. Correlation analyses showing the relationship between samples and replicates. (a)
Principal component analysis and (b) correlation matrix showing relationship between all samples as well

as replicates. Reproduced from Devani et al. (2017).
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Figure 2-9. Pairwise comparisons of transcript abundance. MA plots showing average log fold change
(logFC) vs average log of counts among (A) female (early-staged) vs. male (early-staged) transcripts, (B)
female (early-staged) vs. GyM-H (early-staged) transcripts, (C) Ag-H (early-staged) vs. female (early-
staged) transcripts and (D) GyM-H (middle-staged) vs. male (middle-staged) across replicates. VVolcano
plots showing differentially expressed transcripts in relation to False discovery rate (FDR) for (E) female
(early-staged) vs. male (early-staged) transcripts, (F) female (early-staged) vs. GyM-H (early-staged)
transcripts, (G) Ag-H (early-staged) vs. female (early-staged) transcripts and (H) GyM-H (middle-staged)
vs. male (middle-staged). Features found DE at FDR < 0.05 are colored red. Features with P-values at
most 1e-3 and at least 272 fold change are differentially expressed. Reproduced from Devani et al.

(2017).
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Among all the comparisons, few interesting ones such as Ag_Early vs Female_Early,
Female_Early vs_Male_Early, and GYM-H_Middle_vs_Male_Middle had 3574, 35694 and
14954 differentially expressed transcripts respectively (Table 2-5, Figure 2-9).

Table 2-5. Number of differentially expressed transcripts for each pairwise comparison between the
flower types. Transcripts that had p-values at most 1e-3 and were at least 22 fold were considered as
differentially expressed. Reproduced from Devani et al. (2017).

Flower Buds Comparison Nltl::::::r(i)[ftls)E
Ag Early vs Female Early 3574
Ag Early vs GYMH_Early 34458
Ag Early vs GYMH_Middle 38849
Ag Early vs Male Early 33863
Ag Early vs Male Middle 36923
Female Early vs GYMH Early 31886
Female Early vs GYMH Middle 39885
Female Early vs Male Early 35694
Female Early vs Male Middle 40477
GYMH_Early vs GYMH_ Middle 816
GYMH_Early vs Male Early 8659
GYMH_Early vs Male Middle 11576
GYMH_Middle vs Male Early 12357
GYMH _Middle vs Male Middle 14954
Male Early vs Male Middle 4427

The DE features were partitioned into clusters with similar expression patterns (Figure 2-
10; Figure 2-11). In the context of anther development, we identified several GO terms
(GO:0080110, GO0:0010208, GO0:0010584, GO:0009555, GO0:0055046, GO:0048658,
G0:0048653) differentially enriched in male buds compared to female buds at an early stage of
floral development.
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Figure 2-10. Hierarchical clustering of differentially expressed transcripts and developmentally
staged C. grandis flower bud samples. Heatmap showing the relative expression levels of each
transcript (rows) in each sample (columns). Rows and columns are hierarchically clustered. Expression
values (FPKM) are log2 —transformed and then median-centred by transcript. Reproduced from Devani et
al. (2017).
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Figure 2-11. Transcript clusters extracted from the hierarchical clustering with R. X-axis: samples;
y-axis: median-centred log(FPKM). Grey lines, individual transcripts; blue line, average expression
values per cluster. Reproduced from Devani et al. (2017).

gRT-PCR was done to validate the results of differential expression analysis for a few
interesting Coccinia homologs of AMS (ABORTED MICROSPORES), CER3 (ECERIFERUM
3), DEX1 (DEFECTIVE IN EXINE FORMATION 1), DYT1 (DYSFUNCTIONAL TAPETUM
1), EIL1 (ETHYLENE INSENSITIVE 3-like 1), EMS1 (EXCESS MICROSPOROCYTES 1),
FER (FERONIA), MMD1 (MALE MEIOCYTE DEATH 1), MS1 (MALE STERILITY 1), SHT
(Spermidine hydroxycinnamoyl transferase), TPD1 (TAPETUM DETERMINANT 1) and ZAT3
(Zinc finger protein ZAT3). Expression profiles for these genes deduced by gRT-PCR revealed

similar patterns to that seen from the digital DE analysis results (Figure 2-12).

Also, we have found GO terms related to pollen fertility enriched in the male buds
(GO:0080092, GO:0009846, GO:0009860) compared to GyM-H and Ag-H buds, which had
sterile pollens. Accordingly, expression profile for homologs of a number of genes involved in
pollen tube development such as CSLD1 (Cellulose synthase-like protein D1;
TRINITY_DN92683 c0 gl i1), CDPKO (Calcium-dependent protein  Kkinase 24;
TRINITY_DN93671 c0 gl i3), PME4 (Pectin methylesterase 4;
TRINITY_DN14239 c0 gl il), PME37 (Pectin methylesterase 37,
TRINITY_DN3663 c0 g1 i1), PPME1 (POLLEN SPECIFIC Pectin methylesterase 1,
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TRINITY_DN66415 c0 g1 il) and PTR52 (Protein NRT1/PTR FAMILY 2.8;
TRINITY_DN112735 c0_g14 i3) were analysed and found to be enriched in middle-staged
male buds similar to our digital expression profiles based on RNA-Seq data (Figure 2-13).
Downregulation of ethylene signalling upon AgNOs treatment was evident as GO:0009723
(response to ethylene) and GO:0009873 (ethylene-activated signalling pathway) were depleted in
AgNO:s treated plant (Additional File 4). In order to validate this, we studied the expression
profile of Ethylene-responsive transcription factors, ERF5, ERF17, and EF102. We found that
all three ERFs were downregulated upon AgNOz treatment (Figure 2-14).
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Figure 2-12. Validation of selected DE genes by qRT-PCR with two biological replicates. The relative
expression in the sample of middle-staged male-A (MMA) was set to 1 for plotting the gRT-PCR data.
AQEA, Early-staged Ag-H A; AgEB, Early-staged Ag-H B; FEA, Early-staged Female A; FEB, Early-
staged Female B; GEA, Early-staged GyM-H A; GEB, Early-staged GyM-H B; GMA, Middle-staged
GyM-H A; GMB, Middle-staged GyM-H B; MEA, Early-staged Male A; MEB, Early-staged Male B;
MMA, Middle-staged Male A; MMB, Middle-staged Male B; AgMA, Middle-staged Ag-H A, AgMB,
Middle-staged Ag-H B; FMA, Middle-staged Female A; FMB, Middle-staged Female B. Reproduced
from Devani et al. (2017).
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Figure 2-13. gRT-PCR based expression analyses of selected genes involved in pollen tube
development with two biological replicates. The relative expression in the sample of middle-staged
male-A (MMA) was set to 1 for plotting the gRT-PCR data. AgEA, Early-staged Ag-H A; AgEB, Early-
staged Ag-H B; FEA, Early-staged Female A; FEB, Early-staged Female B; GEA, Early-staged GyM-H
A; GEB, Early-staged GyM-H B; GMA, Middle-staged GyM-H A; GMB, Middle-staged GyM-H B;
MEA, Early-staged Male A; MEB, Early-staged Male B; MMA, Middle-staged Male A; MMB, Middle-
staged Male B; AgMA, Middle-staged Ag-H A, AgMB, Middle-staged Ag-H B; FMA, Middle-staged
Female A; FMB, Middle-staged Female B. Reproduced from Devani et al. (2017).
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Figure 2-14. gRT-PCR based expression analyses of selected Ethylene-responsive transcription
factors (ERFs) with two biological replicates. The relative expression in the sample of middle-staged
male-A (MMA) was set to 1 for plotting the gRT-PCR data. AgEA, Early-staged Ag-H A; AgEB, Early-
staged Ag-H B; FEA, Early-staged Female A; FEB, Early-staged Female B; GEA, Early-staged GyM-H
A; GEB, Early-staged GyM-H B; GMA, Middle-staged GyM-H A; GMB, Middle-staged GyM-H B;
MEA, Early-staged Male A; MEB, Early-staged Male B; MMA, Middle-staged Male A; MMB, Middle-
staged Male B; AgMA, Middle-staged Ag-H A, AgMB, Middle-staged Ag-H B; FMA, Middle-staged
Female A; FMB, Middle-staged Female B. Reproduced from Devani et al. (2017).
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2.4 Discussion

Genetic basis of sex determination and differentiation is not well studied in C. grandis.
Identification and investigation of sex-linked genes would lead to better understanding of dioecy
in plants, and this can be achieved by whole genome sequencing approach. However, sex-
determining genes are most likely linked to non-recombining regions of Y-chromosome, which
are difficult to assemble from sequence data (Muyle et al., 2016). An alternative approach is to
use comparative transcriptomics to identify sex-biased genes that could play a role in sex
differentiation and determination (Muyle et al., 2012). Further, the presence of mutations and
SNPs in sex-biased genes can provide insights regarding the evolution of dioecy. Using this
approach, we have assembled and annotated a de novo transcriptome from the flower buds of
dioecious, gynomonoecious and AgNOs treated female C. grandis. We have identified
differentially expressed genes which might be playing a role in stamen arrest of female flowers.
Also, we have analysed the genes that were differentially expressed upon AgNOs treatment on
female plants promoting stamen development. Finally, we have compared middle-staged male
(bearing fertile pollens) and GyM-H buds (bearing sterile pollens) to study the genes involved in
pollen maturation and fertility.

2.4.1 Differential expression of stamen developmental genes and arrest of stamen growth in

female flowers

At the early stages (stages 3-4) of flower development in female C. grandis, both carpel
and stamen organs are initiated simultaneously. However, stamen growth gets arrested during the
course of development (stages 4-5) resulting in a female flower with rudimentary stamens. In
contrast, no sign of carpel primordia was observed during the histological study of flower
development in male C. grandis as described in our previous report (Ghadge et al., 2014). The
molecular players involved in stamen initiation and development process are well characterized
in the hermaphrodite plant Arabidopsis. In order to identify the stage at which stamen growth
gets arrested, Coccinia grandis homologs of Arabidopsis stamen development genes were
identified from the de novo-assembled transcriptome. Among genes involved in stamen
initiation, Pistillata (CgPl, TRINITY_DN71631 c0 gl il) was found to be expressed in a
male-biased fashion (Additional File 3). Expression profiling of CgPI by gRT-PCR also showed
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male-biased expression profile (Figure 2-4A). Pistillata has been shown to specify stamen

identity in Arabidopsis (Krizek and Meyerowitz, 1996) (Table 2-6).

Table 2-6. Digital Expression profile for genes in anther developmental pathway. Reproduced from

Devani et al. (2017).

Stage of stamen

development Genes Expression pattern
AG Unbiased
CLVI/CLV2 Unbiased/male-biased
Stamen Primordia Initiation PI Male-biased
AP3 Unclear homolog
JAG Male-biased
Archesporial initiation BAMI1/BAM2 Unclear homolog
SPL/NZZ Unclear homolog
EMSI1 Male-biased
SERK1/2 Male-specific
TPD1 Male-biased
Tapetal Development RPK2 Male-specific
TDF Male-biased
DYTI1 Unbiased
bHLHS9 Male-biased
AMS Male-biased
MSI1 Male-biased
Mature Pollen Formation MS2 Male-biased
MIA Unbiased
LAP3 Unbiased
LAPS Male-biased

Further, EXCESS MICROSPOROCYTES 1 (EMS1) has been shown to interact with
TAPETUM DETERMINANT 1 (TPD1) regulating specification of reproductive as well as

somatic cells in Arabidopsis anthers (Jia et al., 2008). Differential expression analyses revealed
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that homologs of both EMS1 (TRINITY_DN106236 cO g4 il) and TPD1
(TRINITY_DN116795 c2 g1 _i3) were enriched in male flowers compared to female flowers
(Table 2-6; Additional File 3, Figure 2-12). DYSFUNCTIONAL TAPETUM 1 (DYT1) plays an
important role in tapetum development by regulating the expression of DEFECTIVE IN
TAPETAL DEVELOPMENT AND FUNCTION 1 (TDF1) in Arabidopsis (Gu et al., 2014). Also,
DYTL1 is known to interact with Basic helix-loop-helix protein 89 (bHLH89) which is highly
expressed in anthers and required for normal anther development and male fertility (Zhu et al.,
2015). TDF1 homolog (TRINITY_DN97604 c1 g7_il) as well as bHLH89 homolog
(TRINITY_DN85771 c0 gl i1) showed male-biased expression in C. grandis (Table 2-6;
Additional File 3). Differential regulation of these genes related to stamen development explains

the possible cause for early stamen arrest in female flowers of C. grandis.

According to recent reports from monoecious cucurbits like melon, cucumber, and
watermelon, ethylene plays a major role in sex determination by inhibiting stamen development
process (Boualem et al., 2008, Boualem et al., 2009, Boualem et al., 2015, Boualem et al.,
2016). We found that compared to male, GO:0009723 (response to ethylene) was enriched in
female buds indicating a potential role of ethylene in sex determination of C. grandis (Additional
File 4).

2.4.2 AgNO:s treatment on female plant releases the stamen inhibition

Female plants of C. grandis bear flowers with fused carpels and rudimentary stamens.
Earlier, we have shown that foliar spray of 35 mM AgNOs on the female plant of C. grandis
promotes further development of the rudimentary stamens (Ghadge et al., 2014). In the current
study, gene expression profiles for early-staged Ag-H flower buds were compared with female
buds (Table 2-5; Figure 2-9C, G). Ag" ions are known to inhibit responses to ethylene, a
gaseous plant hormone (Beyer, 1976). Also, silver compounds have been shown to induce
maleness by promoting stamen development in many monoecious and dioecious species (Sarath
and Mohan Ram, 1979, Yin and Quinn, 1995, Law et al., 2002). No other inhibitors of ethylene
biosynthesis or signalling could induce the stamen development in Silene latifolia, suggesting
that ethylene signalling might not be the only pathway that gets affected upon application of
silver thiosulphate (Law et al., 2002). In contrast to Silene latifolia, AVG
(aminoethoxyvinylglycine), an inhibitor of ethylene-biosynthesis has been shown to induce male
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flowers in gynoecious muskmelon similar to silver compounds (Owens et al., 1980). Considering
the role of 1-aminocyclopropane-1-carboxylate synthase (ACS, an enzyme involved in ethylene
biosynthesis) in sex determination of many other members of Cucurbitaceae, an ethylene-
mediated effect of AgNOs seems more likely to be involved in the modification of sex in C.
grandis (Zhang et al., 2014b, Zhang et al., 2014c). In accordance with this, we observed that the
expression of CgACS is female-biased in C. grandis, similar to monoecious cucurbits (Figure 2-
2).

In our study, GO:0009723 (response to ethylene) and GO:0009873 (ethylene-activated
signaling pathway) were enriched in female buds compared to Ag-H buds (Additional File 4).
Transcripts for genes such as Ethylene-responsive transcription factors, ERF5
(TRINITY_DN102355 c3 g13 il), ERF17  (TRINITY_DN80749 c0 g6 i1), EF109
(TRINITY_DN87049 c0 g1_i1), EF102  (TRINITY_DN90257 c1 g2 il), = ERF99
(TRINITY_DN93821 c0 g1 i2), ERF60 (TRINITY_DN93262 cl g6 i2) and ERF78
(TRINITY_DN98503 c¢3 g1 _il) were downregulated in Ag-H buds indicating impaired ethylene
signalling (Additional File 3). Additionally, gRT-PCR based expression pattern analysis for
ERF5, ERF17 and EF102 genes clearly showed the suppression of ethylene responses by AgNO3
(Figure 2-14).

Downregulation of ethylene signalling in Ag-H buds was correlated with the promotion
of stamen growth. GO:0048655 (anther wall tapetum morphogenesis), GO:0048657 (anther wall
tapetum cell differentiation), GO:0048658 (anther wall tapetum development) were seen to be
enriched in early-staged Ag-H buds compared to female buds (Additional File 4). C. grandis
homologs of MS1, MMD1 (TRINITY_DN109512 c4 g3_il, TRINITY_DN108927_c0_g6_il),
ZAT3 (TRINITY_DN108658 cO g2 i1) and AMS (TRINITY_DN116105 c0 g2_il) genes
which play important roles in tapetum and pollen development of Arabidopsis flowers were
upregulated upon AgNOs treatment indicating promotion of stamen growth (Ito and Shinozaki,
2002, Sorensen et al., 2003, Yang et al., 2003, Ito et al., 2007, Yang et al., 2007, Borg et al.,
2011) (Additional File 3; Figure 2-12). MYB35 (TRINITY_DN92649 c0_g7_il), which was
proposed as a putative sex-determining gene in Asparagus was also found to be upregulated in
Ag-H buds (Tsugama et al., 2017) (Additional File 3). Apart from that, gene ontology terms
related to pollen wall assembly (GO:0010208), pollen exine formation (G0:0010584),
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sporopollenin biosynthetic process (GO:0080110), pollen development (GO:0009555) and
pollen sperm cell differentiation (GO:0048235) were also enriched in Ag-H buds (Additional
File 4). Further, we noticed that Ethylene-responsive transcription factors (ERFs) were not
affected in GyM-H buds as compared to female buds suggesting that stamen development in
GyM-H flower buds might be regulated by some other mechanism evading ethylene signalling
inhibition.

2.4.3 Transcripts governing pollen fertility are depleted in GyM-H and Ag-H flower buds

C. grandis is one of the few species in which the presence of heteromorphic sex
chromosomes is reported. The large Y-chromosome present in males might play a major role in
sex determination. The GyM form of C. grandis included in the current study does not have Y-
chromosome (Ghadge et al., 2014). GyM-H flowers still develop full-sized stamens despite
lacking Y-chromosome. Similarly, AgNOs treatment induces stamen development in female
plants having XX sex chromosomes. However, the pollens from GyM-H and Ag-H flowers buds
were found to be sterile unlike the pollens from male buds (Ghadge et al., 2014). Differential
expression analysis revealed that gene ontology terms for pollen tube (GO:0090406), pollen
germination (GO:0009846), regulation of pollen tube growth (GO:0080092), pollen tube growth
(G0O:0009860) and microsporogenesis (GO:0009556) were enriched in middle-staged male buds
compared to middle-staged GyM-H buds (Additional File 4).

GAUTE plays an important role in pollen tube wall biosynthesis in Arabidopsis (Wang et
al., 2013). TRINITY_DN111340 c1 gl i6, which showed similarity with GAUTE was enriched
in male buds compared to GyM-H buds. Unlike most other plant cell walls, pollen tube wall does
not contain callose or cellulose. Pectin methylesterases (PMESs) have been shown to play a very
important role in the growth of pollen tubes (Jiang et al., 2005, Tian et al., 2006, Leroux et al.,
2015). PME4 (TRINITY_DN14239 c0_g1_il), PME37 (TRINITY_DN3663 c0O gl il) and
PPMEL (TRINITY_DN66415 c0 gl i1, TRINITY_DN71598 c0 g2 il) were downregulated
in GyM-H buds compared to male buds (Additional File 3). This could be a possible cause for
pollens from GyM-H not forming pollen tubes. Zhan et al. (2015) has shown that IPMKB
(Inositol polyphosphate multikinase beta) is an important factor for pollen development. We
have found that TRINITY_DN96290 c0 g3 i2 transcript matching to Arabidopsis IPMKB

(Atlpk2beta) was downregulated in GyM-H compared to male buds. Earlier, several reports have
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demonstrated that MALE STERILITY 1 (MS1) gene of Arabidopsis expresses in tapetal cells and
plays an important role in pollen maturation (Ito and Shinozaki, 2002, Ito et al., 2007, Yang et
al., 2007). C. grandis homolog of MS1, TRINITY_DN109512 c4 g3 il was expressed in a
male-biased manner (Additional File 3; Figure 2-12). Similarly, homologs of genes important for
pollen tube growth such as CSLD1 (TRINITY_DN92683 c0 gl il), CDPKO
(TRINITY_DN93671_c0_g1_i3), NRX1 (TRINITY_DN106708 c1_g2_i3), PTR52
(TRINITY_DN112735 c0_gl14 _i3; TRINITY_DN112735_c0_g3_il), TAF6
(TRINITY_DN96231 cl1 gl i2) and CALS5 (TRINITY_DN113564 c1 gl il) were enriched
in male (Dong et al., 2005, Lago et al., 2005, Bernal et al., 2008, Qin et al., 2009, Xie et al.,
2010, Zhao et al., 2013) (Figure 2-13, Additional File 3). Genes involved in pollen exine
formation such as FACR2/MS2 (TRINITY_DN74585 c1 g5 i3), EA6
(TRINITY_DN76274_c1_gl_i1), C70A2/DEX2 (TRINITY_DN99059 cO gl il) were also
upregulated in male (Morant et al., 2007, Dobritsa et al., 2011, Xiong et al., 2016). EMS1
(TRINITY_DN89942 c0_g7_il), SERK1  (TRINITY_DN108624 c1 g7_i5),  JASON
(TRINITY_DN83440 c0 gl il), RPK2 (TRINITY_DN113423 c0 g1 i4), which are essential
for microsporogenesis and pollen maturation were observed to be expressed at significantly
higher levels in middle-staged male buds compared to GyM-H buds. (Zhao et al., 2002, Albrecht
et al., 2005, Mizuno et al., 2007, De Storme and Geelen, 2011) (Additional File 3; Figure 2-12)

Expression profiling for homologs of MS1, EMS1, DYT1, PME4, PME37, PPMEL,
CSLD1, CDPKO, and PTR52 was studied by qRT-PCR for all the tissue samples including
middle-staged Ag-H buds (Figure 2-12; Figure 2-13; Table 2-6). Transcripts for all these
homologs were downregulated in Ag-H buds and GyM-H buds, suggesting a male-biased

expression pattern implicating the reason for pollen sterility in Ag-H and GyM-H buds.

2.5 Conclusions

De novo-assembled transcriptome developed from RNA-Seq of different sexual
phenotypes has enabled identification of C. grandis homologs of many genes known to be
involved in flower development in species such as Arabidopsis, melon, and cucumber. We found
out that many genes involved in stamen initiation, tapetal development, and pollen maturation
were downregulated in female buds compared to male buds. Interestingly, ethylene response-

related genes were upregulated in female buds compared to male buds indicating a probable role
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of ethylene in stamen suppression similar to monoecious cucurbits such as melon and cucumber.
We speculate that the Y-chromosome might express genes that inhibit ethylene signalling or
suppress the carpel development, the site of ethylene production leading to the formation of
stamens in male flowers. This was supported by the observation that AgNOs treatment
suppressed ethylene responses and induced stamen development in female flowers of C. grandis.
However, the pollens produced by Ag-H flowers were sterile indicating a decisive role of Y-
chromosome in determining maleness. In accordance with this, the transcripts involved in pollen
maturation, pollen germination, and pollen tube elongation were depleted in middle-staged
GyM-H buds compared to male buds. This could be because of the absence of Y-chromosome in
GyM plant. Altogether, differentially expressed genes identified in this study could shed light on

the probable mechanisms of sex determination, differentiation, and modification in C. grandis.

2.6 Availability of data and material

The raw sequencing data were deposited in the NCBI Short Read Archive (SRA) database
(http://www.ncbi.nlm.nih.gov/sra/) under the accession number SRP111347.

2.7 Supporting information
Additional File 1: De novo-assembled Coccinia grandis floral bud transcriptome. Available at

https://figshare.com/s/8bca31a89a1ff6000c09

Additional File 2: Annotation report for the de novo-assembled C. grandis flower bud
transcriptome generated using Trinotate. Available at

https://figshare.com/s/3068205f6e5b8095ec76

Additional File 3: Expression matrix of transcripts with P-values at most 1e-3 and at least 22

fold differential expression. Available at https://figshare.com/s/d4d910b3f0b0e49bb8f7

Additional File 4: Gene ontology (GO) enrichment analysis for differentially expressed
transcripts in each pairwise comparison. Available at

https://figshare.com/s/e51699d3b9f4bbe5f17d
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Results presented in this chapter have been published in the following research article:

Devani R.S., Sinha S., Banerjee J., Sinha R.K., Bendahmane A. and Banerjee A.K. (2017). De

novo transcriptome assembly from flower buds of dioecious, gynomonoecious and chemically

masculinized female Coccinia grandis reveals genes associated with sex expression and
modification. BMC Plant Biology. DOI:10.1186/s12870-017-1187-z
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3.1 Background

Flowering plants show three major sexual systems viz. hermaphroditism, monoecy and
dioecy. Around 90 % of the angiosperm species are hermaphroditic bearing perfect flowers
having both male as well as female reproductive sex organs (Yampolsky, 1922). Monoecy exists
at a frequency of ~5-6 % in angiosperms, wherein unisexual male and female flowers are
produced on the same individual plant. Remaining ~ 5-6 % angiosperm species are dioecious,
having separate unisexual plants bearing either only male or only female flowers (Renner and
Ricklefs, 1995, Charlesworth, 2002, Renner, 2014). Dioecious species show patchy phylogenetic
distribution and are reported in around three-fourths of the angiosperm families. This indicates
that the evolution of dioecy has occurred multiple times in different families independently and
hence, the molecular mechanisms of sex determination might vary between distant dioecious
species and is a matter of great research interest (Ainsworth et al., 1997b, Guttman and
Charlesworth, 1998, Ainsworth, 2000). Out of ~15,600 known dioecious species in 175 families,
a very limited number have evolved sex chromosomes. Plant sex chromosomes have been
reported in around just 40 species till date (Ming et al., 2011). Sex determination in rest of the
dioecious species may be governed by a single locus or multiple loci on autosomes, which may
or may not be linked (Zhang et al., 2014c, Yang et al., 2015). The mechanism of sex
determination in plants can be complex, and it may also involve environmental factors apart
from genetic factors (Dellaporta and Calderon-Urrea, 1993). Coccinia grandis (L.) Voigt, is a
dioecious member of Cucurbitaceae, a family known for its diverse sexual systems (Kouonon et
al., 2009). Detailed description of C. grandis sexual forms and AgNOs-mediated sex

modification can be referred in section 2.1 in this thesis.

At present, our knowledge about the sex determination mechanisms in plants is fairly
limited. Major limitation for studying mechanisms of sex determination in plants is that majority
of the dioecious plants are non-model organisms without genome sequence. Hence, the rate at
which sex-linked genes are identified from dioecious plant species is very low (Muyle et al.,
2012). However, the advent of NGS (next-generation sequencing) technologies has enabled the
high-throughput identification of sex-biased genes from dioecious plant species in recent times

(Muyle et al., 2012). Also, advanced proteomic approaches may lead to the identification of
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novel sex-linked proteins that can eventually expand our understanding in evolutionary,

developmental and molecular mechanism associated with sex determination and modification.

Muyle et al. (2012) took an RNA-Seq approach to identify sex-biased gene expression in
Silene latifolia and demonstrated the dosage compensation in plants for the first time. Similarly,
other transcriptome studies in Silene have helped in understanding the Y chromosome
degeneration and identification of new sex-linked genes (Bergero and Charlesworth, 2011,
Chibalina and Filatov, 2011).Another study in persimmon (Diospyros lotus) showed that OGI
(Oppressor of MeGl), a Y-chromosome-encoded small RNA governs pollen fertility by targeting
a homeodomain transcription factor MeGl in a dose-dependent manner (Akagi et al., 2014).
Comparative de novo transcriptomics approach taken in Asparagus resulted in identification of
genes involved in pollen microspore and tapetum development that were expressed specifically
in male flowers (Harkess et al., 2015). Similar transcriptomic studies have also been carried out
in papaya and cucumber that has led to better understanding of sex determination (Guo et al.,
2010, Wu et al., 2010, Urasaki et al., 2012). It can be noted that recently, we have carried out a
de novo transcriptome profiling from male, female, GyM-H and Ag-H flower buds of C. grandis
and identified many sex-biased genes that can provide crucial insights into stamen arrest, pollen

fertility and sex modification mechanism (Devani et al., 2017).

By using transcriptomics over genomics, it is possible to capture differential gene
regulations that may arise due to changes in environmental cues/signals or as in case of dioecious
plants, the differential gene regulations based on the sex of the plant can be identified. However,
transcriptomics has a disadvantage that the mRNA abundance may not always accurately reflect
protein levels, which are the end-products in the realization of hereditary information carrying
out various structural and functional duties (Gygi et al., 1999, Zhang et al., 2014a). Moreover,
only proteomics can capture the post-translational modifications which are very well-known to
control protein functions. However, proteomics study generally depends on the availability of
genomic/transcriptomic data which is limited for most of the dioecious species. Hence, there are
only few studies which have employed proteomics approach in order to understand sex
determination and differentiation in dioecious plants (Yang et al., 2015). One such study carried
out in Asparagus identified differentially accumulated proteins in the form of spots on 2-D gels

from flowers of male and female plants (Bracale et al., 1990). Another study in Pistacia vera
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purified a 27 kDa glycoprotein specific to female inflorescence (Golan-Goldhirsh et al., 1998).
Proteomic approaches has also been attempted to identify sex-linked proteins in Ginkgo biloba.
A 28 kDa protein specific to male and a 36 kDa as well as 92 kDa proteins specific to female
inflorescences has been identified (Yang et al., 2015). Recently, Manzano et al. (2017) showed
that overexpression of aerolysin-like protein from the dioecious plant Rumex acetosa induces

male sterility in transgenic tobacco.

In order to decipher differences in protein abundances among flower buds of male,
female, gynomonoecious and chemically masculinized female plants of C. grandis, total
proteome profiling was carried out at early and middle stages of flower development. Proteins
were identified using IDA-derived data using in silico translated in-house C. grandis flower bud
transcriptome (Devani et al., 2017) database followed by label-free quantification using
SWATH-MS data. Differential protein abundance among various sex forms of C. grandis was
studied to identify players potentially involved in sex expression and modification. Our study has
identified key proteins potentially involved in the processes of stamen arrest, AgNOs-mediated

sex modification and pollen fertility in dioecious C. grandis.

3.2 Materials and methods

3.2.1 Flower bud collection

Both early and middle stages flower buds of male, female, gynomonoecious and chemically
masculinized female plants of C. grandis were harvested as per our previous protocol (Devani et
al., 2017). Overall, experimental plan is depicted schematically in Figure 3-1. In early-staged
male flower buds, only stamens are present with no sign of carpel initials, while same staged
female flowers (stages 3-4) have both carpel and stamen primordia (Chapter 2, Figure 2-1).
Stamen growth in female flowers gets arrested around stages 4-5 (Chapter 2, Figure 2-1). In the
hermaphrodite flowers of gynomonoecious plant, however, both stamens and carpels develop
simultaneously during early as well as middle stages of development. The selection of early-
staged flower buds was carried out such that the event of stamen inhibition in female flowers can
be analysed. Similarly, middle-staged flower buds were chosen such that meiosis-stage and

pollen maturation event can be investigated.
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Figure 3-1. Scheme for Coccinia grandis flower bud proteomics. (A) Schematic representation of C.
grandis flower types used in current study. (B) Experimental procedure for flower bud label-free

proteomics.

3.2.2 Protein extraction

Protein extraction was carried out from flower buds of C. grandis as per Isaacson et al. (2006)

with some modifications. Flower buds were crushed fine in liquid nitrogen and 50 mg of the
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powdered samples, weighed in 15 mL tubes (TARSONS) were used for each biological
replicate. Five mL of chilled 10 % TCA/Acetone with 2 % B-mercaptoethanol was added to these
tubes, vortexed and incubated for at least 4 hours at -20 °C. The tubes were further centrifuged at
10000 rpm for 20 mins, and the supernatant was carefully discarded. The excess acetone in the
pellet was evaporated in the fume-hood. Ten mg of insoluble PVPP (Polyvinylpolypyrrolidone)
was added to this pellet followed by addition of 5 mL of extraction buffer containing 0.7 M
sucrose, 0.1 M KCI, 0.5 M Tris-HCI, pH 7.5, 50 mM EDTA, 0.5 % SDS and p-mercaptoethanol
at a final concentration of 2 % (v/v) and vortexed vigorously for 15 mins. The tubes were
centrifuged for 20 mins at 4 °C and 10000 rpm. The supernatant was transferred to a fresh 15 mL
tube to which 5 mL Tris equilibrated phenol (pH 8.0) was added and vortexed vigorously for 15

mins. Phase separation was carried out by centrifugation at 10000 rpm for 20 mins at 25 °C.

The upper phenolic phase was transferred to a fresh tube and washed with the extraction
buffer (without SDS). The process was repeated twice, and the protein was precipitated using 3-5
volumes of chilled 0.1 M ammonium acetate in methanol containing 2 % [B-mercaptoethanol.
Pelleting and washing of the protein was performed as described previously (Isaacson et al.,
2006). The dried protein pellet was reconstituted in 0.1 % RapiGest SF (Waters) and quantitated
using Bradford method (microtitre plate method, BioRad).

3.2.3 In solution digestion and peptide purification

For in-solution digestion of the extracted proteins, 100 pg of reconstituted proteins was taken in
1.5 mL LoBind tubes (Eppendorf) and diluted using 0.1 % RapiGest SF (prepared in fresh 50
mM ammonium bicarbonate solution) to make a final volume of 100 uL. This protein solution
was heated at 80 °C for 15 mins on thermomixer at 1250 rpm. Five puL of 100 mM DTT
(Dithiothreitol, freshly prepared) was added to the preheated protein solution and incubated at 60
°C, 1250 rpm for 15 mins. The protein solution was cooled to room temperature, and 5 pL of 200
mM iodoacetamide was added and incubated in dark for 30 mins at room temperature. Three ug
of trypsin (Trypsin GOLD, Promega, MS-Grade) was added to the protein for digestion and
incubated for 16 hours at 37° C and 1250 rpm. The reaction was stopped by adding 2 pL of
formic acid (Sigma, MS-Grade) and incubated at 37 °C under static conditions for 45 mins. The
tubes were centrifuged at 15000 rpm for 30 mins at 4 °C and supernatant was collected in a fresh

1.5 mL LoBind tube and stored at -80 °C until further use. The tryptic peptides were further
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purified using C18 ZipTip (Millipore) by following manufacturer's instructions. The peptide
fractions were vacuum dried and reconstituted using 3 % ACN with 0.1 % formic acid to yield a

final concentration of 1pg/pL.

3.2.4 MS acquisition for IDA and SWATH

The reconstituted peptides were further diluted to yield concentrations of 3 pg/ 5uL for IDA
acquisitions and 1 pg/ 5 pL for SWATH acquisitions. The LC separation methods and parameter

settings for MS acquisitions have been adapted from Korwar et al. (2015).

LC Separation - Peptide digest were separated using Eksigent MicroLC 200 system (Eksigent,
Dublin, CA) equipped with Eksigent C18-reverse phase column (100*0.3 mm, 3 um, 120 A).
The sample was loaded onto the column with 97 % of mobile phase A (100% water, 0.1% FA)
and 3 % of mobile phase B (100% ACN, 0.1% FA) at 8 uL/min flow rate. Peptides were eluted
with a 120 min linear gradient of 3 to 50% mobile phase B. The column temperature was set to
40 °C and autosampler at 4 °C. The same chromatographic conditions were used for both IDA
and SWATH acquisition.

Full MS/MS acquisition (IDA for creating SWATH library) - All samples were analyzed on AB-
SCIEX 5600 Triple TOF mass-spectrometer in positive and high-sensitivity mode. The dual
source parameters were optimized for better results: ion source gases GS1, GS2, curtain gas at 25
psi, temperature 200 °C and ion spray voltage floating (ISVF) at 5500 V. The accumulation time
in full scan was 250 ms for a mass range of 350-1800 m/z. The parent ions are selected based on
the following criteria's: ions in the MS scan with intensities more than 120 counts per second,
charge stage between +2 to +5 and mass tolerance 50 mDa. lons were fragmented in the collision

cell using rolling collision energy (CE) with an additional CE spread of + 15 eV.

Peptide spectral library and database search - IDA mass spectrometric files were searched using
ProteinPilot software, version 5.0.1.0.4874 (AB SCIEX) with the Paragon algorithm against in
silico translated in-house C. grandis flower bud transcriptome at 1 % FDR (false discovery rate).
Similar analysis was also carried out using melon proteome and cucumber proteome as database.
At the end, the ProteinPilot output file (.group) obtained using in silico translated in-house C.
grandis flower bud transcriptome database was used as a standard peptide spectral library for

downstream analyses.
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SWATH MS - In SWATH-MS mode, the instrument was specifically tuned to optimize the
quadrupole settings for the selection of precursor ion selection window 25 m/z wide. Using an
isolation width of 26 m/z (containing 1 m/z for the window overlap), a set of 34 overlapping
windows was constructed covering the precursor mass range of 400-1250 m/z. SWATH MS/MS
spectra were collected from 100 to 2000 m/z. lons were fragmented in the collision cell using
rolling collision energy with an additional CE spread of + 15 eV. An accumulation time (dwell
time) of 96 ms was used for all fragmentation scans in high-sensitivity mode, and for each
SWATH-MS cycle, a survey scan in high-resolution mode was acquired for 100 ms resulting in a

duty cycle of 3.33 s. The source parameters were similar to that of IDA acquisition.

SWATH analysis was performed for six biological replicates and technical triplicates each from
early-staged male, female and GyM-H buds as well as middle-staged male, female and GyM-H
buds. The spectral alignment and targeted data extraction of SWATH-MS data was performed
using Peakview software, version 2.2 (AB SCIEX). The peptide data (MRKVW) files were used
for quantification of proteins using Markerview software, version 1.3 (AB SCIEX).
Normalization was performed using B-galactosidase and actin-7 (TRINITY_DN116897) peak
area followed by the total area sum. The peptides with a P < 0.05 were considered for
quantification. PCA-DA analysis was carried out using Markerview in order to study the
relationship between all the samples and replicates followed by t-test to identify differentially
expressed proteins (DEPs) among each pairwise comparisons in which fold change was set as >

1.5, and significance of P < 0.05 was chosen as cut-off.

3.2.5 Protein-Protein Interaction Network analysis

Accession ID of Arabidopsis thaliana homologs of the proteins identified by proteomic analysis
were used to study the protein-protein interaction using Cytoscape 3.6 (Shannon et al., 2003).
The STRING database for Arabidopsis thaliana was used to import the annotation, interaction
and further analysis was performed using STRING App 1.2.2 (Szklarczyk et al., 2017). Gene
enrichment analysis was performed and proteins grouped under reproductive process and floral

development were used for generating network representation.
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3.2.6 Validation of differentially expressed proteins by gRT-PCR

For expression analysis of selected genes, qRT-PCR was carried out using aliquots of the same
RNA samples that were used for RNA sequencing. Two micrograms of total RNA was used for
complementary DNA (cDNA) synthesis by SuperScript IV reverse transcriptase (Invitrogen)
using an oligo(dT) primer. CJACT2 gene was used as reference gene for normalization. gRT-
PCR was performed on CFX96 machine (BIO-RAD) with gene-specific forward and reverse
primers. The reactions were carried out using Takara SYBR Premix Ex Taq Il (Takara Bio Inc.)
and incubated at 95 °C for 3 min, followed by 40 cycles of 95 °C for 15 s, 58 °C for 15 s and 72
°C for 15 s. PCR specificity was checked by melting curve analysis, and data were analysed
using the 224€T method (Livak and Schmittgen, 2001).

3.2.7 Primers used in this study

Primer Name Sequence (5’ -> 3')
EFE gF CTTGGTGGAGAAAGAGGCGGAG
EFE gR ACCTTGGCTCCTTCGCTTGAAA
AMS gF CCGAACATCCGAAATCGACTGAAC
AMS gR TAGTCAGTTTCGGTCGGTTTTTAGC
AIM1 gF TCCGAAAATGCAGCGTCGAGAT
AIM1gR AGCAAACCATTTCAAAGCCAGCTC
PDIAG qF ATAAGTCGAGCTCCGCAGACTA
PDIAG6 gR TGTAAAGATCGGGAAATCGGGCT
TKPR1 gF ACAAGGCCATCTTTCTTCACCTT
TKPR1 gR AACTTCCACGTGTACGGTCGAG
VIP5 gF ATGACTTCTGTGCCTTGCCCTC
VIP5 gR CACAAATCCGGTCAGATCCGCT
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3.3 Results

3.3.1 Flower bud proteome of C. grandis

The tryptic digested protein samples were analysed by tandem LC-MS in IDA (Information
dependent acquisition) model, and the acquired data was processed by Paragon TM as per
experimental scheme shown in Figure 3-1. A total of 1193777 spectra (68.8 % of total spectra)
corresponding to 66842 distinct peptides representing total 3387 proteins (Additional File 1)
were identified from different categories of C. grandis flower buds with FDR < 1 (Unused
ProtScore Cutoff > 2.0) using in silico translated in-house C. grandis flower bud transcriptome
(Table 3-1). Similar analyses using melon proteome and cucumber proteome resulted in
identification of 2381 and 2429 proteins. However, downstream analyses were carried out with
3387 proteins that were identified using in silico translated in-house C. grandis flower bud

transcriptome database as it resulted in identification of higher number of proteins.

Table 3-1. Summary of protein identification with ABSCIEX Triple TOF platform using Paragon
Algorithm with ProteinPilot v5.0.1.

Unused (Conf)  Proteins Péz:glrzs Distinct  Spectra % Total
Cutoff Detected . Peptides Identified Spectra
Grouping
>2.0 (99) 3387 14816 66842 1193777 68.8
>1.3 (95) 3855 17469 68548 1205044 69.5
>0.47 (66) 4649 21946 71945 1217799 70.2
Cutoff Applied:
7 421 7507 1256111 72.4
>0.05 (10%) 8979 59 8750 56

3.3.2 Annotation of identified proteins

Proteins identified using ProteinPilot software were searched against viridiplantae subset of nr
(non-redundant proteins) database using BLAST with an e-value threshold of 1e-3 (Figure 3-
2A). Total 3377 proteins fetched at least one BLAST hit. More than 95 % of the proteins gave
top BLAST hit against Cucumis melo (melon) or Cucumis sativus (cucumber). BLAST2GO was
used to annotate and classify the identified proteins into three major gene ontology categories
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(molecular function, cellular component and biological process) (Additional File 2). For
biological process, majority of the proteins were involved in metabolic process (1956 proteins)

and cellular process (1821 proteins) (Figure 3-2B).
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Figure 3-2. Annotation of C. grandis flower bud proteome with BLAST2GO v5. (A) BLAST Top-
Hit species distribution when compared with nr database using tblastn (B) GO category (level 2)

distribution of C. grandis flower bud proteome.
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Interestingly, we were able to detect 71 proteins annotated with reproduction
(GO:0000003) term (Figure 3-2B). Binding (1769 proteins) and catalytic activity (1642 proteins)
were two major categories for molecular function (Figure 3-2B). Also, 41 proteins with
transcription regulator activity were detected (Figure 3-2B). Among cellular component, 1243
proteins associated with organelle, while 797 were related with membrane (Figure 3-2B)
function. The most common enzymes were hydrolases, transferases and oxidoreductases in the
identified proteome based on enzyme code distribution analysis (Figure 3-3).

Enzyme Code Distribution [b2g5_ida_3385]
#Seqs
[ 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450

Figure 3-3. Enzyme code distribution analysis using for the detected C. grandis flower bud proteins
using BLAST2GO v5.

EC Classes

3.3.3 Differentially expressed proteins involved in flower development

In order to understand how the expression of proteins was regulated during the development of
male flower in contrast to female flower, quantitative proteomics was performed using label-free
SWATH-MS to identify the differentially expressed proteins (DEPS). Based on these identified
proteins from all the samples, SWATH-MS analysis led to the detection of total 2262 proteins
that were quantified from 144 SWATH data files. PCA-DA analysis showed that replicates
belonging to each category of the samples were clustered together. Additionally, upon PCA-DA
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analysis, the samples were clearly separated as per their tissue sources or developmental stages
(Figure 3-4).
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Figure 3-4. PCA-DA analysis showing relationship between all the C. grandis flower bud samples as
well as replicates in the study. AGE (Red square), Early-staged Ag-H; FE (Blue square), Early-staged
Female; GE (Purple square), Early-staged GyM-H; GM (Turquoise square), Middle-staged GyM-H; ME
(Red triangle), Early-staged Male; MM (Green triangle), Middle-staged Male; AGM (Green square),
Middle-staged Ag-H; FM (Orange square), Middle-staged Female.

This clearly reflects the significant variations in identified proteins as well as their
expression levels among different tissues or stages. All pairwise comparisons were made to
identify DEPs at fold change > 1.5 and P < 0.05. Pairwise comparisons between the proteome
profiles of different flower buds at early and middle stages of development are summarized in
Table 3-2. Female_early vs male_early comparison was made in order to identify key players

regulating stamen arrest during female bud development. Interestingly, proteins involved in
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ethylene biosynthesis such as UBA2A (UBP1-associated protein 2A) (1.61X), UBA2C (UBP1-
associated protein 2C) (2.1X) and EFE (Ethylene-forming enzyme) (1.64X) were upregulated in
early-staged female buds compared to male buds (Figure 3-5A, B). Also, ERS (ethylene response
sensor) (4.83X Middle) was enriched in middle-staged female buds compared to male buds
(Figure 3-5B) (Additional File 3). We observed that the expression of AMS (ABORTED
MICROSPORES) (0.46X) was downregulated in middle-staged female buds compared to male
buds (Figure 3-6A, B & Figure 3-7) (Additional File 3).

Similarly, to identify the effect of AgNO3 treatment on female plant that leads to stamen
development, we compared protein profiles of Ag-H_early vs female early buds. This
comparison resulted in identification of many male function related proteins that were
upregulated upon AgNOs treatment during early stage such as UGP2 (UTP-glucose-1-phosphate
uridylyltransferase 2) (2.41X), EDA9 (EMBRYO SAC DEVELOPMENT ARREST 9) (2.05X),
TKPR1 (Tetraketide alpha-pyrone reductase 1) (2.72X), C4H (Cinnamic acid 4-hydroxylase)
(3.53X), TPLATE (1.56X), CDC2 (Cell division control protein 2 homolog A) (3.52), ANN5
(Annexin D5) (1.88X), RAB1C (Ras-related protein RABD2c) (3.13X), OASA1 (O-acetylserine
sulfhydrylase 1) (3.56X), AtkdsAl (Putative Aldolase-type TIM barrel family protein) (4.05X),
TCTP (Translationally-controlled tumor protein) (2.52X) and ACAT2 (Acetoacetyl-CoA
thiolase 2) (2.71X) (Figure 3-6B & Figure 3-7) (Additional File 3). However, many other male
function-proteins like USP (UDP-sugar pyrophosphorylase) (1.69X), RPN10 (Regulatory
particle non-ATPase 10) (1.39X) and LAP5 (LESS ADHESIVE POLLEN 5) (1.69X) were
enriched in middle-staged Ag-H buds compared to female buds (Figure 3-6B) (Additional File
3). The other two comparisons (GyM-H_middle vs male_middle and Ag-H_middle vs
male_middle) led to the identification of potential targets that may be involved in pollen
germination and pollen tube growth. Interestingly, AMS (ABORTED MICROSPORES) (0.24X
GyM-H, 0.14X Ag-H), UNE5 (UNFERTILIZED EMBRYO SAC 5) (0.47X Ag-H), iPGAM2
(0.49X GyM-H, 0.46X Ag-H), ACOS5 (Acyl-CoA Synthetase) (0.1X GyM-H, 0.03X Ag-H) and
QRT3 (QUARTET 3) (0.14X GyM-H, 0.11X Ag-H) were highly expressed in middle-staged
male buds compared to GyM-H and Ag-H buds (Figure 3-6B) (Additional File 3). Similarly,
FUM1 (Fumarate hydratase 1) (0.68X GyM-H, 0.65X Ag-H) was enriched in early-staged male
buds compared to GyM-H and Ag-H buds (Figure 3-6B) (Additional File 3).
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Table 3-2. Summary of differentially expressed proteins (DEPs) in pairwise comparisons between male,
female, GyM-H and Ag-H flower buds at early and middle stages of development.

Number

Pairwise comparisons Purpose
of DEPs

To identify the effect of AgNO3 treatment on

- 1101
Ag-H Early vs. Female Early female plants that leads to stamen development

To identify common DEPs involved in stamen

- - 609
Ag-H Early vs. GyM-H Early arrest compared to female buds

Potential targets that may be involved in pollen

Ag-H Early vs. Male Early development "

_ ) To identify DEPs involved in Ag*-mediated
Ag-H Middle vs. Female Middle 329
stamen growth

) ] To identify common DEPs involved in stamen
Ag-H Middle vs. GyM-H Middle 707
arrest compared to female buds

Potential targets that may be involved in pollen

Y : 801
Ag-H Middle vs. Male Middle germination and pollen tube growth

Female Early vs. GyM-H Early To identify DEPs involved in stamen arrest 1114

To identify proteins regulating stamen arrest

644
Female Early vs. Male Early during female bud development

) ] To identify DEPs involved in stamen arrest
Female Middle vs. GyM-H Middle 649
and pollen development

To identify DEPs involved in stamen arrest
Female Middle vs. Male Middle 808
and pollen development

Potential targets that may be involved in pollen

GyM-H Early vs. Male Early development >
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Figure 3-5. Functional interactions and abundance profiles of proteins involved in female
reproductive organ, embryo and seed development. (A) Protein-protein functional interaction network
generated using STRING. (B) Hierarchical clustering heatmap showing expression profiles for the
selected proteins. Thickness of the line in interaction maps indicate the degree of confidence for
prediction of the interaction. Dotted boxes with labels highlight the subset of proteins involved in
respective processes.
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Figure 3-6. Functional interactions and abundance profiles of proteins involved in male
reproductive organ development. (A) Protein-protein functional interaction network generated using
STRING. (B) Hierarchical clustering heatmap showing expression profiles for the selected proteins.
Thickness of the line in interaction maps indicate the degree of confidence for prediction of the
interaction. Dotted boxes with labels highlight the subset of proteins involved in respective processes.
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3.3.4 Transcript abundance corroborates changes in protein profiles

Transcript levels of the selected proteins were validated by gRT-PCR analysis using the same
tissues. Coccinia homologs of AIM1, EFE, VIP5, AMS, TKPR1 and PDIAG, showed interesting
transcript abundance profiles with respect to flower bud types (Figure 3-7). EFE showed two-
fold expression in early-staged female buds as compared to male buds. Pollen development
related transcripts AMS, TKPR1 and PDIA6 were enriched in male, GyM-H and Ag-H buds
compared to female buds. TKPR1 showed more than 100-fold expression in middle-staged male
buds compared to female buds and was enriched in middle-staged GyM-H and Ag-H buds.
Candidate gene AMS exhibited a 100-fold expression in early-staged male buds compared to
female buds; >5-fold levels compared to GyM-H buds and 10-fold increase compared to Ag-H
buds. However, there were marginal differences between the transcript and the protein levels in
some of the genes. For example, PDIAG6 protein levels were highest in early-staged male buds,
while Ag-H buds showed very low levels. However, in contrast to protein abundance, PDIA6

transcript was most enriched in Ag-H buds.

3.3.5 Protein interaction network reveals presence of potential candidate genes from

reproductive organ development

The proteins identified in relation to reproductive organ, embryo and seed development were
further used for protein-protein functional interaction mapping. STRING analysis for 42 male
reproductive organ development proteins resulted in a functional interaction map indicating
anther and pollen development, pollen tube growth as well as microgametogenesis and
microsporogenesis related functions (Figure 3-6A) (Additional File 4). Expression analysis of
these proteins showed that majority were enriched in male, GyM-H and Ag-H buds compared to
female buds (Figure 3-6B). Similarly, another STRING analysis of 66 identified proteins from
female reproductive organ, embryo and seed development led to the identification of interaction
networks governing gynoecium development, ethylene biosynthesis, megagametogenesis and
pollen tube development (Figure 3-5A) (Additional File 4). Importantly, proteins from
gynoecium development and ethylene biosynthesis related clusters were enriched in female buds
(Figure 3-5B). This might lead to the stamen inhibition in female buds and explain the absence

of gynoecium in male buds.
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Figure 3-7. Validation of selected DE proteins by gqRT-PCR with three biological replicates. (A) The
relative expression in the sample of early-staged male (ME) was set to 1 for plotting the gRT-PCR data.
(B) Hierarchical clustering heatmap for the protein expression levels as quantified by SWATH-MS. VIP5
protein was detected in the IDA study, but it was not quantified by SWATH-MS. AgEA, Early-staged
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Ag-H A; AgEB, Early-staged Ag-H B; FEA, Early-staged Female A; FEB, Early-staged Female B; GEA,
Early-staged GyM-H A; GEB, Early-staged GyM-H B; GMA, Middle-staged GyM-H A; GMB, Middle-
staged GyM-H B; MEA, Early-staged Male A; MEB, Early-staged Male B; MMA, Middle-staged Male
A; MMB, Middle-staged Male B; AgMA, Middle-staged Ag-H A, AgMB, Middle-staged Ag-H B; FMA,
Middle-staged Female A; FMB, Middle-staged Female B.

3.4 Discussion

3.4.1 Comparative profiles of proteins involved in female reproductive functions

Our study is one of the few proteomic reports focused on identification of proteins involved in
unisexual flower development. We compared the protein profiles of male and female buds of
Coccinia at early as well as middle stages of development and identified proteins related to male
and female reproductive organ development. At early stage, female flower buds of C. grandis
exhibit the growth of both stamens and carpels. However, before the flowers reaches to middle
stage of development, stamen gets arrested in female buds. The mechanism of stamen arrest has
been well studied in monoecious relatives of Coccinia such as melon, cucumber and watermelon,
however, we have no clue about the stamen arrest in unisexual flower of Coccinia (Boualem et
al., 2008, Boualem et al., 2009, Boualem et al., 2015, Boualem et al., 2016). ACS (ACC
synthase), an enzyme involved in ethylene biosynthesis is found to be expressed at very high
levels in female buds of melon, cucumber and watermelon compared to the male buds. High
levels of ethylene in female bud act as an inhibitor of stamen development (Boualem et al., 2008,
Boualem et al., 2009, Switzenberg et al., 2014, Boualem et al., 2015, Boualem et al., 2016).
However, it is not known if the ACS function is conserved in dioecious cucurbits. Previously, we
have shown that GO terms related to ethylene signalling were enriched in female buds of C.
grandis (Devani et al., 2017). In our current study, however, we couldn’t detect ACS from the
flower buds. Instead, we found that the inducers of ACS, UBA2A (UBP1-associated protein 2A)
and UBA2C (UBP1-associated protein 2C) had very high expression in female buds compared to
male buds of C. grandis (Figure 3-5A, B). Also, we found that at transcript level, CJACS was
10-fold enriched in female buds compared to male buds of C. grandis at early stage (Figure 2-
4E). Similar high CgACS transcript levels in female C. grandis buds has also been reported by
Mohanty et al. (2017). In Arabidopsis, Kim et al. (2008) showed that overexpression of UBA2A
and UBAZ2C induces the expression of various ACS genes. EFE (Ethylene-forming enzyme),

another enzyme involved in ethylene biosynthesis was also enriched in early as well as middle-
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staged female buds compared to male buds (Figure 3-5A, B & Figure 3-7). CsSACO2 gene, an
EFE homolog is known to be essential for carpel development in cucumber (Chen et al., 2016).
Recently, Tao et al. (2018) showed that Ethylene responsive factor (ERF110) mediates ethylene-
regulated transcription of sex determination related orthologous gene ACS11 in melon and
cucumber. This evidence further supports the role of ethylene in governing the sex expression in
cucurbits. Moreover, we observed that female buds of C. grandis also showed much higher
accumulation of ERS (Ethylene response sensor), an ethylene receptor at middle stages of
development compared to male buds (O'Malley et al., 2005) (Figure 3-5A, B). This indicates that
ethylene levels as well as ethylene responses are high even in female buds of dioecious C.
grandis similar to the female buds of monoecious cucurbits. This perhaps explains the cause of
stamen arrest in C. grandis. Further, functional studies are required to validate this hypothesis.
Apart from this, OVA6 (OVULE ABORTION 6) involved in ovule development was enriched in
female buds as the male flowers of C. grandis don’t show any sign of female reproductive
organs (Berg et al., 2005) (Figure 3-5A, B). Levels of proteins involved in embryo development
such MAGO, VPS46 (Vacuolar protein-sorting-associated protein 46), PDIL1-1(Protein
disulfide isomerase-like 1-1), GRP2B (Glycine-rich protein 2b), At4g24660 (Zinc-finger
homeodomain protein 2) were also higher in female buds compared to male counterparts
(Pagnussat et al., 2005, Andeme Ondzighi et al., 2008, Spitzer et al., 2009, Yang and Karlson,
2011) (Figure 3-5A, B). MAGO, a protein involved in pollen tube guidance was expressed in
female buds at middle stage of development indicating the maturation of female buds for
supporting fertilization (Johnson et al., 2004) (Figure 3-5A, B).

3.4.2 AgNOs treatment induces changes in protein profiles affecting sex modification

In our previous study, we have shown that foliar spray of AgNO3s at optimal concentrations
(35mM) can induce stamen development in newly emerging flower buds of female plants
resulting in sex modification (Ghadge et al., 2014). The morphologically hermaphrodite flowers
(Ag-H) have full-sized stamens surrounding the carpels. Based on our de novo transcriptomics
study and the literature available for sex determination mechanism in monoecious relatives of
Coccinia (melon, cucumber and watermelon), we hypothesized that Ag* ions bring about the sex
modification by inhibiting ethylene signalling (Saito et al., 2007, Boualem et al., 2008, Boualem
et al., 2009, Li et al., 2009, Boualem et al., 2015, Boualem et al., 2016, Chen et al., 2016,
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Devani et al., 2017). CmACS7 acts as inhibitors of stamen development in melon by playing a
role in ethylene biosynthesis (Boualem et al., 2008). In our transcriptomic study, we showed that
AgNOs spray resulted in inhibition of ethylene signalling in C. grandis (Devani et al., 2017). In
the present report, we observed that Coccinia homologs of many genes involved in pollen
development such as USP (UDP-sugar pyrophosphorylase), RPN10 (Regulatory particle non-
ATPase 10), UGP2 (UTP-glucose-1-phosphate uridylyltransferase 2), EDA9 (EMBRYO SAC
DEVELOPMENT ARREST 9), TKPR1 (Tetraketide alpha-pyrone reductase 1), C4H (Cinnamic
acid 4-hydroxylase), TPLATE, CDC2 (Cell division control protein 2 homolog A), ANN5
(Annexin D5), RAB1C (Ras-related protein RABD2c) were enriched in Ag-H buds compared to
female buds (Smalle et al., 2003, Van Damme et al., 2006, Kotake et al., 2007, Schilmiller et al.,
2009, Grienenberger et al., 2010, Park et al., 2010, Dobritsa et al., 2011, Peng et al., 2011,
Toujani et al., 2013, Yang et al., 2014, Zhu et al., 2014) (Figure 3-6A, B). LAP5 (LESS
ADHESIVE POLLEN 5), TKPR1 and TKPR2 (Tetraketide alpha-pyrone reductase 2) which are
involved in sporopollenin biosynthesis and pollen exine formation were upregulated upon
AgNOs treatment (Dobritsa et al., 2010, Grienenberger et al., 2010, Kim et al., 2010, Dobritsa et
al., 2011) (Figure 3-6A, B & Figure 3-7). Also, Coccinia homologs for OASA1 (O-acetylserine
sulfhydrylase 1), AtkdsAl (Putative Aldolase-type TIM barrel family protein), TCTP
(Translationally-controlled tumor protein), ACAT2 (Acetoacetyl-CoA thiolase 2), ANNS,
RABIC proteins involved in pollen germination and pollen tube growth were enriched in Ag-H
buds compared to female buds (Berkowitz et al., 2008, Delmas et al., 2008, Peng et al., 2011,
Birke et al., 2013, Zhu et al., 2014)(Figure 3-6A, B). Although these proteins were expressed
upon AgNOs treatment, the pollens of Ag-H buds failed to germinate in vitro as well as did not
fertilize the female buds (Ghadge et al., 2014). Interestingly, Ag" ions were able to induce the
development of stamens even in absence of Y-chromosome, which would otherwise get arrested
in female plants (Ghadge et al., 2014). We speculate that Y-chromosome may be essential for

providing pollen fertility as the pollens from Ag-H flowers buds were sterile in nature.

3.4.3 Pollen maturation in male, GyM-H and Ag-H buds

Comparison of protein accumulation profiles for male buds to those of GyM-H and Ag-H buds
resulted in identification of many proteins that were expressed at different levels in these flower
types. Coccinia homologs of proteins such as LAP6 (LESS ADHESIVE POLLEN 6), CEP1
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(KDEL-tailed cysteine endopeptidase), OASB (O-acetylserine sulfhydrylase B), VHA-A (V-type
proton ATPase subunit a3) and PIRL9 (Plant intracellular Ras-group-related LRR protein 9)
were enriched in male and GyM-H buds compared to Ag-H and female buds (Figure 3-6A, B).
LAPG6 protein known to be involved in pollen exine formation / sporopollenin biosynthesis in
Arabidopsis, was found to be enriched in male and GyM-H buds compared to Ag-H and female
buds of C. grandis (Dobritsa et al., 2010, Kim et al., 2010) (Figure 3-6A, B). In contrast, LAP5,
(also involved in pollen exine formation) was seen to be enriched in male and Ag-H buds but not
in GyM-H and female buds (Dobritsa et al., 2010, Kim et al., 2010) (Figure 3-6A, B). A
mutation in Arabidopsis CEP1, a KDEL-tailed cysteine endopeptidase, has been shown to
exhibit aborted tapetal PCD and decreased pollen fertility with abnormal pollen exine (Zhang et
al., 2014b). On the other hand, VHA-A (V-type proton ATPase catalytic subunit A) protein is
strictly required for proper development of male gametophyte (Dettmer et al., 2005).
Consistently, VHA-A had a high expression in male and GyM-H buds (Figure 3-6A, B). Plant
intracellular ras-group-related LRR protein (PIRL9) shown to play an important role in the
process of microgametogenesis and pollen development (Forsthoefel and Vernon, 2011). PIRL9
had high expression in male and GyM flower buds (Figure 3-6A, B). OASB (O-acetylserine
sulfhydrylase) required for pollen tube elongation and fertilization also showed similar
expression profile (Birke et al., 2013) (Figure 3-6A, B).

Many proteins however, were enriched specifically in male buds with very low levels in GyM-H,
Ag-H and female buds. AMS (ABORTED MICROSPORES), UNE5 (UNFERTILIZED
EMBRYO SAC 5) and iPGAM2 Coccinia homologs were enriched in middle-staged male buds
(Figure 3-6A, B). UNES5 is known to be important in the process of pollen tube development
(Boavida et al., 2009). Mutation in transcription factor AMS (ABORTED MICROSPOREYS)
results in defective tapetum development, abnormal microspores and non-viable pollens (Xu et
al., 2010). Similarly, Coccinia homologs ACOS5 (Acyl-CoA Synthetase) and QRT3
(QUARTET 3) involved in pollen exine formation were also enriched in middle-staged male
buds. (Rhee et al., 2003, de Azevedo Souza et al., 2009, Dobritsa et al., 2011) (Figure 3-6A, B).
Another protein FUM1 (Fumarate hydratase 1), involved in pollen tube development was
enriched in early-staged male buds compared to GyM-H and Ag-H buds (Boavida et al., 2009)
(Figure 3-6A, B). All these observations indicate that these proteins probably govern the pollen
viability and lack of their expression in GyM-H and Ag-H buds leads to the sterile pollens.
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3.5 Conclusion

Current study has led to the identification of many proteins expressed in the flower buds of male,
female and gynomonoecious forms of Coccinia grandis at early and middle stages of
development. Also, the changes in proteome profile upon AgNO3s-mediated sex modification in
female plants were revealed. We observed that proteins involved in ethylene biosynthesis such as
UBAZ2A, UBA2C and EFE were upregulated in female buds of C. grandis indicating high levels
of ethylene similar to the female buds of monoecious cucurbits such as melon, cucumber and
watermelon. This could suggest that the role of ethylene in stamen inhibition might be conserved
not only in monoecious cucurbits but also in dioecious C. grandis. AgNOs treatment was able to
induce pollen development in female plants of C. grandis. However, the pollens from Ag-H and
GyM-H buds were sterile in nature. There are two possibilities that could explain the cause of
pollen sterility in GyM-H and Ag-H flower buds. The flower buds of hermaphrodites and males
could differ in the timing or level of gene expression leading towards the incomplete
development of pollens. Alternatively, genes governing pollen fertility may be Y-linked and
absent from GyM-H and Ag-H forms. As till now, complete genome sequence data of Coccinia
is not available; it would be difficult to ascertain this. Future investigation is required to unravel
the mechanistic link between ethylene-mediated stamen inhibition as well as the role of Y-
chromosome in pollen viability. Overall, our current proteome dataset will be helpful in
identification of key molecular players involved in the development of unisexual flowers in

Cucurbitaceae, the second largest horticultural family in terms of economic importance.

3.6 Supporting information

Additional File 1. Detailed report of protein identification from C. grandis flower buds using
Paragon algorithm with ProteinPilot v5.0.1. Available at
https://figshare.com/s/9d20d3eed5c9cea36077

Additional File 2. BLAST2GO annotation table for the C. grandis flower bud proteins detected
in this study. Available at https://figshare.com/s/9d20d3eed5c9cea36077
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Additional File 3. Normalized peak areas for each of the quantified proteins across all the
samples and pairwise differential expression analysis results with respective fold-changes as well
as P-values. Available at https://figshare.com/s/ab4b7b16835496340aa7

Additional File 4. Normalized peak areas for the proteins involved in male and female
reproductive organ development, seed development and embryo development along with their
respective Arabidopsis accession IDs. Available at
https://figshare.com/s/b4dd1e5a607449a76c0c

Results presented in this chapter have been communicated to The Plant Journal, and the

manuscript is currently undergoing review.

Devani R.S., Chrimade T., Sinha S., Bendahmane A., Banerjee A.K.” and Banerjee J." (2018).

Flower bud proteome reveals modulation of sex-biased proteins potentially associated with sex

expression and modification in dioecious Coccinia grandis. Under review.
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Chapter 4. Development of Virus Induced Gene
Silencing (VIGS) tool for functional characterization

of genes in Coccinia grandis
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4.1 Background

Through our transcriptomics and proteomics approach, we have generated detailed information
regarding the sex-biased genes for Coccinia grandis. However, functional understanding of these
genes would be really difficult due to the lack of regeneration and transformation protocol in C.
grandis. Our attempts for in vitro regeneration and transformation of C. grandis were
unsuccessful. Virus-induced gene silencing (VIGS) provides a powerful tool to enable the gene
function analysis through knock-down for such species that are not amenable to stable genetic
transformation (Becker and Lange, Baulcombe, 1999). VIGS approach has never been reported
earlier for Coccinia grandis. There is only one report till now for induction of VIGS in the
species belonging to Cucurbitaceae family (melon, cucumber, etc.) (Igarashi et al., 2009). So, the
major challenge for us was to select an ideal viral system which can infect and penetrate the
floral meristem of C. grandis.

4.1.1 Molecular mechanism of virus-induced gene silencing (VIGS)

Virus-induced gene silencing technique takes the advantage of plant’s sequence-specific defence
mechanism against viruses known as post-transcriptional gene silencing (PTGS) (Figure 4-1).
Double-stranded RNA (dsRNAs) derived from DNA-based viral vectors using host RNA-
dependent RNA polymerase (RdRp) can act as inducers of RNA-interference (RNAI) mediated
gene silencing (Covey et al., 1997, Al-Kaff et al., 1998). In case of RNA viruses, replication
intermediates generated using viral RARPs also act as inducers of RNAi (RNA-interference)
(Ratcliff et al., 1997, Donaire et al., 2008). DICER-like enzymes then degrade these dsRNAs
into short interfering RNA (siRNAs) duplexes, which are approximately 21-24 nucleotides in
length. These siRNA molecules act as guide and provide sequence-specificity for the degradation
of complementary viral RNAs by the RNA-induced silencing complex (RISC) (Waterhouse and
Fusaro, 2006, Ding and Voinnet, 2007). PTGS against the inducing virus ultimately results in
viral recovery conferring de novo resistance against viruses closely related to the primary
inoculum (Ratcliff et al., 1997).

In order to take the advantage of the PTGS defence mechanism induced upon viral infection to
achieve target gene knock-down, several RNA and DNA viruses have been modified to develop
VIGS vectors (Baulcombe, 1999, Senthil-Kumar and Mysore, 2014). The target gene to be

knocked-down can be cloned inside the modified infectious viral DNA (DNA virus) or cDNA
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(RNA virus) containing VIGS vectors (Figure 4-1). Different methods can be employed for the
introduction of the viral vectors in the plant, for example, mechanical inoculation (Igarashi et al.,
2009), Agrobacterium-mediated infiltration (Senthil-Kumar and Mysore, 2014) and biolistic
inoculation (Sasaki et al., 2011). siRNAs generated by PTGS will be directed against both the
viral genome in the VIGS vector and host transcript that has sequence similarity to the inserted
DNA fragment. This will eventually lead to the degradation of the target transcript and hence
knock-down of the corresponding target gene. The virus-derived silencing signal is further
amplified and spreads systemically throughout the plant (Kalantidis et al., 2008).
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Figure 4-1. Molecular mechanism of virus-induced gene silencing (VIGS) induced by RNA viruses
in plants. Abbreviations: AGO, Argonaute protein; DCL, Dicer-like protein; DRB, dsRNA-binding
protein; HEN, Hua enhancer protein; RdRp, RNA dependent RNA polymerase; RISC, RNA-induced
silencing complex; siRNA, short-interfering RNA; ssSRNA, single-stranded RNA. Reproduced from
Pflieger et al. (2013).
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4.1.2 Commonly used Viral vectors for VIGS induction

Several virus vectors have been developed for inducing VIGS in plants (Senthil-Kumar and
Mysore, 2014), including vectors of tobacco mosaic virus (TMV) (Kumagai et al., 1995), potato
virus X (PVX) (Chapman et al., 1992, Ruiz et al., 1998), tomato golden mosaic virus (TGMV)
(Peele et al., 2001), and tomato yellow leaf curl China virus satellite DNA (Tao and Zhou,
2008). Tobacco rattle virus (TRV)-derived vectors have been used for inducing VIGS in plants
belonging to the Solanaceae family including tomato, potato, N. benthamiana, and also in the
Brassicaceae model plant Arabidopsis thaliana (Liu et al., 2002, Brigneti et al., 2004, Burch-
Smith et al., 2004, Fu et al., 2005, Cai et al., 2006). Modified Apple latent spherical virus-
derived vectors have also been reported to infect and induce VIGS in a broad range of plants
including those belonging to the Brassicaceae, Leguminaceae, Solanaceae and Cucurbitaceae
families (lgarashi et al., 2009). Several other viral vectors have been used in different plants

species, a detail list of which is mentioned in the report of Senthil-Kumar and Mysore (2014).

4.1.3 Advantages and limitations of virus induced gene silencing (VIGS) as a tool for fast
forward genetic studies in plants

The VIGS technique has several advantages over other functional genomics approaches
(Burch-Smith et al., 2004, Senthil-Kumar and Mysore, 2011). Firstly, VIGS can be used to
generate knock-down without the need to generate stable transformants, and it can be used for
studying a loss-of-function phenotype for a specific gene within a single generation. Secondly,
the VIGS technique is less time consuming, and the silencing phenotype can be observed within
15 to 20 days. Another important advantage of the VIGS approach is that the problem of
redundancy can be solved by using a target sequence from the highly conserved region of a gene
family. Also, knowledge about partial gene sequence is sufficient for VIGS based knock-down
approaches. Unlike stable transgenics, VIGS can be used to study the function of genes, whose
mutation leads to lethal phenotypes. Thus, VIGS offers an easy method for determining the
functions of the genes in a short time, and it can also be utilized in high throughput functional
genomics in plants (Dong et al., 2007).

Apart from the advantages listed above, VIGS has its own set of limitations too (Senthil-
Kumar and Mysore, 2011). Sometimes, it becomes difficult to dissect out the cause of phenotype

as apart from the target gene knock-down, viral infection may also alter the plant metabolism
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(Burch-Smith et al., 2004, Zhang et al., 2010, WU et al., 2011). There are reports that showed
that target gene inserted in VIGS vectors might interfere with the viral replication in some cases
and hence, many viruses are known to delete the target gene insert upon replication (Bruun-
Rasmussen et al., 2007, Cakir and Tor, 2010). Also, the gene silencing achieved by VIGS is
transient, incomplete and non-uniform throughout the plant. Most of the viruses are excluded
from actively growing apical tissues and hence cannot be used for studying the function of genes
involved in meristematic functions (Burch-Smith et al., 2004). Also, the infectivity of virus
varies even with different genotypes of the same species and may need specific standardization
in many cases. Hence, the advantages and disadvantages should be weighed carefully with

respect to the goal of the study before choosing VIGS tool for gene knock-down.

There were two major objectives for our study:
Q) To establish and standardize an efficient virus-induced gene silencing technique for
gene function analysis in C. grandis.
(i)  To study the role of putative candidate genes potentially involved in sex
determination and differentiation (such as CgACS, CgPl, etc.) in C. grandis using the
VIGS technique.

In this study, we have reported an efficient protocol for inducing VIGS for the silencing
of endogenous genes in Coccinia grandis using the apple latent spherical virus (ALSV) vector by
the mechanical inoculation method. Attempts are being made to study the function of CgACS
and CgPl in C. grandis using the standardized tool.

4.2 Materials and methods

4.2.1 Explant collection and surface sterilization for in vitro regeneration and transformation

trials of C. grandis

Initially, transformation and plant regeneration attempts were made with leaf and tendril explants
of. C. grandis. Young leaves and tendrils were collected from the C. grandis plants grown at
greenhouse facility 1ISER Pune. After washing the leaves and tendrils in running tap water for 5
min, 70 % (v/v) ethanol treatment was given for 1 min for surface sterilization. Following 3
washes in sterile distilled water, the leaves were treated with 1.0 % (v/v) sodium hypochlorite

solution for 10 min with occasional agitation. Finally, the leaves and tendrils were washed for
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five times with sterile distilled water. The surface sterilized leaves were then cut in
approximately 1 cm? pieces such that midrib portion was present in the pieces. The surface

sterilized tendrils were also cut into 1 cm long pieces.

4.2.2 Co-culture with Agrobacterium and callus induction

Leaf and tendril explants were pre-cultured on callus-induction media for four days. Callus-
induction media for leaf explants consisted of Murashige and Skoog basal salt mixture with B5
vitamin (MSB5), 3 % sucrose supplemented with 6.6 uM 2,4-Dichlorophenoxyacetic acid (2,4-
D), 3.3 uM 6-Benzylaminopurine (BAP) and 0.8 % agar (Thiruvengadam and Chung, 2011).
Whereas for tendril explants, two different callus-induction media were used: (i) MS, 3 %
sucrose supplemented with 2.2 uM 1-Naphthaleneacetic acid (NAA) and 6 puM Thidiazuron
(TDZ), (ii) MS, 2 % Glucose supplemented with 2.2 mg/L Zeatin riboside (Zr) (Raju et al.,
2014). Meanwhile, Agrobacterium tumefaciens strain GVV2260 harbouring pB1121 plasmid was
streaked on Luria-Bertani (LB) agar plate containing 50 mg/L kanamycin and 10 mg/L
rifampicin. A single colony was grown in 5 mL liquid LB media containing 50 mg/L kanamycin
and 10 mg/L rifampicin antibiotics at 28 °C on a rotatory shaker (200 rpm). Three mL of this
culture was transferred to 10 mL of fresh LB media devoid of any antibiotics and cultured until
the ODeoo reached to 0.8-1.0. Pre-cultured tendrils and leaves (adaxial/top side down) were then
placed in the liquid infection medium (IM) (Half-MS medium augmented with 1.5 % sucrose
and 100 pM acetosyringone (3°,5’-dimethoxy-4’-hydroxyacetophenone). 100 pL of
Agrobacterium culture was added to the plate. The plate was subjected to gentle shaking at 25°C
for 30 min. The leaves and tendrils were then blotted dry on sterile filter paper for 3 min to
remove the excess infection medium. Following which they were transferred to a co-cultivation
medium (Callus-induction media + 200 uM acetosyringone) and incubated for three days at 25
°C in darkness. After the co-cultivation, explants were washed with sterile distilled water for five
times and blotted dry on sterile filter paper. Then the explants were maintained on callus-
induction media supplemented with 50 mg/L Kanamycin (for selection of transformants) and 250
mg/L cefotaxime at 25 °C under long-day (16 h light, 8 h dark) conditions until callus growth
was achieved. In order to assess the Agrobacterium infection, GUS staining of callus was carried
out using 5-bromo- 4-chloro-3-indolyl B-D-glucuronide as per the method of Jefferson et al.
(1987).
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4.2.3 Regeneration of C. grandis plantlets from transformed callus

Calli originated from leaf explants were sub-cultured on shoot-induction media composed of
MSBS, 3% sucrose augmented with 8.8 uM BAP, 2.2 uM 2,4-D, 50 mg/L kanamycin and 250
mg/L Cefotaxime (Thiruvengadam and Chung, 2011). Similarly, calli originated from tendril
explants were sub-cultured on MS medium supplemented with 4.0 mg/L BAP for shoot
induction (Raju et al., 2014). However, all attempts were failed, and hence we moved to VIGS

based knock-down system for C. grandis.

4.2.4 Construction of TRV vectors

pTRV1, pTRV2-MCS, and pTRV2-NtPDS vectors were procured from Arabidopsis Biological
Resource Center (ABRC, https://abrc.osu.edu/order-stocks). pTRV1 and pTRV2-MCS vectors
developed by Liu et al. (2002) were used in this study. pTRV2-MCS vector was cut using the
restriction enzymes EcoRI and Xbal. EcoRI and Xbal restriction sites were added to the primers
designed for amplification of sequences to be cloned. cDNA from wild-type C. grandis was used
to amplify CgPDS A (224 bp), CgPDS B (154 bp), CgPI A (219 bp), CgPI B (251 bp) and CgPlI
C (630 bp). The PCR amplification was performed using PfuTurbo DNA polymerase. PCR
products were digested using EcoRI and Xbal restriction enzymes. The digested PCR products
were ligated to EcoRI-Xbal cut pTRV2 vector using T4 DNA Ligase (NEB) using
manufacturer’s protocol. The plasmids were then transformed into competent cells of E. coli
DH5a. True transformants were selected using kanamycin resistance and cultured in 5 mL of LB
medium at 37 °C overnight. The plasmid DNAs were isolated from the cultured cells by the
alkaline lysis method. To identify the inserts, plasmid DNAs were restricted with EcoRI-Xbal
followed by electrophoresis on a 1 % agarose gel. The plasmids having an insert with the desired
length were then confirmed by DNA sequencing. Positive clones of pTRV1 and pTRV2-GOlI

(GOI- Gene of Interest) were transformed into competent Agrobacterium GV2260 cells.

4.2.5 Construction of ALSV vectors

PEALSR1 and pEALSR2L5R5 vectors were kindly provided by Prof. Yoshikawa, lwate
University, Japan (lgarashi et al., 2009). A 300 bp fragment of the CgPDS gene and a 220 bp
fragment of the CgACS gene were amplified from total RNA of C. grandis using a forward
primer containing an Xhol site and a reverse primer containing a BamHI site. The ALSV vectors

Chapter 4: Virus induced gene silencing tool for C. grandis



99

containing the target gene was constructed using the pEALSR2L5R5 vector. The amplified
cDNA fragments were each double digested with Xhol and BamHI and ligated to the
PEALSR2L5R5 vector digested with same restriction enzymes. The plasmids were then
transformed into competent cells of E. coli NEBTurbo. True transformants were selected using
ampicillin resistance and cultured in 5 mL of LB medium at 37 °C overnight. The plasmid DNAs
were isolated from the cultured cells by the alkaline lysis method. To identify the inserts,
plasmid DNAs were restricted with Xhol and BamHI followed by electrophoresis on a 1 %
agarose gel. The plasmids having an insert with the desired length were then confirmed by DNA
sequencing. The plasmid containing the CgPDS gene fragment was designated as
PEALSR2L5R5-CgPDS, and the plasmid containing the CgACS gene fragment was designated
as pPEALSR2L5R5-CgACS. pEALSR2L5R5 was used as the empty vector control. The plasmids
pEALSR1, pEALSR2L5R5, pEALSR2L5R5-CgPDS and pEALSR2L5R5-CgACS, were
propagated in E. coli NEBTurbo. The transformed E. coli cells were streaked on an LB agar
medium containing 100 mg/mL ampicillin and allowed to grow for 12 hours at 37 °C. A primary
culture of transformed E. coli was obtained by inoculating a single colony in 5 mL of LB
medium containing 100 mg/mL of ampicillin, grown for 8 hours at 37 °C with vigorous shaking.
1 mL of the primary culture was inoculated in 100 mL of LB medium containing 100 mg/mL of
ampicillin, to obtain a secondary culture of the transformed E. coli cells grown for 16 to 18 hours
at 37 °C with vigorous shaking. Plasmid DNAs were purified using Promega PureYield™
Plasmid Midiprep System according to the manufacturer’s protocols. The purified plasmids were
dissolved in nuclease-free water at a concentration of 2 pg/pL and stored at -20 °C until use for

inoculation.

4.2.6 Construction of agroinfiltration compatible vectors for ALSV VIGS

In order to improve the infection efficiency, simplify the infection process as well as reduce the
time frame for gene silencing, agroinfiltration compatible ALSV in pCAMBIA-based binary
vectors were constructed using the cloning strategy reported by Kon and Yoshikawa (2014). For
constructing ALSV RNAL vector, pPCAMBIA1302 plasmid was used. Firstly, an ALSV RNA1
fragment (~ 0.5 kb) including 3’-cDNA, poly-A sequences and NOS-T was extracted from
PEALSR1 vector using BamHI-EcoRI digestion. This fragment was cloned into the multiple
cloning site (MCS) of pCAMBIA1302 plasmid. Second fragment (~1.9 kb) containing the
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CaMV35S promoter and the ALSV RNAL 5’-cDNA was released from pEALSR1 using HindllI-
Xbal digestion. This fragment was subsequently cloned into the pCAMBIA1302 plasmid
containing the first fragment. Finally, the third fragment (~6.2 kb) containing ALSV RNALl
cDNA was released from pEALSR1 by digesting it with Sacl-BamHI. The third fragment was
then cloned into pPCAMBIA1302 plasmid containing the first and second fragments to generate
pC1302ALSR1.

Similarly, pPCAMBIA1301 plasmid was used to generate ALSV RNA2 vector. pPCAMBIA1301
was digested with Xhol to remove the hygromycin phosphotransferase (HPT) gene and blunt-
ended withT4 DNA polymerase. Firstly, a fragment of ALSV RNA 2 (~0.9 kb) containing 3'-
cDNA, poly-A sequences as well as NOS-T was extracted from pEALSR2L5R5 vector using
Kpnl-EcoRI digestion. This fragment was cloned into pPCAMBIA1301 plasmid from which HPT
gene was removed. Second fragment (~2.2 kb) containing CaMV35S promoter and the ALSV
RNA2 5'-cDNA was released from pEALSR2L5R5 using Hindlll-BamHI digestion and cloned
into pPCAMBIA1301 plasmid containing the first fragment. Finally, the third fragment (~1.8 kb)
containing ALSV RNA2 cDNA was released from pEALSR2L5R5 using BamHI-Spel digestion.
This fragment was cloned into pCAMBIA1301 plasmid containing the first and second
fragments to generate pC1301ALSR2.

4.2.7 Plant growth conditions and viral inoculation
Q) TRV-based VIGS

Single Agrobacterium colonies of both pTRV1 and pTRV2-GOI (GOI- Gene of Interest) were
inoculated separately in 2 mL LB liquid medium containing rifampicin (10 pg/mL) and
kanamycin (50 pg/mL). Primary cultures were incubated at 28 °C in shaker at 200-250 rpm. for
10-14 h. 0.5 mL of this primary culture was subcultured into 10 mL LB liquid medium
containing rifampicin (10 pg/mL) and kanamycin (50 pg/mL). Secondary culture was incubated
at 28 °C in shaker at 200-250 r.p.m. for 5-6 h until ODeoo (Optical density measured at 600 nm
wavelength) of 0.5-0.6 is reached. Cultures were centrifuged at 3,500 g for 5 min at room
temperature. Supernatant was discarded and 10 mL Agrobacterium induction buffer (10 mM
MES, pH5.7,10 mM MgCl>) containing 200 uM acetosyringone was used to resuspend the cells.
Cultures were incubated at room temperature for 3 h in a shaker at ~50 r.p.m. Acetosyringone

was used to induce Agrobacterium virulence (Vir) genes essential for delivery of T-DNA
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carrying virus into the plant genome. Cultures were centrifuged at 3,500 g for 5 min, and cells
were resuspended independently in ~5-7 mL induction buffer depending on the final OD
required. ODsoo ranging from 0.4 - 0.7 was used in this study. pTRV1 and pTRV2-GOlI cultures
were mixed in 1:1 (vol/vol) ratio. C. grandis seeds were germinated in greenhouse at 22 °C
under long day conditions. Seedlings at cotyledonary stage were selected for viral inoculation.
Infiltration of pTRV1+pTRV2-GOI culture into the cotyledons by needleless syringe (Syringe
inoculation) was done after pricking a small injury with a needle. Minimum of 10 seedlings were
infiltrated for each construct in every experiment. Plants were maintained at 20-22 °C (optimal
temperature for VIGS) in a greenhouse at long day conditions (16 h light 8 h dark). Silencing
phenotypes were checked starting from 10 days post infiltration. Phenotypes were noticed after ~
2-3 weeks of inoculation. For molecular validation of gene silencing, tissues were collected in

liquid nitrogen after 3 weeks and stored in -80 °C for future use.
(i)  ALSV based VIGS

Seeds of Chenopodium quinoa were sown in pots and grown in a greenhouse under long day
conditions (16 h light and 8 h dark) at 22 °C till the plants reached six-true leaf stage. The
plasmids pEALSR2L5R5, pEALSR2L5R5-CgPDS and pEALSR2L5R5-CgACS, were mixed
with the plasmid pEALSR1 separately at a concentration of 2 pg/pL each. C. quinoa plants at
six-true leaf stage were used for infection. The inoculation of infectious cDNA clones was
conducted on four bottom leaves per plant. Prior to inoculation, carborundum was spread on the
leaves to cause injury to the plant. A mixture of pEALSR1 and pEALSR2L5R5 /
PEALSR2L5R5-CgPDS / pEALSR2L5R5-CgACS (10 pL) was dropped onto the surface of each
leaf and mechanically inoculated on it by swabbing it on the leaf surface using a finger covered
by rubber gloves. The plants were incubated for 5 minutes to allow the infectious plasmids to
enter the plant body through the injuries. After 5 minutes, the surface of inoculated leaves was
thoroughly washed using distilled water to remove excess carborundum. The symptoms of
ALSYV infection consisting of chlorotic spots developed in the upper un-inoculated leaves after
14-20 days post infection. The leaves showing symptoms were homogenized in 2 volumes of
inoculation buffer [0.1 M Tris-HCI (pH 7.5), 0.1 M NaCl, 0.05 M MgCl..6H20]. Using this
extract, a secondary infection was done on C. quinoa (6 leaf stage) in order to increase the viral

titre. Leaves showing severe symptoms were collected and stored at -80 °C until use for
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inoculation. Leaves of C. quinoa (stored at —80 °C) infected with the ALSV vectors were
homogenized in 2 volumes of inoculation buffer. C. grandis seedlings at the cotyledonary stage
were used for inoculation. Prior to inoculation, carborundum was spread on the surface of
cotyledons to cause injury. 30 pL of the leaf extract was dropped onto the surface of each
cotyledon and mechanically inoculated on it by swabbing it on the leaf surface using a finger
covered by rubber gloves. The plants were incubated for 5 minutes to allow the infectious viral
particles to enter the plant body through the injuries. After 5 minutes, the surface of inoculated
cotyledons was thoroughly washed using distilled water to remove excess carborundum. The
inoculated plants were covered with plastic bags in order to maintain high moisture conditions

and were maintained under greenhouse conditions.

4.2.8 RNA extraction and gRT-PCR analysis

Inoculated plants were scored for viral infection approximately 20 days post inoculation. Leaf
tissues from six plants each of untreated, TRV-CgPDS A, TRV-CgPDS B, TRV-CgPI C, ALSV-
CgPDS-infected and ALSV-CgACS-infected C. grandis were collected and crushed in a motor
pastel using liquid nitrogen. Approximately 100 mg of tissue was used for total RNA extraction
using Trizol reagent (Takara, Bio Inc.). 1 pg of the extracted RNA was reverse transcribed to
cDNA using MMLYV Reverse Transcriptase (Promega), using polyT primers. Samples were PCR
screened to detect the presence of TRV RNA using primers TRV Chk F and TRV Chk R.
Whereas, R2ALS-F and R2ALS-R primers were used for detection of ALSV-RNAZ2 in plants
subjected to ALSV VIGS. The PCR was set using Taq DNA polymerase with the following
sequential protocol: 94 °C for 5 minutes followed by 35 cycles of 94 °C for 10 seconds, 52 °C for
10 sec and 74 °C for 10 seconds followed by final extension at 74 °C for 5 minutes. The PCR
products was separated on a 2 % agarose gel containing 0.5 mg/L ethidium bromide. DNA band

intensities were imaged using G:Box Gel Documentation System (Syngene).

The relative levels of CgPDS transcript expression for all un-infected and ALSV-CgPDS
infected C. grandis plants (n=6) were determined using quantitative RT-PCR (qRT-PCR).
CgACT2 gene was used as reference gene for normalization. A 10 pL RT-PCR reaction was set
up using 5 pL Takara SYBR Premix Ex Taq Il (Takara Bio Inc.), 0.2 uM each of the gene-
specific primer (CgPDS gqRT F and CgPDS gRT R) and 1 pL of first-strand cDNA. The gRT-
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PCR was performed using BIO-RAD CFX96 machine. PCR specificity was checked by melting

curve analysis, and data were analysed using the 222" method (Livak and Schmittgen, 2001).

4.2.9 Primers used in this study

Primer Name Sequence (5’ -> 3')

CgPDS_ALSV_Xho_F TACATCTCGAGTTTGGGGCTTATCCCAAT

CgPDS_ALSV_Bam_R TACATGGATCCTCTCATCCATTCTTGCTC

CgACS_ALSV_Xho_F TACATCTCGAGCCTTACTATCCTGGATTTGACAGAG

CgACS_ALSV_Bam_R TACATGGATCCAATGTCTTCGATTGTGGACCGTTG

R2ALS1363_F GCGAGGCACTCCTTA

R2ALS1551 R GCAAGGTGGTCGTGA

CgPDS qRT F TCAGGAGAAGCATGGCTCTAAG

CgPDS gRT R TCACCACCCAATGACTGAATATAC

CmMACTINZ E ATTCTTGCATCTCTAAGTACCTTCC

CMACTINZ R CCAACTAAAGGGAAATAACTCACC
4.3 Results

4.3.1 Invitro regeneration and transformation attempts for C. grandis

We attempted to establish in vitro regeneration and transformation system for C. grandis. Young
leaf and tendril explants of C. grandis when cultured on callus-induction media resulted in
formation of profuse callus after 3 to 4 weeks of incubation (Figure 4-2B, C). Increased callus
mass in selection media indicated successful infection and transformation of the explants with

Agrobacterium GV2260 carrying pBI121 plasmid that confers kanamycin resistance.
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Figure 4-2. In vitro regeneration and transformation attempts with C. grandis. (A) Map for pBI121
binary vector with 35S: GUS maker used for Agrobacterium-mediated transformation of C. grandis. (B)
Calli generated from C. grandis leaf explants. (C) Calli generated from C. grandis tendrils explants. (D,

E) Transgenic calli originated from leaf showing GUS expression. (F, G) Transgenic calli originated from
tendril showing GUS expression.

This was confirmed by staining the calli for GUS activity using 5-bromo- 4-chloro-3-
indolyl B-D-glucuronide as per Jefferson et al. (1987) protocol. Numerous blue spots were
observed upon GUS staining of calli originating from both the leaf and tendril explants (Figure
4-2D-G). This indicated multiple sites of Agrobacterium infection on each explant. However,
these transformed calli did not respond to the shoot induction media tested in this study. We

failed to regenerate plantlets from transformed calli even after multiple attempts with different
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phytohormone compositions. Hence, we shifted to virus induced gene silencing approach for

gene function analysis in C. grandis.

4.3.2 Silencing of Phytoene desaturase (PDS) in Nicotiana benthamiana and Coccinia

grandis plants using TRV vectors

At the beginning, TRV-based VIGS vectors were confirmed to be functional in N. benthamiana.
pTRV2-NtPDS treated N. benthamiana plants showed photobleaching phenotype after around 10
days post-infiltration (Figure 4-3A, B). Also, VIGS was carried out using pTRV2-CgPDS A and
pTRV2- CgPDS B in a total of 29 C. grandis plants, of which 10 plants showed yellowing or
white patches on leaves to varying degrees (Figure 4-3C). However, none of the C. grandis
plants showed the typical photobleaching phenotype usually observed upon PDS silencing.

4.3.3 Silencing of Pistillata — a B class floral Organ Identity gene using TRV

To achieve silencing of C. grandis PISTILLATA (CgPl) gene, three fragments of CgPl namely;
CgPI A (219 bp), CgPI B (251 bp) and CgPI C (630 bp) were amplified from cDNA of wild-type
flower and cloned into pTRV2 vector (Figure 4-3A). Fragment A and B sequences were unique
to the CgPl, whereas fragment C included all the conserved regions. The fragments were
designed in such a way that to see if there are any differences in phenotype when both conserved
and unique regions are targeted. A total of 20 plants were infiltrated using these three fragments
of CgPlI cloned into pTRV2. In one of the mature plants (3 months old) agroinfiltrated with
pTRV2-CgPI C construct, flowers with aberrant stamens were observed (Figure 4-3D). The
phenotype looked like a chimeric silencing, and some part of the anther had no pollen
development (Figure 4-3D). However, we were unable to confirm the silencing of CgPI at

transcript level, and the phenotype was not reproducible.
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Figure 4-3. VIGS trials using TRV. (A) TRV VIGS vectors used in current study. (B) PDS silencing in
N. benthamiana plants. (C) PDS silencing in C. grandis plants. (D) CgPlI silencing in C. grandis plants.
(E) PI silencing in N. benthamiana plants. Devani and Kushwaha, Unpublished data, Molecular Plant
Biology Lab, IISER Pune.
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4.3.4 Silencing of Phytoene desaturase in C. grandis using ALSV vectors

Since the TRV-based silencing was not efficient in C. grandis, we explored the ALSV approach.
To test the efficiency of ALSV vectors in silencing the endogenous genes of C. grandis, we
again targeted the phytoene desaturase gene (PDS). A 300 bp fragment of the CgPDS gene was
cloned into the ALSV-RNAZ2 vector (Figure 4-4) and the resulting virus (ALSV-CgPDS) was

mechanically inoculated to C. quinoa plants at 6 leaves stage.

ALSY RNAI1
pEALSR1 > 3ss H Pro-co HEL C-Pro POL H wost k]

ALSY RNA2

06 QG QG EG

pEALSR2L5R5S l>| 355 | 42kP 1 Vp25 1 Vp20, Vp24 HNOStm
i
Bam III-S:'nn 1-Xhel
G G G BG

pPEALSR2L5R5-CgPDS [>| 355 |—| 42KP Vp25 H Vp20 H vp24 HNOStm

QG QG QIG E/G

pEALSR2L5R5-CgPDS >| 3ss |H e Vp25 | Vp20 | Vp24 HN05t|<]

Figure 4-4. ALSV in pUC-based expression cassette vectors used for VIGS in C. grandis. CgPDS and
CgACS fragments were cloned in the multiple cloning site of PEALSR2L5R5 vector such that they do not
disrupt the coding frame of ALSV RNA2.

The leaf titre of the infected C. quinoa plants was used as inoculum for treating the C.
grandis plants (at cotyledon stage). Out of the 20 inoculated C. grandis plants, 8 showed the
photobleached phenotype, characteristic of PDS gene silencing (Figure 4-5A-C, G). The infected
plants started to show photobleaching along the veins of the upper un-inoculated leaves, 17-22
days post-inoculation. A uniform photobleaching was observed in the newly developed leaves,
petioles and stems of infected C. grandis plants indicating that the PDS gene was silenced by the
ALSV vector efficiently. Silencing of the PDS gene persisted for 45-50 days post-inoculation,

after which recovery of the silencing phenotype was observed in the newly developing leaves.

In order to confirm that the observed photobleached phenotype was due to the silencing
of the CgPDS gene by the ALSV vectors, we studied the CgPDS expression levels in infected
and wild-type C. grandis plants. Quantitative RT-PCR (gRT-PCR) was also used to compare the
endogenous expression levels of the PDS gene between ALSV-CgPDS-treated and untreated C.
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grandis plants (Figure 4-6A). We have also detected the presence of ALSV RNA in the infected
plants by RT-PCR. (Figure 4-6B). The presence of ALSV RNA was detected in all the plants
that showed photobleached phenotype and in none of the untreated plants.

20 dpi 30 dpi 45 dpi Leaf

ALSV-CgPDS
infected

Wild-type

Figure 4-5. VIGS of PDS gene in Coccinia grandis by ALSV vector infection. (A, B, C) C. grandis
plants infected with pEALSR1+pEALSR2L5R5-CgPDS showing photobleached phenotype 20, 30 and 45
days post infection respectively. (D, E, F) Wild-type C. grandis plants.

The gRT-PCR results supported our conclusion that the observed photobleached
phenotype was due to the reduction in the endogenous levels of CgPDS transcripts. The relative
levels of the CgPDS gene expression was lower in the photobleached plants compared to the
untreated plants. We detected an average of 6-fold decrease in the level of CgPDS in the ALSV-
CgPDS treated plants compared to the untreated plants indicating an efficient knock-down of
CgPDS gene in C. grandis.
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Relative CgPDS Expression

B untreated ALSV-CgPDS treated NC

ALSYV

ACTIN

Figure 4-6. Molecular confirmation of ALSV VIGS-based silencing of CgPDS in C. grandis. (A)
Relative expression levels of CgPDS transcripts in ALSV-CgPDS infected and wild-type control plants of
C. grandis. (B) Detection of ALSV viral RNA in selected ALSV-CgPDS infected and wild-type control
plants of C. grandis by RT-PCR. Lane NC represents the no template control.

4.3.5 Infection of C. grandis with agroinfiltration compatible ALSV VIGS vectors

Agroinfiltration compatible vectors for ALSV VIGS were developed in our lab to
simplify the process of viral infection in C. grandis as well as to improve the efficiency of
infection. Since the agroinfiltration compatible vectors do not require the step of virus
propagation in C. quinoa, the total time duration to achieve VIGS in C. grandis will also be
greatly reduced. Based on the cloning strategy adapted by Kon and Yoshikawa (2014), we
developed agroinfiltration compatible ALSV VIGS vectors (pC1302ALSR1 and pC1301ALSR?2)
in our lab (Figure 4-7A). These vectors were transformed into Agrobacterium tumefaciens strain
GV2260 separately. Ten seedlings of C. grandis at cotyledonary stage were infiltrated with
Agrobacterium cultures harbouring pC1302ALSR1 & pC1301ALSR2 in 1:1 ratio. RT-PCR was
carried out to amplify viral mRNA from the distant leaves of infected plants. We observed
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successful infection of virus in 2 out of 10 plants indicating the suitability of agroinfiltration
compatible ALSV vectors for inducing VIGS in C. grandis (Figure 4-7B).

A
ALSV RNA1
pC1302ALSR1 > 35 H Pro-co HEL C-Pro POL Host k]
ALSV RNA2
pC1301ALSR2 [>| 355 H MP : Vp25 | Vp20 | Vp24 HN05t|<]
X;B

pC1301ALSR2-CgPDS [>| 3ss H  wmp vp25_1vp20 1 vp2a_ H nost |

pCI301ALSR2-CgACS > 355 H e Ve2s_1vp20 vp2a_ [ nost <]

123 45 67 89 10 WT NC

ALSV
RNA

ACT2

Figure 4-7. Agroinfiltration compatible ALSV VIGS vectors can infect C. grandis. (A) Binary vectors
with ALSV RNA in pCAMBIA cassette developed in our lab using cloning strategy described by Kon &
Yoshikawa (2014). CgPDS and CgACS fragments have also been cloned in pC1301ALSR2 for future
VIGS studies. (B) Detection of ALSV viral RNA by RT-PCR from C. grandis plants agroinfiltrated with
pC1302ALSR1+pC1301ALSR2 in 1:1 ratio.

4.4 Discussion

All our efforts with regard to establishment of an in vitro regeneration and transformation system
of C. grandis remain unsuccessful. Hence, we chose VIGS as an alternative method of gene

functional analysis.
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4.4.1 Choice of TRV and ALSV as viral vectors for inducing VIGS in C. grandis

The choice of viral vector for VIGS depends on the infectivity of the virus in the plant of
interest. Also, many of the candidate genes potentially governing sex expression and
differentiation are likely to be expressed in floral meristem or immediately after the floral organ
initiation. Most of the viruses are found to be excluded from the actively growing regions of
plants such as floral meristem (Burch-Smith et al., 2004). Keeping both the points under
consideration, TRV- and ALSV-based VIGS vectors were chosen for studying the candidate
genes related to floral development in C. grandis. Both TRV and ALSV have been reported to be
able to penetrate the actively growing regions of the plant (Ratcliff et al., 2001, Igarashi et al.,
2009). Additionally, both TRV and ALSV are known to have a broad host range and hence, we
speculated that these will have a better chances of infecting C. grandis plants, in which none of
the VIGS vectors have so far been tested. ALSV is the only virus reported for virus induced gene
silencing in other plants of Cucurbitaceae such as melon cucumber, etc. (lgarashi et al., 2009).
Hence, the possibility of ALSV being able to infect and induce VIGS in C. grandis might be
potentially high, which also belongs to Cucurbitaceae. However, one of the disadvantages known
to be associated with ALSV vector is the gene expression strategy of the virus genome (lgarashi
et al., 2009). As the proteins encoded by ALSV genome were expressed by polyprotein synthesis
followed by proteolytic processing, it is necessary to ligate target sequences in frame to the
cloning sites of the ALSV vector. Though TRV based vectors were able to infect C. grandis
plants, the infection efficiency was very low compared to that of ALSV. Also, the strength of
CgPDS gene knockdown achieved using TRV based vectors was not comparable to that of
ALSV based vectors. Hence, we have chosen ALSV as the virus of choice for studying the

functions of candidate genes in sex determination and differentiation using VIGS in C. grandis.

4.4.2 Efficiency of TRV based vectors for VIGS in C. grandis

Initially, VIGS trials were made with TRV-based vectors in C. grandis for silencing
CgPDS gene. Simultaneously, VIGS attempts were made in Nicotiana benthamiana as a positive
control using pTRV2-NtPDS vector. Silencing of the PDS gene leads to decrease in the
production of photoprotective carotenoid proteins which in turn results in the breakdown of
chlorophyll pigments. Robust photobleaching was observed in the leaves of agroinfiltrated N.

benthamiana plants (Figure 4-3B). These finding are consistent with previous report of PDS
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gene silencing in N. benthamiana (Kumagai et al., 1995). Two different pTRV2 vectors carrying
different regions of CgPDS cDNA were used to silence CgPDS gene in C. grandis. We observed
that agroinfiltration of both the vectors resulted in poor infection and silencing. Only minor
yellowing and white patches were observed on leaves of some of the agroinfiltrated C. grandis
plants indicating a poor silencing of CgPDS gene (Figure 4-3C). Hence, these results eliminated
the effect of nucleotide sequence and/or the position of insert on target gene cloned into pTRV2
vector. Similar experiment was carried out to silence the CgPI, a B-class floral organ identity
gene in C. grandis. Three different fragments of CgPl were cloned into pTRV2 vectors
separately. Agroinfiltration was carried out in 10 seedlings each of C. grandis as well as N.
benthamiana, where later was used as a positive control. Homeotic transformation expected upon
Pl silencing was observed in the flowers of N. benthamiana plants infiltrated with
pTRV1+pTRV2-CgPI C constructs (Figure 4-3E). The transformation of petals into sepal-like
structures as well as transformation of stamen into carpelloid organs was noticed (Figure 4-3C).
Since PI gene is well conserved among flowering plants, TRV vectors with even the C. grandis
Pl gene fragment was able to silence the PI gene in N. benthamiana plants. This clearly indicated
that the pTRV2 vector constructed with CgPI fragment was functional for inducing VIGS in N.
benthamiana. However, when the C. grandis plants were agroinfiltrated with the same vectors,
there was no apparent change in flower bud phenotype. Only one C. grandis plant had aberrant
stamens, where some part of the anthers had no pollen development (Figure 4-3D). This
observation was consistent with the results in Arabidopsis (a hermaphrodite), where
PISTILLATA knockdown caused stamens to retain their identity, but pollen development was
completely hindered (Wuest et al., 2012). However, we were unable to confirm the silencing at

transcript level, and the phenotype was also not reproducible.

4.4.3 Efficiency of ALSV based vectors for VIGS in C. grandis

Unlike TRV, we observed that VIGS using the ALSV vectors harbouring the CgPDS
gene fragment resulted in robust inhibition of carotenoid biosynthesis in C. grandis. This
resulted in photo-bleaching phenotypes approximately 15 to 20 days post-inoculation (Figure 4-
5A-C, G). Target gene knock-down was confirmed by analysing the expression levels of the
CgPDS gene in infected C. grandis plants (Figure 4-6A). The recovery of the photo-bleached
phenotype in the infected plants started after 45-50 days post-inoculation, which can be
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attributed to the transient nature of VIGS (Baulcombe, 1999). The control plants treated with
ALSV empty vector did not show any apparent symptoms (Figure 4-5D-F, H).

4.4.4 Candidate genes chosen for functional characterization by VIGS

Cucurbitaceae is a large plant family of several species, which have mostly unisexual flowers. Of
the 800 species investigated, 460 are monoecious, and 340 are dioecious (Kocyan et al., 2007).
In the monoecious members of this family, like Cucumis melo (melon) and Cucumis sativus
(cucumber), the ACS (1-aminocyclopropane-1-carboxylic acid synthase) gene is reported to play
an important role in sex determination. Expression of the active ACS enzyme in female flower
buds leads to inhibition of stamen development (Boualem et al., 2008, Boualem et al., 2009).
Also, organ identity genes (such as pistillata homologs) have implicated in the process of sex
determination in plants such as spinach and Thalictrum (Di Stilio et al., 2005, Pfent et al., 2005).
Hence, we have chosen CgACS and CgPl as primary candidates for functional characterization
with regards to sex expression, using the VIGS protocol that we have standardized in C. grandis.
If our attempts with these genes turn out to be successful, we plan to expand our VIGS study
including few more candidate genes such as Coccinia homologs of AMS (ABORTED
MICROSPORES), DYT1 (DYSFUNCTIONAL TAPETUM 1), EFE (Ethylene-forming

enzyme), etc.

4.4.5 Development of agroinoculation system for ALSV-based VIGS

We were able to achieve successful VIGS in C. grandis plants using ALSV in pUC-based
expression cassette vector. However, the major limitation of this strategy was that the infectivity
of ALSV in pUC-based expression cassette vector was not high enough for direct infection of C.
grandis plants. Infectious cDNA clones of ALSV were first used for infecting C. quinoa plants
(highly susceptible to ALSV infection) by mechanical inoculation and the virus propagated in C.
quinoa was used as an inoculum for infection C. grandis as described by (lgarashi et al., 2009).
This process is much more complicated compared to the easy induction of RNA silencing using
simple agroinfiltration of TRV-based VIGS vectors. Also, the time duration to achieve gene
silencing in target plant by mechanical inoculation of ALSV in pUC-based expression cassette
vectors is almost 3 times longer compared to that with agroinfiltration of TRV-based VIGS

vectors.
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To alleviate this issue, an agroinfiltration system has been developed for the ALSV vector by
Kon and Yoshikawa (2014). However, these ALSV in pPCAMBIA-based binary vectors were not
publicly available. Hence, we had to develop similar vectors in our lab and validated the viral
propagation in C. grandis upon agroinfiltration of these vectors (Figure 4-7). We have also
cloned the fragments of CgPDS and CgACS gene fragments in pCALSR2 base vector (Figure 4-
7). Agroinfiltration experiments in C. grandis plants are presently ongoing with these vectors to
silence the respective genes cloned into them. If we can achieve gene silencing using the binary
ALSV vectors, it will greatly aid in the process of functional characterization for candidate genes

potentially governing sex determination and differentiation in C. grandis.

4.5 Conclusions

In this study, we have reported an efficient protocol for inducing VIGS for the silencing of
endogenous genes in Coccinia grandis using the ALSV vectors. TRV based VIGS were not
found to be efficient in C. grandis. The Agrobacterium-mediated infiltration method was more
efficient in inducing VIGS in the C. grandis plants, compared to the mechanical inoculation
method using the ALSV vectors. Using the standardized VIGS approach, our future goal is to
proceed for the functional characterization of the CJACS and CgPI gene with respect to their role

in sex determination and differentiation in Coccinia grandis.

A manuscript describing the standardized VIGS protocol presented in this chapter is under
preparation:

Devani R.S. et al. (2018). A virus induced gene silencing tool for the study of gene function in

dioecious Coccinia grandis. Under preparation.
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Investigating sex expression and modification in dioecious Coccinia grandis

through an integrated transcriptomic and proteomic approach

Sexual systems in plants are almost overwhelmingly diverse. Strikingly, in contrast to animals,
most of the species of flowering plants are co-sexual including hermaphrodite species (bearing
perfect bisexual flowers) and monoecious species (bearing unisexual male and female flowers on
the same individual). However, around 5-6 % of angiosperm species are dioecious (bearing
unisexual male and female flowers on separate individuals) (Ming et al., 2011). There are 15600
dioecious angiosperms (5-6% of the total species) in 987 genera (7% of genera) and 175 families
(43% of families), with somewhere between 871 to 5000 independent origins of dioecy (Renner,
2014). The patchy distribution of these dioecious species over the phylogenetic tree indicates that
dioecy might have evolved multiple times in different families independently (Ainsworth, 2000;
Ming et al., 2011). The evolution of dioecy would require occurrence and establishment of at
least two independent mutations that include a male-sterility (M — m) mutation and a female-
sterility mutation (Suf — Suf™m€) (Lewis, 1942; Ross, 1978). Also, these two mutations should
be closely linked to prevent the appearance of neuters and hermaphrodites due to their
recombination. Eventually, the chromosomes harbouring such mutations will evolve into sex
chromosomes. Molecular and genetic mechanisms of sex determination have been studied in
many monoecious and dioecious species such as Silene latifolia (Hardenack et al., 1994, Lebel-
Hardenack et al., 2002, Muyle et al., 2012), Rumex acetosa (Kihara and Ono, 1925, Ainsworth et
al., 1995, Navajas-Pérez et al., 2005), Carica papaya (Liu et al., 2004, Yu et al., 2008, Urasaki
et al., 2012), Asparagus officinalis (Bracale et al., 1990, Harkess et al., 2015, Tsugama et al.,
2017), Diospyros kaki (Akagi et al., 2014), Cucumis sativus (Boualem et al., 2009, Guo et al.,
2010), Cucumis melo (Boualem et al., 2008, Martin et al., 2009, Boualem et al., 2015), Zea mays
(Chuck et al., 2007), Spinacia oleracea (Pfent et al., 2005, Sather et al., 2010), Thalictrum (Di
Stilio et al., 2005) etc. Since it is believed that evolution of dioecy has happened multiple times
in angiosperms independent of each other, the molecular mechanisms of achieving unisexual
flower development will most probably vary between different groups of dioecious species
(Dellaporta and Calderon-Urrea, 1993). Hence, the underlying mechanism of dioecy discovered

in one model species may not be conserved in other phylogenetically distant dioecious species.
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Coccinia grandis is one such dioecious species having heteromorphic sex chromosomes
(Male: 22A+XY & Female: 22A+XX) (Kumar and Viseveshwaraiah, 1952, Bhowmick et al.,
2012, Sousa et al., 2013). Y-chromosome of male sex is at least twice the size of the biggest
autosome and plays a decisive role in determining maleness (Sousa et al., 2013). C. grandis
belongs to Cucurbitaceae, a family known for its diverse sexual systems (Kouonon et al., 2009).
Coccinia grandis has received less attention as a system to understand dioecy compared to S.
latifolia, R. acetosa, Populus, etc. Availability of genome sequences for four cucurbit species
gives C. grandis, an advantage as a system to study dioecy. C. grandis, commonly known as ivy

gourd, is used as a vegetable and has rich medicinal value.

To understand sex expression and modification in dioecious C. grandis, following objectives

were selected for the present investigation:

1. Candidate gene approach and comparative transcriptomics to identify novel players involved
in sex expression and modification of C. grandis.

2. Proteomic characterization of C. grandis flower buds in order to understand unisexual flower
development and AgNO3s mediated sex modification.

3. Standardization of virus induced gene silencing (VIGS) in C. grandis for functional

characterization of key differentially expressed genes by VIGS.
Chapter 1: Introduction

In this chapter, we have carried out a thorough literature survey regarding the diversity of sexual
forms in plants. The possible routes for evolution of dioecy along with the forces driving the
process were summarized. Evolution of sex chromosomes, molecular mechanisms controlling
the sex expression in some of the plant systems, reports of chemically induced sex modification
were also highlighted in this chapter. We observed that Cucurbitaceae family exhibits
considerable variety of sexual systems, wherein many of the species are of agricultural
importance. Moreover, availability of genome sequence for 4 different species gives an
advantage to Cucurbitaceae for studying the genetics of sex determination. Also, we find that sex
determination mechanisms are well-studied in monoecious cucurbits such as melon, cucumber,
watermelon, etc. (Zhang et al., 2014c). Recently, a model explaining possible route for
evolution of dioecy from monoecy has also been proposed based on the studies in melon by Dr.

Bendahmane’s group at IPS2, France (Boualem et al., 2015). These authors managed to engineer
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dioecious mating system from monoecious melon by fixation of Cmacsll loss-of-function
alleles at the population level and the maintenance of the dominant allele of CmWIPL1 at the
heterozygous level in male plants. However, sex determination mechanisms are not well
understood in dioecious members of Cucurbitaceae. Hence, we chose to develop C. grandis, a
dioecious cucurbit as a model system to understand the molecular mechanisms controlling sex

expression.

Since we were interested in establishing Coccinia grandis as a model system to understand
dioecy, at the beginning, we have carried out detailed morphological, histological and
cytological studies with three different sexual forms of C. grandis (Ghadge et al., 2014).

Following are the significant findings from this study:

a. A rare gynomonoecious (GyM) form of C. grandis bearing pistillate (GyM-F) and
morphologically hermaphrodite flowers (GyM-H) was found during our investigation.

b. Morphometric analysis showed the presence of staminodes in flowers of female plant and
histological study revealed the absence of carpel initials in the flowers of male plant.

c. Though GyM plant had XX sex chromosomes, the development of stamens occurred in
morphologically hermaphrodite flowers (GyM-H) in addition to carpels.

d. Interestingly, the sex of C. grandis female plants was modified upon treatment with
AgNOs, leading to the development of morphologically hermaphrodite flowers (Ag-H).

e. Interestingly, the pollens of Ag-H and GyM-H flowers were found to be sterile,
indicating the probable role of Y-chromosome in governing pollen fertility.

Chapter 2: Candidate gene approach and comparative transcriptomics to identify novel

players involved in sex expression and modification of C. grandis.

Due to the unavailability of genome sequence and the slow pace at which sex-linked genes are
identified, sex expression and modification in C. grandis are not well understood. In the
beginning, a candidate gene approach was taken to isolate C. grandis homologs for sex-
determining genes of other species using degenerate primers. Finally, we have carried out a
comprehensive RNA-Seq study from early-staged male, female, GyM-H, and Ag-H as well as
middle-staged male and GyM-H flower buds (Devani et al., 2017). A de novo transcriptome was

assembled using Trinity and annotated by BLAST2GO and Trinotate pipelines. The assembled
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transcriptome consisted of 467,233 ‘Trinity Transcripts’ clustering into 78,860 ‘Trinity Genes’.

Female_Early vs_Male_Early, Ag_Early vs_Female_Early, and GyM-
H_Middle_vs_Male_Middle comparisons exhibited 35,694, 3574, and 14,954 differentially

expressed transcripts respectively. Further, gRT-PCR analysis of selected candidate genes

validated digital gene expression profiling results.

Following are the significant findings from this study:

a.

Homologs of candidate genes PI, AG and ACS were isolated from C. grandis by
degenerate primer approach. Also, miR172 was isolated from C. grandis by stem-loop
PCR.

Expression analysis of these candidate genes revealed male-biased expression of CgPlI.
Interestingly, CgQACS expression was approx. 10-fold higher in female buds compared to
male. This pattern was similar to the expression profiles of CmACS-7 (melon) and
CsACS2 (cucumber) indicating a possibility of conserved sex determination mechanisms.
Ethylene response-related genes were found to be upregulated in female buds compared
to male buds.

Also, we observed that AgNOs treatment suppressed ethylene responses in Ag-H flowers
by downregulation of ethylene-responsive transcription factors leading to stamen
development.

Suppression of ethylene responses in both male and Ag-H compared to female buds
suggests a probable role of ethylene in stamen suppression similar to monoecious
cucurbits such as melon and cucumber.

Further, GO terms related to stamen development were enriched in early-staged male,
GyM-H, and Ag-H buds compared to female buds supporting the fact that stamen growth
gets arrested in female flowers.

Also, pollen fertility associated GO terms were depleted in middle-staged GyM-H buds

compared to male buds indicating the necessity of Y-chromosome for pollen fertility.
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Chapter 3: Proteomic characterization of C. grandis flower buds in order to understand

unisexual flower development and AgNO3s mediated sex modification.

Knowledge of sex-related differences can enhance our understanding about the molecular basis
of unisexual flower development. Coccinia grandis is a dioecious species belonging to
Cucurbitaceae, a family well-known for diverse sexual systems. Male and female plants have
22A+XY and 22A+XX-chromosomes respectively. Previously, we have reported a
gynomonoecious form (22A+XX) of C. grandis bearing morphologically hermaphrodite flowers
(GyM-H). Also, we showed that foliar spray of silver nitrate on female plant induces
morphologically hermaphrodite bud development (Ag-H) despite the absence of Y-chromosome.
To identify sex-related differences, total proteome from male, female, GyM-H and Ag-H flower
buds at early and middle stages of development were analysed by label-free proteomics (Devani
et al., 2018: Under review). 3385 proteins were detected (FDR < 1) using C. grandis flower bud
transcriptome database. SWATH-MS based comparative abundance analysis of 2262 proteins
between Female Early vs Male _Early, Ag _Early vs Female Early, GyM-H_Middle vs
Male_Middle and Ag_Middle vs Male_Middle identified 644, 849, 669 and 591 differentially

expressed proteins, respectively.
Following are the significant findings from this study:

a. Upregulation of ethylene biosynthesis-related proteins in female buds compared to male
buds indicated a conserved stamen arrest mechanism similar to monoecious cucurbits.

b. AgNOz treatment induced proteins related to pollen development in Ag-H buds.

c. Few proteins governing pollen germination and tube growth were highly expressed in
male buds compared to Ag-H and GyM-H buds indicating the role of Y-chromosome in

governing pollen fertility.

Chapter 4: Standardization of virus induced gene silencing (VIGS) in C. grandis for

functional characterization of key differentially expressed genes by VIGS.

Our transcriptomic and proteomic studies have identified many interesting sex-biased
genes/proteins which might govern the stamen inhibition in female flowers and pollen fertility in
male flowers of C. grandis. However, lack of an efficient in vitro regeneration and genetic

transformation tool for C. grandis was a major limitation to study the function of the sex-biased
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genes identified in our study. Initially, we attempted to achieve in vitro regeneration and
transformation of C. grandis in our lab. Agrobacterium-mediated infection was achieved in the
leaf and tendril explants of C. grandis, which was confirmed by GUS staining. However, we
failed to regenerate shoots from these transformed calli even after testing various growth
hormone concentrations. Hence, we chose to standardize virus induced gene silencing tool as an
alternative strategy for gene knockdown in C. grandis using tobacco rattle virus (TRV) and apple
latent spherical virus (ALSV).

Following are the significant findings:

a. TRV based VIGS system was not found to be efficient for gene knock-down in C.
grandis.

b. We have developed an efficient ALSV-VIGS system for C. grandis in order to
understand gene function by knock-down (Devani et al., 2018: Under preparation).

c. Robust silencing of CgPDS gene in C. grandis plants using ALSV-VIGS system was
achieved (Devani et al., 2018: Under preparation).

d. Agroinfiltration compatible binary vectors for ALSV VIGS were developed and tested
for infection in C. grandis.

e. Attempts are in progress to study candidate DE genes from our transcriptomics and
proteomics approach using ALSV-VIGS in order to understand their role in sex

expression and modification.

Future directions

Overall, our study has enabled identification of new sex-biased genes and provided a basis for
functional characterization to understand their role in stamen arrest, pollen fertility, and AgNOs-
mediated sex modification. Following future directions can be taken to enhance the knowledge

about sex expression and modification in C. grandis:

e Analysis of candidate DE genes/proteins identified from transcriptomics and proteomics
study using the ALSV-VIGS tool could help us understand their roles in sex

determination and differentiation of C. grandis.
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e Insitu hybridization studies and gene function analysis for CJACS gene would give us an
idea regarding the role of ethylene in sex determination in C. grandis.

e Detection of Gyno-hAT transposon in vicinity of WIP1 gene. A female specific
occurrence of Gyno-hAT could shed light on the possible mechanism of stamen arrest in
female flowers. Absence of Gyno-hAT in male genome can also explain the lack of
carpel primordia in male flowers.

e ldentification and knockdown of C. grandis homolog of CmACS11 can help us

understand the evolution of dioecious cucurbits from monoecious cucurbits.
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Abstract

Background: Coccinia grandis (ivy gourd), is a dioecious member of Cucurbitaceae having heteromorphic sex
chromosomes. Chromosome constitution of male and female plants of C. grandis is 22A + XY and 22A + XX respectively.
Earlier we showed that a unique gynomonoecious form of C. grandis (22A + XX) also exists in nature bearing
morphologically hermaphrodite flowers (GyM-H). Additionally, application of silver nitrate (AgNOs) on female
plants induces stamen development leading to the formation of morphologically hermaphrodite flowers (Ag-
H) despite the absence of Y-chromosome. Due to the unavailability of genome sequence and the slow pace
at which sex-linked genes are identified, sex expression and modification in C. grandis are not well understood.

Results: We have carried out a comprehensive RNA-Seq study from early-staged male, female, GyM-H, and Ag-H as well
as middle-staged male and GyM-H flower buds. A de novo transcriptome was assembled using Trinity and annotated by
BLAST2GO and Trinotate pipelines. The assembled transcriptome consisted of 467,233 Trinity Transcripts’ clustering into
378,860 Trinity Genes'. Female_Farly_vs_Male_Farly, Ag_Farly_vs_Female_Early, and GyM-H_Middle_vs_Male_Middle
comparisons exhibited 35,694, 3574, and 14,954 differentially expressed transcripts respectively. Further, gRT-PCR analysis
of selected candidate genes validated digital gene expression profiling results. Interestingly, ethylene response-related
genes were found to be upregulated in female buds compared to male buds. Also, we observed that AGNO5 treatment
suppressed ethylene responses in Ag-H flowers by downregulation of ethylene-responsive transcription factors leading
to stamen development. Further, GO terms related to stamen development were enriched in early-staged male, GyM-H,
and Ag-H buds compared to female buds supporting the fact that stamen growth gets arrested in female flowers.

Conclusions: Suppression of ethylene responses in both male and Ag-H compared to female buds suggests a probable
role of ethylene in stamen suppression similar to monoecious cucurbits such as melon and cucumber. Also, pollen
fertility associated GO terms were depleted in middle-staged GyM-H buds compared to male buds indicating
the necessity of Y-chromosome for pollen fertility. Overall, this study would enable identification of new sex-
biased genes for further investigation of stamen arrest, pollen fertility, and AgNOs-mediated sex modification.
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Background

Monoecy, dioecy, and hermaphroditism are the three
major sexual forms observed among the flowering
plants. Ninety (90%) of angiosperms are found to be
hermaphrodite (both male and female organs are in the
same flower), while 5% plant species exhibit monoecy
(male and female flowers are on the same plant) and
remaining 5% show dioecy (male and female flowers are
in separate plant) [1]. Dioecism provides a unique op-
portunity to study the genetic basis of sex determination.
Silene latifolia (Caryophyllaceae), Rumex acetosa (Poly-
gonaceae), Carica papaya (Caricaceae), Spinacia olera-
cea (Chenopodiaceae) and Populus (Salicaceae), have
been well characterized to understand the mechanism of
sex determination [2—5]. However, the molecular mech-
anism and the genes that govern sex determination are
not well understood.

Coccinia grandis (L.) Voigt, a dioecious member of
Cucurbitaceae family having an inferior ovary has re-
ceived comparatively less attention. Members of Cucur-
bitaceae family exhibit variety of sexual forms [6]. Apart
from its rich medicinal value, C. grandis, commonly
known as ivy gourd, is also used as a vegetable. Coccinia
grandis bears male and female unisexual flowers on sep-
arate plants. Similar to Silene latifolia (Caryophyllaceae),
the sex in Coccinia grandis is determined by the pres-
ence of Y-chromosome [7-9]. The chromosome consti-
tution of male and female plants is 22A + XY and 22A +
XX respectively, where Y-chromosome is larger than the
X-chromosome [10-12]. The male flower consists of
three convoluted (bithecous) stamens [13, 14] and lacks
female reproductive organs; however, the female flower
consists of three rudimentary stamens surrounding the
three fused carpels with an inferior ovary [14]. There are
two ways by which unisexual flower development can be
achieved. One of the ways is when both male and female
sex organ primordia are initiated at early stages of flower
development, but at later stages the opposite sex organs
are aborted as in Silene latifolia [15]. Another way is
that organ primordia of the opposite sex organs do not
develop at all as shown in Thalictrum dioicum [16].
Also, there are flowers, wherein the inappropriate sex
organs are retained in rudimentary form (instead of get-
ting aborted) as in Rumex and C. grandis [2, 14]. Add-
itionally, Coccinia grandis shows sex modification upon
application of AgNOj; leading to the development of sta-
mens in female flower (such flower will be referred to as
Ag-H) as described in our previous report [14]. Ag" has
been long known to be an inhibitor of ethylene response
[17]. It has been suggested that the binding of Ag® to
the ethylene receptor inhibits the conformational
change, which maintains the receptor in the active con-
formation [18]. Application of silver compounds such as
silver nitrate (AgNO3) or silver thiosulphate (Ag,S,03)
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masculinizes monoecious plants such as Cucumis sativus
as well as female plants of dioecious species such as
Silene latifolia and Cannabis sativa [19-21]. However,
the mechanism of action by which Ag" induces stamen
development is not known till date [21].

Despite the interesting discovery of sex chromosomes in
dioecious plants more than 50 years ago, the mechanism
of sex determination remains poorly understood [22, 23].
This is primarily because of the slow pace at which sex-
linked genes were identified from dioecious species (one
to two genes/year) [24]. However, the improvement in
NGS technology has already started changing the situation
by accelerating the rate of sex-linked gene identification.
The NGS-based approach has a big advantage that it does
not require prior knowledge of the gene sequences to be
investigated. Recently, an NGS-based RNA-Seq approach
was applied to Silene latifolia, which was the first report
that demonstrated the phenomenon of dosage compensa-
tion in plants [24]. A comparative transcriptomics ap-
proach was applied to papaya, a trioecious species, to
identify the candidate genes for sex determination. This
study led to the identification of 312 unique tags that were
specifically mapped to the primitive sex chromosome (X
or Y") sequences in papaya [5]. A genome-wide transcrip-
tional profiling of apical tissue of a gynoecious mutant
(Csg-G) and the monoecious wild-type (Csg-M) of cu-
cumber was also performed to isolate genes involved in
sex determination. This study revealed that genes involved
in plant hormone signaling pathways, such as ACS, Asrl,
CsIAA2, CS-AUXI, and TLP, and their crosstalk might
play a critical role in the sex determination. Authors have
also predicted the regulation of some transcription factors,
including EREBP-9, in sex determination [25]. In another
study, transcriptome sequencing was carried out from cu-
cumber flower buds of two near-isogenic lines, W11983G,
a gynoecious plant which bears only pistillate flowers and
WI1983H, a hermaphroditic plant which bears only bisex-
ual flowers [26]. This study identified differentially
expressed genes as well as putative SSR and SNP markers
between flowers of two different sexes. T Akagi, IM
Henry, R Tao and L Comai [27] sequenced genomic DNA,
mRNA as well as small RNA from flower buds of persim-
mon and identified a Y-chromosome-encoded small
RNA, OGI, that targets a homeodomain transcription fac-
tor MeGlI regulating pollen fertility in a dosage-dependent
manner. A recent de novo transcriptomics study in garden
Asparagus identified 570 differentially expressed genes,
where genes involved in pollen microspore and tapetum
development were shown to be specifically expressed in
males and supermales in contrast to females [28].

In order to identify sex-biased genes in C. grandis and
to elucidate the mechanism of AgNOj; mediated sex
modification, a comprehensive RNA-Seq study from
early-staged male (M), female (F), GyM-H and Ag-H as
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well as middle-staged male and GyM-H flower buds was
carried out. De novo transcriptome was assembled to
identify C. grandis homologs of various flower develop-
ment genes. Digital expression profiling was undertaken
to identify sex-biased genes which might play a pivotal
role in the arrest of stamen development in female
flowers, genes that promote anther development in fe-
male flowers upon AgNOj; treatment and genes control-
ling pollen fertility in male flowers.

Methods

Flower bud collection and RNA isolation

Clones of wild-type male, female and gynomonoecious
(GyM) forms of C. grandis were grown in the experimen-
tal plot at IISER Pune, India. Gynomonoecious (GyM)
plant bears pistillate flowers (GyM-F) as well as morpho-
logically hermaphrodite flowers (GyM-H) (Herbarium
Voucher: Tripura University Campus, Karmakar, 433). Fo-
liar spray of 35 mM AgNOj; solution to the basal leaves
on some of the female plants led to the development of
morphologically hermaphrodite flowers (Ag-H) as per our
earlier observation [14]. Ag-H flower buds were morpho-
logically similar to GyM-H flowers. Flower buds from
male (M), female (F), GyM-H and Ag-H were harvested
separately in liquid nitrogen and categorized into early
and middle stages based on our previous study [14]
(Fig. 1). In early-staged male flower buds, only stamens
are present with no sign of carpel initials. Whereas, early-
staged female flowers (stages 3—4, Fig. 1) have both carpel
and stamen primordia. Stamen growth in female flowers
gets arrested around stages 4—5. In the hermaphrodite
flowers of gynomonoecious plant, however, both stamens
and carpels develop simultaneously during early as well as

Middle

Early

Fig. 1 Different stages of C. grandis flower buds selected for RNA-
Seq analysis. (@) Male, (b) Female flower buds. GyM-H and Ag-H
buds sized similar to female buds were chosen for RNA seq study as
described in our previous work (Ghadge et al, 2014). Scale bar=1 cm
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middle stages of development. Our selection of early-
staged flower buds was carried out such that the event of
stamen inhibition in female flowers can be analysed.
Whereas, middle-staged flower buds were chosen such
that meiosis-stage and pollen maturation event can be in-
vestigated. Total RNA was isolated by TRIzol reagent
(Invitrogen) following the manufacturer’s instructions.
RNA quality was assessed using an Agilent Bioanalyzer
RNA nanochip, and RNA samples with RIN > 8.0 were
used for library preparation.

RNA-Seq library preparation and sequencing

Library preparation was performed at Genotypic Tech-
nology’s Genomics facility, Bangalore using Illumina
TruSeq RNA Sample Preparation Kit according to the
manufacturer’s specifications. RNA sequencing libraries
were prepared in duplicate for early-staged male (M), fe-
male (F), GyM-H and Ag-H flower buds, as well as
middle-staged male (M) and GyM-H flower buds. The
quality of all the twelve libraries and insert size distribu-
tion was assessed using an Agilent High Sensitivity Bioa-
nalyzer Chip. Libraries showed a peak in the range of
250-1000 bp. The effective sequencing insert size was
130-880 bp, and the inserts were flanked by adaptors
whose combined size was 120 bp. Libraries were quanti-
fied using Qubit and sequenced on Illumina NextSeq
500 platform, producing 2 X 150-nucleotide paired-end
reads. RNA-Seq data generated in this study has been
deposited in the NCBI SRA study SRP111347.

Pre-processing of lllumina reads and de novo
transcriptome assembly

Raw RNA-Seq reads were processed using Trimmomatic
v0.33 for trimming adapters as well as low-quality bases
from ends of the reads [29]. Poor quality reads with
average Phred quality score < 20 and reads with length <
36 were also filtered out. The resulting set of good qual-
ity reads were then assembled with Trinity v2.1.1 soft-
ware using default parameters [30, 31].

The quality of the resulting assembly was assessed by
various methods. First of all, RNA-Seq read representation
of the assembly was checked using bowtie2 [32]. ExX90N50
transcript contig length (the contig N50 value based on
the set of transcripts representing 90% of the expression
data) was computed using contig ExN50_statistic.pl script
bundled with Trinity. Then the representation of full-
length reconstructed protein-coding genes was studied.
The assembled transcripts were compared with Swiss-
Prot using BLAST and the hits were analyzed using a perl
script  blast_outfmt6_group_segments.tophit_coverage.pl,
provided with the Trinity package. BUSCO (Benchmark-
ing Universal Single-Copy Orthologs) was used to explore
completeness of the transcriptome according to conserved
ortholog content [33]. Finally, TransRate was used to



Devani et al. BVIC Plant Biology (2017) 17:241

compare the assembly to the publicly available Cucumis
sativus protein-coding primary transcript sequences [34].

Annotation of the de novo-assembled transcripts

The de novo-assembled transcripts were compared with
the viridiplantae sequences from nr and Swiss-Prot data-
base using BLASTX with an e-value threshold of le-3
[35]. BLAST output generated from this comparison
was loaded into BLAST2GO for mapping GO terms to
the transcripts and annotation [36]. Enzyme codes and
KEGG pathway mapping were also carried out. ANNEX
(Annotation Expander) was used to enhance the annota-
tions. Finally, GO-Slim mapping was applied to get a
broad overview of the ontology content.

In addition to BLAST2GO facilitated annotation, Trinotate
pipeline was used to carry out comprehensive functional
annotation of the transcripts leveraging various annotation
databases (eggNOG/GO/KEGG databases) [31]. Trinotate
pipeline also included identification of open reading frames,
homology search against Swiss-Prot and TrEMBL. Protein
domain identification was carried out using HMMER/PFAM.
Protein signal peptide and transmembrane domains were
predicted by signalP and tmHMM respectively.

Transcript quantification and differential expression
analysis

align_and_estimate_abundance.pl script from Trinity
package was applied to align cleaned reads from each li-
brary to the de novo transcriptome using bowtie and to
estimate the transcript abundance using RSEM [37].
abundance_estimates_to_matrix.pl script was used to
construct a matrix of counts and a matrix of normalized
expression values. PtR script was used to generate cor-
relation matrix and Principal Component Analysis
(PCA) plot for comparing replicates across all the sam-
ples. Differential expression analysis was carried out with
two biological replicates from the count matrix using
run_DE_analysis.pl with edgeR as the method of choice
(38]. analyze_diff expr.pl script was used to examine
GO enrichment and to extract all transcripts that had p-
values at most le-3 and were at least 272 fold differen-
tially expressed. The DE features were partitioned into
clusters with similar expression patterns by define_clus-
ters_by_cutting tree.pl script with Ptree method.

Validation of differentially expressed genes by qRT-PCR

For expression analysis, qRT-PCR was carried out using
aliquots of the same RNA samples that were used for
RNA sequencing. Two micrograms (2 pg) of total RNA
was used for complementary DNA (cDNA) synthesis by
SuperScript IV reverse transcriptase (Invitrogen) using
an oligo(dT) primer. CgACT2 gene was used as refer-
ence gene for normalization. qRT-PCR was performed
on BIO-RAD CFX96 machine with gene-specific
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forward and reverse primers (Additional file 1: Table
S1). The reactions were carried out using Takara SYBR
Premix Ex Taq II (Takara Bio Inc.) and incubated at 95 °
C for 3 min followed by 40 cycles of 95 °C for 15 s, 58 °
C for 15 s and 72 °C for 15 s. PCR specificity was
checked by melting curve analysis, and data were ana-
lysed using the 27*“T method [39].

Results

RNA sequencing, Trinity-based de novo transcriptome
assembly and annotation using BLAST2GO and Trinotate
A total of 306,575,536 paired-end reads (150 bp) were ob-
tained after sequencing all the twelve libraries on the Illu-
mina NextSeq 500 platform. Subsequently, 186,399,131
good quality paired-end reads were used for de novo as-
sembly of Coccinia grandis flower bud transcriptome
using Trinity software package with default parameters
(Table 1). The resulting assembly consisted of 467,233
“Trinity Transcripts’ clustering into 378,860 ‘Trinity
Genes’ with an N50 value of 881 bp (Table 2,
Additional file 2). The transcripts of 200—-399 bp size were
found to be most abundant in the length distribution of
assembled transcripts (Fig. 2). However, a higher propor-
tion of transcripts with length around 1000-2000 bp had
a BLAST hit compared to the proportion of smaller
transcripts (Fig. 2). Cleaned reads were mapped back to
the transcriptome using bowtie2 with ~70% or more
reads from each library aligning concordantly (Table 1).
An Ex90N50 statistic calculated using 80,806 tran-
scripts from the assembly (ignoring the rest of the tran-
scripts with poor read coverage) was found to be
1784 bp (Additional file 3: Figure S1).

Altogether, 8916 unique BLAST hits in the Swiss-Prot
database were represented by nearly full-length
transcripts, having more than 70% alignment coverage,
and 12,315 hits showed more than 50% alignment
coverage (Additional file 4: Table S2). BUSCO output
[C:89.8%(S:14.5%,D:75.3%),F:5.0%,M:5.2%,n:1440] showed
that out of 1440 BUSCOs for Plants dataset, 1293 full
length BUSCOs were detected in our de novo-assembled
Coccinia grandis flower bud transcriptome indicating
89.8% completeness. Finally using TransRate, we were able
to detect C. grandis homologs for 84% (18,039) of protein-
coding primary transcripts of C. sativus of which, 13,430
reference sequences had at least 95% of their bases cov-
ered by a CRB-BLAST hit (Additional file 5: Table S3).

Coccinia grandis flower bud transcripts were com-
pared to plant protein sequences of the nr and Swiss-
Prot databases resulting in 259,200 and 136,663 tran-
scripts having at least one hit from the respective data-
base. Species distribution analysis of the BLAST hits
showed that majority of these hits were from Arabidopsis
and rice for Swiss-Prot database whereas for nr database
most top hits were from cucumber and melon (Fig. 3a,b).
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Table 1 RNA sequencing read counts and alignment statistics
for all the samples used for de novo transcriptome assembly

Sample name Raw Reads  Cleaned reads % Read pairs mapped
concordantly

Male Early A 21,719,110 13,216,446 76.33%

Male Early B 22,080,977 12,149,633 74.834%
Female Early A 25,607,195 15,634,598 76.34%
Female Early B 25433955 15316996 75.94%
GyM-H Early A 27936206 17,378,706 76.67%
GyM-H Early B 27,617,808 17,107,330 76.69%

Ag-H Early A 26,147,527 15,140,736 71.02%

Ag-H Early B 25,392,540 15,128,539 69.35%

Male Middle A 25,502,209 15,490,027 76.70%

Male Middle B 25,837,400 15,919,727 75.27%
GyM-H Middle A 28,465,770 17,441,923 76.90%
GyM-H Middle B 24,834,839 16474470 7743%

Total 306,575,536 186,399,131

The number of transcripts annotated with various GO
terms of biological process, molecular function, and cellu-
lar component categories are provided in Fig. 3c.

Trinotate v3 pipeline was also used simultaneously for
comprehensive functional annotation of the Coccinia grandis
flower bud transcripts. Details regarding the Swiss-Prot/
TrEMBL BLAST hits, GO, KEGG and eggNOG mappings
can be found in the Additional file 6: Table S4. HMMER/
PFAM predicted protein domains, as well as information
regarding signal peptides and transmembrane domains could
also be found in the Additional file 6: Table S4. Taken
together, we have assembled a good quality transcriptome
for early- and middle-staged flower buds of Coccinia grandis
and comprehensively annotated the transcripts using well-
established BLAST2GO and Trinotate pipelines.

Differential expression analysis reveals probable factors
for pollen fertility and sex modification

Following transcriptome assembly and annotation, dif-
ferential expression analysis was carried out. First of all,
RSEM was used for transcript abundance estimation.

Table 2 Assembly statistics for C. grandis flower bud
transcriptome

Parameter Assembly statistics
Number of Trinity Transcripts’ 467,233

Number of Trinity Genes’ 378,860

Percent GC 3896

Median contig length (bp) 347

Average contig length (bp) 60645

N50 (bp) 881

Total assembled bases 283,354,298
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Following which, we checked for the correlation between
the replicates for all the samples using PtR script. PCA
analysis and correlation matrix showed a good correl-
ation between the replicate sets for each of the six sam-
ples (Fig. 4). EdgeR was used to identify the differentially
expressed transcripts for all the pairwise comparisons
between the six samples (Table 3; Fig. 5; Additional file 7:
Figure S2). Differentially expressed transcripts at a mini-
mum fold change of 2”2 with p-values at most le-3 were
extracted and GO enrichment analysis was performed
(Additional file 8: Table S5, Additional file 9: Table S6).
Among all the comparisons, few interesting ones such as
Ag_Early vs_Female_Early, Female_Early_vs_Male_Early,
and GYM-H_Middle_vs Male Middle had 3574, 35,694
and 14,954 differentially expressed transcripts respect-
ively (Table 3, Fig. 5). The DE features were parti-
tioned into clusters with similar expression patterns
(Fig. 6; Additional file 10: Figure S3). In the context
of anther development, we identified several GO
terms  (GO:0080110, GO:0010208, GO:0010584,
GO:0009555, GO:0055046, GO:0048658, GO:0048653)
differentially enriched in male buds compared to female
buds at an early stage of floral development. qRT-PCR
was done to validate the results of differential expression
analysis for a few interesting Coccinia homologs of AMS
(ABORTED MICROSPORES), CER3 (ECERIFERUM 3),
DEX1 (DEFECTIVE IN EXINE FORMATION 1), DYT1
(DYSFUNCTIONAL TAPETUM 1), EILI (ETHYLENE
INSENSITIVE 3-like 1), EMSI (EXCESS MICROSPORO

CYTES 1), FER (FERONIA), MMDI (MALE MEIOCYTE
DEATH 1), MSI (MALE STERILITY 1), SHT (Spermidine
hydroxycinnamoyl transferase), TPD1 (TAPETUM DE-
TERMINANT 1) and ZAT3 (Zinc finger protein ZATS3).
Expression profiles for these genes deduced by qRT-PCR
revealed similar patterns to that seen from the digital DE
analysis results (Fig. 7). Also, we have found GO terms re-
lated to pollen fertility enriched in the male buds
(GO:0080092, GO:0009846, GO:0009860) compared to
GyM-H and Ag-H buds, which had sterile pollens.
Accordingly, expression profile for homologs of a
number of genes involved in pollen tube development
such as CSLDI (Cellulose synthase-like protein D1;
TRINITY_DN92683_c0_gl_il), CDPKO (Calcium-dependent
protein kinase 24; TRINITY_DN93671_c0_gl_i3), PME4
(Pectin  methylesterase 4; TRINITY_DN14239_c0_gl_il),
PME37 (Pectin methylesterase 37; TRINITY_DN3663_c0_gl

_il), PPME1 (POLLEN SPECIFIC Pectin methylesterase 1;
TRINITY_DN66415_c0_gl_il) and PTR52 (Protein NRT1/
PTR FAMILY 2.8; TRINITY_DN112735 c0_gl4 i3) were
analysed and found to be enriched in middle-staged
male buds similar to our digital expression profiles
based on RNA-Seq data (Fig. 8). Downregulation of
ethylene signalling upon AgNO; treatment was evi-
dent as GO:0009723 (response to ethylene) and
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GO:0009873 (ethylene-activated signaling pathway)
were depleted in AgNOj treated plant (Additional file
9: Table S6). In order to validate this, we studied the
expression profile of Ethylene-responsive transcription
factors, ERF5, ERF17, and EF102. We found that all
three ERFs were downregulated upon AgNO; treat-
ment (Fig. 9).

Discussion

Genetic basis of sex determination and differentiation is
not well studied in C. grandis. Identification and investi-
gation of sex-linked genes would lead to better under-
standing of dioecy in plants and this can be achieved by
whole genome sequencing approach. However, sex-
determining genes are most likely linked to non-
recombining regions of Y-chromosome, which are diffi-
cult to assemble from sequence data [40]. An alternative
approach is to use comparative transcriptomics to iden-
tify sex-biased genes that could play a role in sex differ-
entiation and determination [24]. Further, the presence
of mutations and SNPs in sex-biased genes can pro-
vide insights regarding the evolution of dioecy. Using
this approach, we have assembled and annotated a de
novo transcriptome from the flower buds of dioe-
cious, gynomonoecious and AgNOj; treated female C.
grandis. We have identified differentially expressed
genes which might be playing a role in stamen arrest
of female flowers. Also, we have analysed the genes
that were differentially expressed upon AgNO; treat-
ment on female plants promoting stamen develop-
ment. Finally, we have compared middle-staged male
(bearing fertile pollens) and GyM-H buds (bearing
sterile pollens) to study the genes involved in pollen
maturation and fertility.

Differential expression of stamen developmental genes
and arrest of stamen growth in female flowers

At the early stages (stages 3—4) of flower development in
female C. grandis, both carpel and stamen organs are
initiated simultaneously. However, stamen growth gets
arrested during the course of development (stages 4-5)
resulting in a female flower with rudimentary stamens.
In contrast, no sign of carpel primordia was observed
during the histological study of flower development in
male C. grandis as described in our previous report [14].
The molecular players involved in stamen initiation and
development process are well characterized in the herm-
aphrodite plant Arabidopsis. In order to identify the
stage at which stamen growth gets arrested, Coccinia
grandis homologs of Arabidopsis stamen development
genes were identified from the de novo-assembled tran-
scriptome. Among genes involved in stamen initiation,
Pistillata (CgPI, TRINITY_DN71631_c0_gl_il) was
found to be expressed in a male-biased fashion
(Additional file 8: Table S5). Pistillata has been shown
to specify stamen identity in Arabidopsis [41] (Table 4).
Further, EXCESS MICROSPOROCYTES 1 (EMS1) has
been shown to interact with TAPETUM DETERMIN-
ANT 1 (TPD1) regulating specification of reproductive
as well as somatic cells in Arabidopsis anthers [42].
Differential expression analyses revealed that homo-
logs of both EMSI (TRINITY_DN106236_c0_g4_il)
and TPDI1 (TRINITY_DN116795_c2_gl_i3) were
enriched in male flowers compared to female flowers
(Table 4; Additional file 8: Table S5; Fig. 7). DYS-
FUNCTIONAL TAPETUM 1 (DYTI) plays an import-
ant role in tapetum development by regulating the
expression of DEFECTIVE IN TAPETAL DEVELOP-
MENT AND FUNCTION 1 (TDFI) in Arabidopsis [43].
Also, DYT1 is known to interact with Basic helix-loop-
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helix protein 89 (bHLH89) which is highly expressed in
anthers and required for normal anther development
and male fertility [44]. TDFI homolog (TRINI-
TY_DN97604_c1_g7_il) as well as bHLH89 homolog
(TRINITY_DN85771_c0_gl_i1) showed male-biased
expression in C. grandis (Table 4; Additional file 8:
Table S5). Differential regulation of these genes re-
lated to stamen development explains the possible
cause for early stamen arrest in female flowers of C.
grandis.

Table 3 Number of differentially expressed transcripts for each
pairwise comparison between the flower types. Transcripts that
had p-values at most 1e-3 and were at least 2A2 fold were
considered as differentially expressed

Flower Buds Comparison Number of DE transcripts

Ag_Early_vs_Female_Early 3574

Ag_Early_vs_GYMH_Early 34,458
Ag_Early_vs_GYMH_Middle 38,849
Ag_Early_vs_Male_Early 33,863
Ag_Early_vs_Male_Middle 36,923
Female_Early_vs_GYMH_Early 31,886
Female_Early_vs_GYMH_Middle 39,885
Female_Early_vs_Male_Early 35,694
Female_Early_vs_Male_Middle 40477

GYMH_Early_vs_GYMH_Middle 816

GYMH_Early_vs_Male_Farly 8659
GYMH_Early_vs_Male_Middle 11,576
GYMH_Middle_vs_Male_Early 12,357
GYMH_Middle_vs_Male_Middle 14,954
Male_Early_vs_Male_Middle 4427

According to recent reports from monoecious cucurbits
like melon, cucumber, and watermelon, ethylene plays a
major role in sex determination by inhibiting stamen de-
velopment process [45-48]. We found that compared to
male, GO:0009723 (response to ethylene) was enriched in
female buds indicating a potential role of ethylene in sex
determination of C. grandis (Additional file 9: Table S6).

AgNO; treatment on female plant releases the stamen
inhibition

Female plants of C. grandis bear flowers with fused car-
pels and rudimentary stamens. Earlier, we have shown
that foliar spray of 35 mM AgNOj; on the female plant
of C. grandis promotes further development of the rudi-
mentary stamens [14]. In the current study, gene expres-
sion profiles for early-staged Ag-H flower buds were
compared with female buds (Table 3; Fig. 5¢, g). Ag"
ions are known to inhibit responses to ethylene, a gas-
eous plant hormone [17]. Also, silver compounds have
been shown to induce maleness by promoting stamen
development in many monoecious and dioecious spe-
cies [19-21]. No other inhibitors of ethylene biosyn-
thesis or signaling could induce the stamen
development in Silene latifolia, suggesting that ethyl-
ene signaling might not be the only pathway that gets
affected upon application of silver thiosulphate [21].
In contrast to Silene latifolia, AVG (aminoethoxyvi-
nylglycine), an inhibitor of ethylene-biosynthesis has
been shown to induce male flowers in gynoecious
muskmelon similar to silver compounds [49]. Consid-
ering the role of 1-aminocyclopropane-1-carboxylate
synthase (ACS, an enzyme involved in ethylene bio-
synthesis) in sex determination of many other mem-
bers of Cucurbitaceae, an ethylene-mediated effect of
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AgNO; seems more likely to be involved in the modifica-
tion of sex in C. grandis [50].

In our study, GO:0009723 (response to ethylene)
and GO:0009873 (ethylene-activated signaling path-
way) were enriched in female buds compared to Ag-
H buds (Additional file 9: Table S6). Transcripts for
genes such as Ethylene-responsive transcription factors,
ERF5 (TRINITY_DN102355_c3_gl13_il), ERFI17 (TRI-
NITY_DN80749_c0_g6_il), EF109 (TRINITY_DN8704
9_c0_gl_il), EF102 (TRINITY_DN90257_cl_g2_il),
ERF99 (TRINITY_DN93821_c0_gl_i2), ERF60 (TRINI
TY_DN93262_cl_g6_i2) and ERF78 (TRINITY_DN985
03_c3_gl_il) were downregulated in Ag-H buds indi-
cating impaired ethylene signalling (Additional file 8:
Table S5). Additionally, qRT-PCR based expression
pattern analysis for ERF5, ERFI7 and EFI02 genes
clearly showed the suppression of ethylene responses
by AgNO; (Fig. 9).

Downregulation of ethylene signaling in Ag-H buds was
correlated with the promotion of stamen growth.
GO:0048655 (anther wall tapetum morphogenesis),
GO:0048657 (anther wall tapetum cell differentiation),
GO:0048658 (anther wall tapetum development) were
seen to be enriched in early-staged Ag-H buds compared
to female buds (Additional file 9: Table S6). C. grandis ho-
mologs of MSI1, MMDI (TRINITY_DN109512_c4_g3_il,
TRINITY_DN108927_c0_g6_il), ZAT3 (TRINITY_DN10

8658_c0_g2_il) and AMS (TRINITY_DN116105_c0_g2_
i1) genes which play important roles in tapetum and
pollen development of Arabidopsis flowers were upregu-
lated upon AgNO; treatment indicating promotion of
stamen growth [51-56] (Additional file 8: Table S5;
Fig. 7). MYB35 (TRINITY_DN92649_c0_g7_il), which
was proposed as a putative sex-determining gene in
Asparagus was also found to be upregulated in Ag-H
buds [57] (Additional file 8: Table S5). Apart from
that, gene ontology terms related to pollen wall as-
sembly  (G0:0010208), pollen exine formation
(GO:0010584), sporopollenin  biosynthetic process
(GO:0080110), pollen development (GO:0009555) and
pollen sperm cell differentiation (GO:0048235) were also
enriched in Ag-H buds (Additional file 9: Table S6). Fur-
ther, we noticed that Ethylene-responsive transcription fac-
tors (ERFs) were not affected in GyM-H buds as
compared to female buds suggesting that stamen develop-
ment in GyM-H flower buds might be regulated by some
other mechanism evading ethylene signaling inhibition.

Transcripts governing pollen fertility are depleted in
GyM-H and Ag-H flower buds

C. grandis is one of the few species in which the pres-
ence of heteromorphic sex chromosomes is reported.
The large Y-chromosome present in males might play a
major role in sex determination. The GyM form of C.
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grandis included in the current study does not have Y-
chromosome [14]. GyM-H flowers still develop full-sized
stamens despite lacking Y-chromosome. Similarly,
AgNO; treatment induces stamen development in fe-
male plants having XX sex chromosomes. However, the
pollens from GyM-H and Ag-H flowers buds were found
to be sterile unlike the pollens from male buds [14].

Differential expression analysis revealed that gene ontol-
ogy terms for pollen tube (GO:0090406), pollen germin-
ation (GO:0009846), regulation of pollen tube growth
(GO:0080092), pollen tube growth (GO:0009860) and
microsporogenesis  (GO:0009556) were enriched in
middle-staged male buds compared to middle-staged
GyM-H buds (Additional file 9: Table S6).
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GAUTE plays an important role in pollen tube wall biosyn-
thesis in Arabidopsis [58]. TRINITY_DN111340_cl_gl_i6,
which showed similarity with GAUTE was enriched in
male buds compared to GyM-H buds. Unlike most
other plant cell walls, pollen tube wall does not contain
callose or cellulose. Pectin methylesterases (PMEs) have
been shown to play a very important role in the growth
of pollen tubes [59-61]. PME4 (TRINITY_DN14239 c0
_gl il), PME37 (TRINITY_DN3663_c0_gl_il) and
PPME] (TRINITY_DN66415_c0_gl_il, TRINITY_DN7
1598_c0_g2_i1) were downregulated in GyM-H buds

compared to male buds (Additional file 8: Table S5).
This could be a possible cause for pollens from GyM-H
not forming pollen tubes. H Zhan, Y Zhong, Z Yang
and H Xia [62] has shown that JPMKB (Inositol poly-
phosphate multikinase beta) is an important factor for
pollen development. We have found that TRINI-
TY_DN96290_c0_g3_i2 transcript matching to Arabi-
dopsis IPMKB (Atlpk2beta) was downregulated in
GyM-H compared to male buds. Earlier, several reports
have demonstrated that MALE STERILITY 1 (MSI)
gene of Arabidopsis expresses in tapetal cells and plays
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an important role in pollen maturation [51, 54, 55].
C. grandis homolog of MS1, TRINITY_DN109512_c4
_g3_il1 was expressed in a male-biased manner
(Additional file 8: Table S5; Fig. 7). Similarly, homo-
logs of genes important for pollen tube growth such
as CSLD1 (TRINITY_DN92683_c0_gl_il), CDPKO
(TRINITY_DN93671_c0_gl1_i3), NRXI (TRINITY_DN
106708 _c1_g2_i3), PTR52 (TRINITY_DN112735_c0_g
14_i3; TRINITY_DN112735_c0_g3_il), TAF6 (TRINI
TY_DN96231_cl1_gl_i2) and CALS5 (TRINITY_DN1
13564_c1_gl_il) were enriched in male [63-68]
(Fig. 8, Additional file 8: Table S5). Genes involved

in pollen exine formation such as FACR2/MS2 (TRI
NITY_DN74585_cl_g5_i3), EA6 (TRINITY_DN7627
4_cl_gl_il), C70A2/DEX2 (TRINITY_DN99059_c0_
gl_il) were also upregulated in male [69-71]. EMSI
(TRINITY_DN89942_c0_g7_i1), SERK1 (TRINITY_D
N108624_c1_g7_i5), JASON (TRINITY_DN83440_c0
_gl_il), RPK2 (TRINITY_DN113423_c0_gl_i4), which
are essential for microsporogenesis and pollen matur-
ation were observed to be expressed at significantly
higher levels in middle-staged male buds compared to
GyM-H buds. [72-75] (Additional file 8: Table S5;
Fig. 7).
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Table 4 Digital Expression profile for genes in anther
developmental pathway

Stage of stamen development  Genes Expression pattern
Stamen Primordia Initiation AG Unbiased
CLV1/CLV2 Unbiased/male-biased
PI Male-biased
AP3 Unclear homolog
JAG Male-biased
Archesporial initiation BAM1/BAM2  Unclear homolog
SPL/NZZ Unclear homolog
Tapetal Development EMS1T Male-biased
SERK1/2 Male-specific
TPD1 Male-biased
RPK2 Male-specific
TDF Male-biased
DYT1 Unbiased
bHLH89 Male-biased
Mature Pollen Formation AMS Male-biased
MS1 Male-biased
MS2 Male-biased
MIA Unbiased
LAP3 Unbiased
LAPS Male-biased

Expression profiling for homologs of MSI, EMSI,
DYTI, PME4, PME37, PPME1, CSLDI, CDPKO, and
PTR52 was studied by qRT-PCR for all the tissue samples
including middle-staged Ag-H buds (Figs. 7 and 8; Table
4). Transcripts for all these homologs were downregulated
in Ag-H buds and GyM-H buds, suggesting a male-biased
expression pattern implicating the reason for pollen steril-
ity in Ag-H and GyM-H buds.

Conclusions

De novo-assembled transcriptome developed from
RNA-Seq of different sexual phenotypes has enabled
identification of C. grandis homologs of many genes
known to be involved in flower development in spe-
cies such as Arabidopsis, melon, and cucumber. We
found out that many genes involved in stamen initi-
ation, tapetal development, and pollen maturation
were downregulated in female buds compared to male
buds. Interestingly, ethylene response-related genes
were upregulated in female buds compared to male
buds indicating a probable role of ethylene in stamen
suppression similar to monoecious cucurbits such as
melon and cucumber. We speculate that the Y-
chromosome might express genes that inhibit ethylene
signaling or suppress the carpel development, the site
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of ethylene production leading to the formation of
stamens in male flowers. This was supported by the
observation that AgNO; treatment suppressed ethyl-
ene responses and induced stamen development in fe-
male flowers of C. grandis. However, the pollens
produced by Ag-H flowers were sterile indicating a
decisive role of Y-chromosome in determining male-
ness. In accordance with this, the transcripts involved
in pollen maturation, pollen germination, and pollen
tube elongation were depleted in middle-staged GyM-
H buds compared to male buds. This could be be-
cause of the absence of Y-chromosome in GyM plant.
Altogether, differentially expressed genes identified in
this study could shed light on the probable mecha-
nisms of sex determination, differentiation, and modi-
fication in C. grandis.
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Ag-H flower buds: Hermaphrodite flowers from a plant treated with silver
nitrate; AVG: Aminoethoxyvinylglycine; BUSCO: Benchmarking Universal
Single-Copy Orthologs; CRB-BLAST: Conditional Reciprocal Best BLAST;
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Abstract

Background: Coccinia grandis is a dioecious species of Cucurbitaceae having heteromorphic sex chromosomes.
The chromosome constitution of male and female plants is 22 + XY and 22 + XX respectively. Y chromosome of
male sex is conspicuously large and plays a decisive role in determining maleness. Sex modification has been
studied in hypogynous Silene latifolia (Caryophyllaceae) but there is no such report in epigynous Coccinia grandis.
Moreover, the role of organ identity genes during sex expression in Coccinia has not been evaluated earlier.
Investigations on sexual phenotypes of C. grandis including a rare gynomonoecious (GyM) form and AgNOs;
mediated sex modification have added a new dimension to the understanding of sex expression in dioecious
flowering plants.

Results: Morphometric analysis showed the presence of staminodes in pistillate flowers and histological study
revealed the absence of carpel initials in male flowers. Though GyM plant had XX sex chromosomes, the
development of stamens occurred in hermaphrodite flowers but the pollens were not fertile. Silver nitrate (AgNO3)
application enhanced stamen growth in wild type female flowers like that of GyM plant but here also the pollens
were sterile. Differential expression of CgPl could be involved in the development of different floral phenotypes.

Conclusions: The three principle factors, Gynoecium Suppression (Suh), Stamen Promoting Factor (SPF) and Male
Fertility (m") that control sex expression in dioecious C. grandis assumed to be located on Y chromosome, play a
decisive role in determining maleness. However, the characteristic development of stamens in hermaphrodite
flowers of GyM plant having XX sex chromosomes indicates that Y-linked SPF regulatory pathway is somehow
bypassed. Our experimental findings together with all other previous chromosomal and molecular cytogenetical
data strongly support the view that C. grandis could be used as a potential model system to study sex expression
in dioecious flowering plant.

Keywords: Coccinia grandis, Hypogynous, Epigynous, Dioecious, Gynomonoecy, Heteromorphic sex chromosomes,
Sex modification, Organ identity genes, Silver nitrate
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Background

The vast majority of angiosperms are hermaphrodites hav-
ing bisexual flowers and nearly 10% of the flowering plants
produce unisexual flowers [1]. Sexual systems are coupled
with the numerous combinations of unisexual and herm-
aphrodite flowers. There are about 6% angiosperms which
are dioecious bearing male and female flowers on separate
individuals [2,3]. Literature study suggests that dioecious
plants have evolved independently and multiple times
from their bisexual progenitors [4-6].

In comparison to animals, dioecious plants show rela-
tively recent origin of sex chromosome evolution [7,8].
Sex determination in dioecious plants may be either gen-
etically or environmentally controlled phenomenon [9].
Some dioecious plant species have fertile bisexual relatives
[10], which are excellent system for sex chromosome
study. The occurrence of sex chromosomes in dioecious
plants is surprisingly rare and only 19 species are known
to have heteromorphic sex chromosomes [10]. The het-
eromorphic sex chromosomes are well-studied in Silene
latifolia (Caryophyllaceae), in which male and female
plants carry XY and XX sex chromosomes respectively
[11]. The Y chromosome is reported to be the largest of all
chromosomes [12] and it consists of three sex determining
regions viz., Gynoecium Suppression Factor (Su), Stamen
Promoting Factor (SPF) and Male Fertility Factor (m")
[13,14]. Other well-studied dioecious plants are Rumex
acetosa exhibiting X to autosome ratio [15,16] and Poplar
known for ZW system [17] for sex determination. In pa-
paya, sex determination is controlled by a pair of recently
evolved sex chromosomes, Y controlling male and Y con-
trolling hermaphrodite [18]. Thus, sex chromosome study
in different dioecious plant species provides an insight for
better understanding of plant sex chromosome evolution.

Plant sex determination genes were so far identified
from monoecious species by map based cloning ap-
proach because there is no recombination suppression
at the sex determination loci [19]. Recent genomic tech-
nologies augmented the identification of X- and Y-
linked genes and allowed the detection of dosage com-
pensation of X- linked genes in S. latifolia [20-22]. In
papaya, 8.1 Mb hermaphrodite-specific region of the Y
chromosome (HSY) and its 3.5 Mb X chromosome
counterpart were sequenced and annotated for identifi-
cation of sex determination genes [23-25].

It is now well documented that silver nitrate (AgNO3)
as well as silver thiosulfate (Ag,S,03) have masculinizing
effect on many dioecious and monoecious plants [26-29].
Beyer [30] reported that AgNO; acts as an anti-ethylene
agent and induces male flowers by suppressing female re-
productive organs. Evidences are also there that AgNO;
can modify sex via inhibition of ethylene [29,31,32]. How-
ever, a study in Silene latifolia, contradicts this hypothesis
and proposes that sex modification might be mediated by
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inhibition of sulfahydryl enzymes upon application of sil-
ver thiosulfate [28]. Janousek et al. [33] showed that 5-
azacytidine treated male plants of S. latifolia developed
hermaphrodite flowers due to hypomethylation. This indi-
cated the possible role of epigenetic control in sex deter-
mination and modification. Another unique case of sex
modification is observed due to smut fungus (Microbo-
tryum violaceum) infection in Silene latifolia. This fungus
was reported to induce the development of anthers in fe-
male flowers (XX genotype) of Silene latifolia [34]. How-
ever, in this case, pollens were found sterile indicating the
decisive role of Y chromosome in fertility of pollens. Inves-
tigations on sex modification in dioecious plants may
enhance our knowledge on how a genetically controlled
program gets modified to an altered state.

Unlike Silene latifolia (Caryophyllaceae), Rumex acetosa
(Polygonaceae), Carica papaya (Caricaceae), Spinacia
oleracea (Chenopodiaceae) and Populus (Salicaceae)
[16,17,35,36], which have been well characterized to
understand the mechanism of sex determination, Coccinia
grandis, a member of Cucurbitaceae family having an in-
ferior ovary received comparatively less attention. Coccinia
is a small genus comprising 27 species, all dioecious in na-
ture [37]. It is one of the few dioecious plant species, in
which presence of heteromorphic sex chromosomes is re-
ported. The chromosome constitution of male and female
plants is 22 + XY and 22 + XX respectively [38]. Literature
survey suggests that sexual dimorphism in C. grandis is
determined by a large Y chromosome [38-41], which ap-
pears to be of comparatively recent origin [37]. However,
the genes involved in sex determination of C. grandis are
not yet known. Genome of C. grandis is almost six times
smaller than that of Silene latifolia and is closely related to
four fully sequenced genomes of Cucurbitaceae species
[42,43]. Y chromosome of C. grandis is the largest one
found in land plants; and it is heterochromatic, differently
from the euchromatic Y chromosome of S. latifolia [43].

In addition to male and female sex forms of C. grandis,
Kumar and Viseveshwaraiah [38] reported a gynodioe-
cious form in which male flowers of the hermaphrodite
plants were sterile. Earlier, Holstein and Renner [37] re-
corded a sexual phenotype of C. intermedia having male
and female flowers/fruits on the same node. In the
present investigation, we have identified a rare gynomo-
noecious plant (herein after referred as GyM), bearing
hermaphrodite (GyM-H) and pistillate (GyM-F) flowers
on the same plant. The presence of this naturally occur-
ring GyM plant provides a great opportunity to study
the genetic basis of sex determination in C. grandis.

To understand the floral development and sex expression
in C. grandis, we aimed at a comprehensive charac-
terization of sexual phenotypes through morphometric,
histological, chromosomal and molecular approaches. In
the present investigation, it was observed that foliar spray
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of AgNOs is able to induce hermaphrodite flowers in wild
type female plants. To determine whether Organ Identity
Genes (OIGs) have any role in differentiation of the sexes,
expression studies were carried out in male, female and
GyM plants. To our knowledge, no such report for C.
grandis is available in the literature.

Results

Morphological differences amongst three sexual phenotypes
While there exist striking similarities in inflorescence, sepal
and petal characters, differences in the morphology of ma-
ture flowers were clearly observed amongst the three sexual
phenotypes. Mature male flowers were seen to be com-
posed of three whorls having five sepals, five united petals
and five (2 +2+ 1) synandrous stamens (Figure 1A,E). In
contrast, the female flowers were composed of four whorls.
While sepals and petals were identical to male flowers, the
stamens were found to be arrested as rudimentary sta-
minodes. The gynoecium consisted of three carpels hav-
ing a fused style with three bifid stigmas (Figure 1B,F).
The GyM plants bear two different types of flowers (i)

Figure 1 Morphology of mature flowers of Coccinia grandis.
Macroscopic view of staminate flower (A) of male plant, pistillate flower
(B) of female plant, hermaphrodite (GyM-H) (C) and pistillate (GyM-F)
(D) flowers of gynomonoecious (GyM) plant with petals cut open. Petals
removed from staminate flower (E) of male plant, pistillate flower (F)

of female plant, hermaphrodite (GyM-H) (G) and pistillate (GyM-F) (H)
flowers of gynomonoecious (GyM) plant to show inner floral organs. st:
Stamens, ¢: carpels, rst: rudimentary stamens, o: ovary. Scale bars =1 cm.
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hermaphrodite (GyM-H) and (ii) pistillate (GyM-F)
(Additional file 1: Figure S1). The GyM-H flowers had four
whorls, almost similar to the flowers of female sex; the only
difference being here that the staminodes gradually de-
veloped to mature stamens (Figure 1C,G). It was also
observed that some of the GyM-H flowers exhibited in-
complete growth of stamens (Additional file 2: Figure S2A)
as well as petaloid stamens (Additional file 2: Figure S2C).
The organization of floral organs in GyM-F flowers of
GyM plant was found to be similar to that of wild type fe-
male plant (Figure 1D,H). We observed random positional
distribution of GyM-F and GyM-H flowers in GyM plant
and the ratio of these flowers was found to be approxi-
mately 30:70 during the months of April to July. The phy-
logenetic analysis using matK and trnSEY-trnGYC
intergenic spacer region, revealed that the GyM plant is
another sexual phenotype of Coccinia grandis (Additional
file 3: Figure S3). Except for the three sexual phenotypes
of Coccinia grandis (Additional file 4: Table S1), sequences
for constructing the phylogenetic tree were used from the
previously published data [37]. Seed content of fruits from
female plant (seed number and seed weight per fruit) was
observed to be higher than that of fruits from GyM plant
(Additional file 5: Figure S4A,B).

Histological analysis

To understand the sequential development of sex organs,
histological analysis was carried out at different stages
of flower development for all three sexual phenotypes
(Figure 2A-T).

Male: Histological observation of male flowers (stages
3—4, Additional file 6: Figure S5A) showed the presence
of sepals, petals and stamens having no sign of carpel
initials (Figure 2A). Even in the later stages of flower de-
velopment, any rudimentary carpel was not observed.
However, the possibility of presence of carpel initials in
primordial stages of flower development cannot be
completely ruled out. Further growth of stamens was
observed in the successive stages of male flower deve-
lopment (Figure 2B-D). Finally, in stage 12 (Additional
file 6: Figure S5A), mature pollens were found inside the
anthers when petals were about to open (Figure 2E,
Additional file 7: Figure S6).

Female: Whereas female flowers (stages 3—4, Additional
file 6: Figure S5B) exhibited the presence of sepals, petals,
stamen initials and carpels having an inferior ovary in four
whorls (Figure 2F). While development of the androecium
remained arrested in early stages, growth of the gyno-
ecium was noted in successive stages of development
(Figure 2G-I). At stage 12 (Additional file 6: Figure S5B),
when the petals were about to open, the gynoecium was
found to be completely developed (Figure 2J).

GyM: Presence of sepals, petals, stamens and carpel
initials along with an inferior ovary was observed in four
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Figure 2 Longitudinal sections (L.S) of flower buds at different developmental stages. (A-E) are the sections of staminate flowers of male
plant, (F-J) are the sections of pistillate flowers of female plant, (K-O) and (P-T) are the sections of hermaphrodite (GyM-H) and pistillate (GyM-F)
flowers of gynomonoecious (GyM) plant respectively. p: Petals, s: sepals, ¢: carpels, st: stamens, rst: rudimentary stamens, o: ovary. Scale bars are

500 umin A, TmminB, C F, G H KLPandQ and2mminD,E I, J, M, N O R SandT.

successive whorls of GyM-H flowers at early stages of
development (Figure 2K, Additional file 2: Figure S2B).
Further growth of the gynoecium and androecium oc-
curred in successive stages of development (Figure 2L—N)
and at stage 12 (Additional file 6: Figure S5C), growth of
the gynoecium and androecium was found to be complete
(Figure 20). However, development of GyM-F flowers in
GyM plant was found to be identical to that of wild type
female plant (Figure 2P-T).

Chromosomal study

In order to have a better understanding of the relation be-
tween male, female and GyM plants of C. grandis growing
in the same environment, comparative cytological studies
were carried out. The somatic chromosome number of
male, female and GyM plant was found to be 2n = 24

(Table 1). Sex chromosomes were heteromorphic and
in male plants Y chromosome was conspicuously large
(Figure 3A). In wild type female and GyM plants, the
chromosome constitution is 22 + XX (Figure 3B,C). The
karyotype of wild type female and GyM plant showed
similarity to a considerable extent (Figure 3B,C). Meiotic
studies of male sex showed end to end pairing between X
and Y chromosomes (Figure 3D). In contrast, normal
pairing of homologous chromosomes were found in GyM-
H flowers of GyM plant (Figure 3E).

AgNOs induced sex modification

Different concentrations of silver nitrate (AgNO3) solu-
tion were sprayed on the basal leaves of male, female
and GyM plant (Additional file 8: Table S2). Newly
emerging flower buds of wild type female plants showed
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Table 1 Numerical data on somatic chromosome complements of C. grandis (male, female and gynomonoecious (GyM)

plants)
Chromosome numbers Chromosome size (um)* (Mean + SD) F% Position of centromere
Male Female GyM Male Female GyM Male Female GyM
1 1.92£0.07 201+£003 1.92£0.06 50 50 50 m m m
2 1.92 £0.06 1.92 £0.06 1.92 £0.07 45 45 48 nm nm nm
3 1.76 £0.03 1.84 £0.06 1.82 £0.04 50 50 50 m m m
4 1.76 £0.03 1.76 £0.03 1.76 £ 0.06 45 47 45 nm nm nm
5 1.62 +0.07 1.62 £0.03 1.65 +0.03 33 33 33 sm sm sm
6 1.62 £0.03 1.62 £0.03 1.65 £0.03 46 46 46 nm nm nm
7 1.54 +£0.09 1.54+0.07 1.54+£0.07 43 43 43 nm nm nm
8 1.54+0.03 1.54+£0.07 1.54 £0.09 46 47 47 nm nm nm
9 140+0.02 1.54+£0.07 143 £0.05 44 47 47 nm nm nm
10 1.22+0.09 1.22+0.05 1.23+0.03 44 46 46 nm nm nm
11 1.22+001 122005 1.23£003 45 45 46 nm nm nm
12 1.10£0.06 1.10£0.06 1.10£0.06 44 46 47 nm nm nm
Y' 460+007 - - 48 - - nm - -

*Mean of 5 metaphase plates. GyM: gynomonoecious, m: metacentric, nm: nearly metacentric, sm: submetacentric. The karyotype of male and female plants was
compared with the gynomonoecious (GyM) chromosomes. Y': Single Y chromosome present in male sex.

enhanced growth of stamens after application of AgNO3
solution (Figure 4A-D) whereas; male flowers did not
show any changes in floral structure. Histological studies
further confirmed the dose dependent stamen growth in
wild type female flowers (Figure 4H-K; Additional file 8:
Table S2). However, concentrations higher than 35 mM

had lethal effect. At dosages of 30 and 35 mM of
AgNOg3, the morphology of newly developed flowers was
comparable to GyM-H flowers after 10-12 days of obser-
vation (Figure 4D-G). Interestingly, all mature flowers
in GyM plant were found to be hermaphroditic after ap-
plication of AgNOj3 indicating that even the staminodes
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Figure 3 Metaphase chromosomes of C. grandis. Mitotic metaphase chromosomes showing 2n =24 chromosomes of male (A) (arrow
indicates the large Y chromosome), female (B) and gynomonoecious (GyM) (C) plants. Meiotic metaphase chromosomes showing 12 bivalents of
male (D) (arrow indicates end to end pairing of X and Y chromosomes), gynomonoecious (GyM) (E) plants. Scale bar =5 um.
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Figure 4 Effects of silver nitrate (AgNOs) solution on female plant. (A-C) are the pictures of female flowers after spraying of AGNO3 solution
showing gradual enhanced stamen growth. Magnified view of stamens in (D) pistillate flowers of AGNO; treated female plant and (E)
hermaphrodite (GyM-H) flowers of gynomonoecious (GyM) plants. Scanning electron micrographs of top view of (F) pistillate flowers from AgNO;
treated female plant and (G) hermaphrodite (GyM-H) flowers of gynomonoecious (GyM) plants. Petals and sepals have been removed to better
view sexual structures. Longitudinal sections (H-K) of flower buds of silver nitrate treated female plant (after spraying of 35 mM silver nitrate
solution). H, | — flower buds of stage 5, J — flower bud of stage 8 and K — flower bud of stage 10. p: Petals, s: sepals, ¢: carpels, st: stamens, o:
ovary. Scale bars are 300 ym in F, T mm in G, H and |, and 2 mm in J and K.

) v .

of pistillate flower buds have developed into mature sta-
mens (Additional file 9: Figure S7).

Mating experiments and pollen fertility

Mating experiments were designed to investigate the fer-
tility of pollens from male flowers and GyM-H flowers
(Table 2). The crosses between male and emasculated
GyM-H resulted in 83.33% of fruit setting. No fruit set-
ting was recorded in crosses between GyM-H and wild
type female flowers. It was also noted that 90% fruit set-
ting occurred in crosses between male and wild type fe-
male (Table 2). Similarly, the crosses between the wild
type male and the pistillate flowers of GyM plant also
yielded 93% of fruit setting. However, no fruit setting
was achieved in crosses between GyM-H and GyM-F
flowers and by selfing GyM-H (Table 2).

For viability assays, pollens were isolated from opened
flowers of male, GyM-H and converted flowers of AgNO;
treated female plant. Pollens from male flowers took aceto-
carmine stain; whereas pollens from GyM-H flowers and

converted flowers of AgNO; treated female plant did not
retain any stain (Figure 5A—C). These results were recon-
firmed with FDA test (Figure 5D-F). In addition, pollen
germination was also tested for male, GyM plant and
AgNO; treated female plant. Highest frequency of pollen
germination (38%) was achieved when pollens of male
flowers were incubated in 5% sucrose solution containing
required amount of Ca(NO3), and H3BOj3 (Figure 5G,H).
In contrast, pollens of hermaphrodite flowers of GyM and
AgNO; treated female plant did not show any germination
when incubated in different germinating media. From the
above results, we concluded that pollens of male flowers
are fertile and pollens from GyM-H and converted flowers
of AgNOj treated female plant are sterile in nature.

Identification and expression analysis of Organ Identity
Genes (OIGs)

In order to understand whether B and C class Organ Iden-
tity Genes (OIGs) have any role in determining the sex of
the developing flowers of male, female and GyM plant,



Ghadge et al. BMC Plant Biology 2014, 14:325 Page 7 of 15
http://www.biomedcentral.com/1471-2229/14/325

Table 2 Mating design and percentage of fruit set in C. grandis

Mating design Pollen source No. of fruit set % fruit set Remarks
Male X GMH (emasculated) Male 833+0.577 83.33 Fertile pollen
Male X GMF Male 9.33+£0577 9333 Fertile pollen
Male X Female Male 9.0+1.00 90.00 Fertile pollen
GMH self GMH 0.00 0.00 Sterile pollen
GMH X GMF GMH 0.00 0.00 Sterile pollen

Replications =3, N =30, No. of crosses/ mating design are 10 for all the above sets.

GyM-H: hermaphrodite flower from gynomonoecious (GyM) plant, GyM-F: pistillate flower from gynomonoecious (GyM) plant.

CgPI (a B class OIG) and CgAG (a C class OIG) were iso-
lated and an expression analysis was carried out using
quantitative real-time PCR (qRT-PCR). The degenerate
primers based on the conserved amino acid sequences of
PI (PISTILLATA) and AG (AGAMOUS), yielded ~350 bp
of PISTILLATA (CgPI) and ~250 bp of AGAMOUS (CgAG)
homologs through RT-PCR reaction. The partial sequences

for CgPI [DDBJ:AB859715] and CgAG [DDBJ:AB859714]
have been deposited in DDB]J. Full length transcript se-
quences were deduced from 5" and 3" RACE products and
amplicons of CgPI (~893 bp) and CgAG (~952 bp) were ob-
tained (Figure 6A). cDNA for CgPl and CgAG coded for
putative proteins of 212 and 232 amino acids respectively.
The deduced amino acids sequences for both the genes

standard errors are reported in the graph; n=10.

Figure 5 Viability tests of pollens from male, gynomonoecious (GyM) and AgNOs treated female plants. Pollens stained with 1%
acetocarmine from male (A), gynomonoecious (GyM) (B) and AgNOs treated female (C) plants. (D), (E) and (F) are the fluorescein diacetate (FDA)
stained pollens from male, gynomonoecious (GyM) and AgNOs treated female plants respectively. Pollens stained with acetocarmine (A) and FDA
(D) are viable. Scale bars are 10 um in A, 5 um in B, 50 um C, and 25 um in D, E and F. (G) Highest germination of male pollens in 5% sucrose
solution. Scale bar =50 um. (H) Graphical representation of the germination percentage in different concentrations of sucrose solutions. Means +
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(See figure on previous page.)

Figure 6 Full length CgPl and CgAG transcript isolation and multiple sequence alignment of deduced amino acid sequences.

(A) Amplification of full length CgPl and CgAG transcripts from total RNA harvested from flower buds. (B) Comparison of CgPl with other PIISTILLATA-
like genes. (C) Comparison of CgAG with other AGAMOUS-like genes. Conserved regions are shaded in black. At_Pl, Cg_PI, Cs_CUM26 and Cm_pMADS2
are PISTILLATA like genes from Arabidopsis thaliana, Coccinia grandis, Cucumis sativus and Cucumis melo respectively. Cg_AG, Cs_MADST, Cm_AGAMOUS,
Mc_MADS_box2, At_AGAMOUS are AGAMOUS like genes from Coccinia grandis, Cucumis sativus, Cucumis melo, Momordica charantia and Arabidopsis
thaliana respectively. MADS domain and K-box are identified by NCBI's conserved domain database and marked accordingly.

showed high conservation when aligned with other PISTIL-
LATA and AGAMOUS like genes (Figure 6B,C). Two con-
sensus regions, MADS domain and K-box were found on
the deduced amino acid sequences (Figure 6B,C).

CgPI, a B class gene required for petal and stamen devel-
opment, was found to be expressed in male, wild type fe-
male and GyM flower buds (Figure 7A). Expression of
CgAG, a C class gene essential for stamen and carpel de-
velopment, was also noted in male, wild type female and
GyM flower buds (Figure 7B). Our results showed that
both these genes are expressed in all developmental stages
(Additional file 6: Figure S5) (early, middle and late) of
flowers from male, female and GyM plant. CgPl had a sig-
nificant difference of expression across all three sexual
forms during early, middle and late developmental stages
(Figure 7A), while CgAG showed significant differential
expression in buds of early stages only (Figure 7B). We
have also noted that CgPI expression is comparatively high
in male flower buds than that of wild type female buds.
However, GyM flowers exhibited an intermediate level of
CgPI expression in early and late staged buds (Figure 7A).
Further, our results for stamen-specific expression analysis
showed a significant difference for both CgPl and CgAG
levels between stamens of male, GyM-H, AgNOj; treated
female plant, rudimentary stamens of GyM-F and wild
type female plant (Figure 7C,D). Surprisingly, rudimentary
stamens of GyM-F showed higher CgPI expression than
stamens of GyM-H flowers (Figure 7C).

Discussion

Carpel and stamen differentiation programmes follow
independent pathway

In contrast to Silene latifolia, where rudimentary gynoecium
is found in male flower [44,45] histological study revealed
the absence of carpel initials even at early stage of devel-
opment (stages 3-4, Additional file 6: Figure S5A) of male
flower in C. grandis (Figure 2A,B). Though stamen initi-
ation occurs in female plants, its growth is arrested at
early stages (stages 4—5, Additional file 6: Figure S5B) of
flower development (Figure 2G-I) leading to the retention
of sterile staminode in mature flower. This indicates a
functional interference in the male differentiation pathway
of female flowers as was reported in Silene latifolia [14].
In GyM-H flowers, androecium and gynoecium develop
simultaneously till maturation (Figure 2K, L) and arrest of
stamen or carpel growth is not observed (Figure 2M-0O).

However, in pistillate flowers of GyM plant, arrest of sta-
men growth occurs at early stages like the flowers of wild
type female plant (Figure 2Q,R). The development of ma-
ture carpel with arrested stamen growth as evidenced by
the presence of rudimentary staminodes in pistillate
(GyM-F) flowers and the synandrous stamens with fully
grown carpel in GyM-H flowers indicate that the carpel
and stamen differentiation programmes follow independ-
ent pathway.

Gynomonoecious (GyM) C. grandis - is not a Y-deletion
mutant
While investigating the morphological differences between
male and female sexes, we have recorded the existence of a
GyM plant in the north eastern part of India (Tripura) that
exhibited morphological characteristics similar to that of
male and female sex forms of C. grandis. The morpho-
logical characterization and the phylogenetic analysis, based
on the tree constructed with matK and trnSS“V-trnGYC
intergenic spacer regions clearly establish the identity of the
GyM plant to be another sexual phenotype of C. grandis.
The present record of diploid chromosome number 21 =
24 in both male and female sexes (Figure 3A,B) and the
presence of heteromorphic sex chromosomes in male
plants corroborate previous findings and validate XY sex
determination system [38,43,46-48]. The characteristic end
to end pairing between X and Y chromosomes (Figure 3D)
indicates recombination between Pseudo Autosomal Re-
gion (PAR) [43] and that there are non-recombining re-
gions between X and Y chromosomes as was suggested by
other researchers to explain the genetic basis of sex deter-
mination in some dioecious plants [13,49]. The absence of
carpel initial in male plant suggests that the Y chromosome
has a dominant gynoecium suppressor gene at the non-
recombining region like that of S. latifolia [13]. The karyo-
type of GyM plant shows high degree of similarity to that
of wild type female (Table 1; Figure 3B,C). The smallest bi-
valent found in metaphase I of hermaphrodite flower does
not match with the size of X chromosome of hetero-
morphic pair found in male sex (Figure 3D,E). Therefore,
it requires further test to assume the smallest chromo-
somes as X chromosome [43] and at this stage, it remains
inconclusive due to the unavailability of X- specific probes
in C. grandis. The absence of male specific Y chromosome
in GyM plant and normal pairing between homologous
chromosomes (Figure 3C,E) indicate that GyM plant also
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Figure 7 Expression analyses of Organ Identity Genes (OIlGs) from C. grandis. Expression patterns of CgPl (A) and CgAG (B) in flower buds of
male, female and gynomonoecious (GyM) C. grandis at different developmental stages (early, middle and late) by quantitative real time PCR (QRT-PCR).
Stamen specific expression patterns of CgPl (C) and CgAG (D) from flowers (late developmental stage) of male, female (rudimentary), hermaphrodite
(GyM-H) and pistillate (GyM-F, rudimentary) flowers of gynomonoecious (GyM) and converted flowers of AGNOs treated plants. Error bars indicate SD
(standard deviation) of three biological replicates each with three technical replicates. Asterisks indicate statistical differences as determined using
single factor ANOVA (*P <005 and **P <0.01). Early: from 3™ to 5 stages, middle: 6™ to 8™ stages, late: 9" to 12" stages.

possesses 22 + XX chromosomes and contains genetic
information necessary to produce both pistillate and herm-
aphrodite flowers. The lability of the expression of herm-
aphroditism suggests that the GyM plant is genotypically a
female individual and not a Y- deletion mutant. The ques-
tions that might arise are firstly, in absence of the Y
chromosome, how does the development of stamens occur
in hermaphrodite (GyM-H) flowers of GyM plant? And
secondly, what factors contribute to the development of
hermaphrodite (GyM-H) and pistillate (GyM-F) flowers in
the same plant?

Factors stimulating stamen development in GyM plant in
absence of Y chromosome

In contrast to fertile and viable pollens of male flowers
(Figure 5A,D), pollens of GyM-H flowers are sterile in

nature and remain immature even at later stages of de-
velopment (Figure 5B,E). The results of breeding experi-
ments negate the possibility of self-fertilization and thus
fruit setting occurs only through allogamy or cross pol-
lination when pollens from male sex act as donor
(Table 2). This indicates that viable and fertile pollens
are produced in male plants only and that male fertility
factor is located on Y chromosome. Evidently, male fer-
tility is controlled by the Y chromosome and it plays a
decisive role in determining sex in C. grandis [50]. Simi-
lar to Silene latifolia [13,14], our experimental results
suggest that in C. grandis, at least three key factors:
Gynoecium Suppressor, Stamen Promoting Factor And
Male Fertility Factor have assembled and possibly
rearranged during evolution of the Y chromosome. How-
ever, development of the stamen with sterile pollens in
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GyM-H flowers of genotypically female GyM plant suggests
that the factors stimulating stamen development might be
present elsewhere in the genome, while the male fertility
factor may be absent. Scutt et al. [51] reported that infected
female S. latifolia with XX sex chromosomes can develop
morphologically normal stamens. Whereas, Farbos et al.
[14] have shown that in Silene latifolia, Gynoecium Suppres-
sion Factor (GSF/Su’) and Stamen Promoting Factor (SPF)
regions of Y-chromosome behave as linked dominant traits
and that SPF is absent in female plants with XX sex chro-
mosomes. In the absence of Y or truncated Y chromosome,
the mechanism of stamen development in GyM-H flower
of C. grandis is not clear but needs further investigation.

Phenomenon of silver nitrate induced stamen
development resembles that of GyM plant

Silver nitrate stimulated stamen development in female
plants of C. grandis mimics the pathway of stamen devel-
opment in GyM plant (Figure 4D-G). Y chromosome is
absent in both of these sexual phenotypes and pollens of
converted flowers of AgNOj; treated female plant are sterile
in nature like the pollens of GyM-H flowers (Figure 5C,F).
This suggests that stamen development is induced in
wild type female by an unknown pathway which is inde-
pendent of Y-mediated mechanism as was reported in
Silene latifolia [28]. But there is no clue how this signal is
transmitted from leaves to flowers that leads to sex
modification. However, silver nitrate effect is transient and
normal female flower develops after a period of 15-20
days. This may be due to the fact that the effective AgNO3
concentration below the threshold level cannot impede
the molecular mechanism leading to the formation of
gynoecium with arrested stamen growth. It appears that
AgNO; at an optimum concentration stimulates stamen
development in wild type female and GyM-F of C. grandis
possibly by a temporary delay in functional interference of
male differentiation pathway. In such a condition, possibil-
ity of the presence of male repressive factor in untreated
plants and its de-repression by AgNO3; molecule in treated
wild type female and GyM-F cannot be ruled out.

Differential expression of OIGs and the development of
the three different floral phenotypes

The B and C function genes viz. CgPl and CgAG show
homology to CUM26 and MADSI of Cucumis sativus re-
spectively. qRT-PCR studies suggest that like Silene latifolia
[52], the male flowers of C. grandis had higher CgPI ex-
pression compared to wild type female flowers (Figure 7A).
This observation was also true for stamen specific expres-
sion analysis (Figure 7C). The high expression of CgPI in
stamens of GyM-F and reduced expression in stamens of
GyM-H flowers cannot be explained currently and would
require future investigations. This study indicates that
OIGs might be under differential regulation in male, female
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and GyM plant leading to the development of male, wild-
type female and GyM-H as well as GyM-F flowers. To this
effect, further studies are required to understand the role
of ACS (aminocyclopropane-1-carboxylate synthase) and
WIPI (Wound Inducible Protein 1) genes, which were
shown to govern sex expression in a related species, Cucu-
mis melo [53,54]. The sex-determining locus A of melon
encodes an ethylene biosynthesis enzyme, CmACS-7, that
represses stamen development in female flowers. The G
locus of melon encodes CmWIPI1, a transcription factor
that represses carpel development in male flowers. Also, it
has been shown that the role of ACS gene is conserved in
another member of the family Cucumis sativus [55]. Fu-
ture investigation on functional validation of these genes
would be necessary to decipher their role in sex expression
and modification.

Conclusions

There is no doubt that the ‘female suppressing’ functions
of the Y chromosome in male C. grandis is an initial
event towards the establishment of the sexual dimorph-
ism. The process of stamen initiation occurs in wild type
female and GyM plants even in the absence of Y
chromosome but the arrest of further development of
stamens suggests a possible interference in ‘Stamen Pro-
moting’ functions (SPF). The pollens of GyM-H and
converted flowers of AgNOj; treated female plants were
sterile indicating that the male fertility factor is located
on Y chromosome which is solely responsible for pollen
fertility. The significance of GyM plant of C. grandis lies
in its ability to develop stamens with sterile pollens be-
cause such evidences were not reported in any other
plants including gynomonoecious Silene species [56,57].
The characteristic development of stamens in hermaph-
rodite flowers of GyM having XX sex chromosomes and
AgNO3; modified wild type female flowers is mediated
by an unknown mechanism bypassing the Y-linked SPF
regulatory pathway. Our experimental findings together
with all other previous chromosomal and molecular cy-
togenetical data strongly support the view that C.
grandis could be used as a potential model system to
study sex expression in dioecious flowering plant.

Methods

Plant material and stages of flower development
Tuberous roots of wild type male, female and GyM Coc-
cinia grandis were collected from west Tripura and
grown in the experimental fields of IISER Pune and
Tripura University (Herbarium voucher for gynomonoe-
cious C. grandis is provided in Additional file 10: Figure
S8). The clones were maintained in the experimental
plots since last two years. Leaves and flowers from male,
female and GyM plants were harvested periodically and
were frozen in liquid nitrogen for various experimental
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purposes. Based on the size of the flower buds, we have
divided the process of flower initiation into 12 different
stages in ascending order. Out of the 12 different stages,
first two stages were studied under stereomicroscope and
only the flower buds from 3™ to 12™ stages (Additional
file 6: Figure S5) were considered for stage specific histo-
logical study. For qRT-PCR expression analyses, flower
buds were grouped into three different categories viz.,
early (from 31 to 5T stages), middle (6™ to 8t stages) and
late (9™ to 12™ stages) for experimental purposes. In
addition, stamens were also harvested from the flowers
(late developmental stage) of male, GyM-H, and converted
flowers of AgNOj; treated female plant as well as rudimen-
tary stamens of wild type female and GyM-F flowers for
expression analysis.

Histology of flower buds

To understand the patterns of flower development of
male, female and GyM plants, flower buds of different
stages (Additional file 6: Figure S5) were harvested and
fixed in 1:3 acetic acid-ethanol solution and kept at 4°C
for overnight. Longitudinal sections (L.S.) of flower buds
of different developmental stages were prepared as de-
scribed by Cai and Lashbrook [58] with the following
modifications. The fixed tissue was dehydrated with 75%
ethanol for 40 min, 95% ethanol for 40 min and finally
washed thrice with 100% ethanol, each with 45 min in-
tervals. The material was then treated with 50-50%
ethanol-xylene for 45 min, followed by clearing with
100% xylene for 45 min. Xylene was replaced with para-
plast wax at 59°C. Then the tissue was embedded in the
paraplast blocks. Thin paraplast sections (10 um) were
mounted on the slides with water at 50°C. The wax was
cleared from the slides by washing with 100% xylene.
The images of the cleared slides were finally docu-
mented in Leica MZ 16 FA microscope.

Analysis of mitosis and meiosis chromosomes

To analyze mitotic and meiotic chromosomes, investi-
gations were carried out through modified aceto-orcein
and aceto-carmine staining techniques [59]. Young leaf-
tips were pre-treated in saturated solution of para-
dichlorobenzene for 5 h at 10-15°C followed by overnight
fixation in 1:3 acetic acid-ethanol mixture. The fixed leaf
tips were then hydrolyzed with 5 N HCI at 10°C for
15 min, stained with 2% aceto-orcein for overnight and fi-
nally squashed in 45% acetic acid. For meiotic chromo-
some preparation, young flower buds were fixed in 1:3
acetic acid-ethanol mixture for 2-3 h followed by 45%
acetic acid treatment for 30 min. Suitable anthers were
smeared with 1% aceotocarmine stain and metaphase I
stages of wild type male and GyM-H flowers were do-
cumented. Photomicrographs were taken with Nikon
Eclipse E200 Microscope using Sony Cybershot DSC-
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W320 Camera (digitalized with Optical Zoom - x4, 14.1
megapixels) with x10 eye-piece and x100 oil immersion
lens. Each photograph was suitably enlarged and digitally
processed under horizontal and vertical resolution at 350
dpi for male and female mitotic metaphase chromosomes
and at 72 dpi for GyM mitotic chromosomes. Meiotic
metaphase chromosomes of male and GyM-H flower bud
were also processed at 350 dpi for better resolution.

Mating design and fruit set analysis

To test the fertility of pollens from male and GyM plants
of C. grandis, four controlled cross experiments and one
self-pollination experiment were designed (Table 2). GyM-
H flowers were emasculated before mating. Ten flowers
were bagged for each experimental set. The cotton cloth
bag was removed after 7 days of controlled pollination and
observation was made to each of the flowers. All experi-
mental sets were repeated thrice.

Pollen germination and viability test

To determine the germination rate, fresh pollens from
mature male and GyM-H flowers were incubated in ger-
mination media with different concentrations of sucrose
(1%, 2%, 5%, 10% and 20%) containing 2 mM Ca(NOs3),
and 2 mM H3BO; [60]. Germination was scored after 1 h
of incubation at room temperature. In order to check the
fertility of pollens from mature flowers of male plant,
GyM-H and converted flowers of AgNOj; treated female
plant; pollen grains of each kind were further stained with
1% aceto-carmine solution for 5 min and were docu-
mented under the light microscope. Fluorescein diacetate
(FDA) test was performed to check the viability of pollens
according to the protocol as described by Heslop-
Harrison and Heslop-Harrison [61].

Identification and isolation of full length AGAMOUS
(CgAG) and PISTILLATA (CgPI) homologs

To isolate AGAMOUS (CgAG) and PISTILLATA (CgPI)
homologs from C. grandis, total RNA was isolated from
harvested flower buds and pooled from all three sexual
forms. Degenerate primers (Additional file 11: Table S3)
were designed from conserved sequences of PI and AG
homologs (Additional file 12: Table S4) using iCODE-
HOP [62]. Approximately, 2 ug of total RNA was used
for RT-PCR reactions using SuperScript III One-Step
RT-PCR System with Platinum Taq (Invitrogen-12574-
018). The first step of reaction included incubation at
50°C for 20 min for cDNA synthesis followed by 94°C
for 2 min, 40 cycles of incubations at 94°C for 15 s, 50°C
for 30 s and 68°C for 35 s. Final extension was carried
out at 68°C for 5 min. Amplified products were resolved
on 2% agarose gel and cloned into pGEMT vector and
finally sequence verified. These sequences were used to
design primers for 5" and 3" RACE to obtain the full
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length transcript sequences (Additional file 11: Table S3).
RACE ready cDNAs were generated using SMARTer
RACE cDNA synthesis kit (Clontech). 5" and 3" sequences
were further amplified from the ¢DNAs using the de-
signed primers and the universal primer provided with the
kit. Amplified 5 and 3’ regions of CgPI and CgAG were
sequence verified. Primers were designed to amplify full
length transcripts. Deduced amino acid sequences were
aligned with other PISTILLATA and AGAMOUS like
genes using Clustal Omega and consensus sequences were
shaded using Boxshade server [55]. Conserved domains
were identified using NCBI's Conserved Domain Database
(CDD) search [63].

Quantitative real time PCR (qRT-PCR) analysis

For expression analysis, qRT-PCR was carried out using
RNA extracted from whole flower buds at each of the three
stages (early, middle and late). RNA was also extracted
from the stamens of flowers (late developmental stage) of
male, female, GyM-H, GyM-F and converted flowers of
AgNO; treated female plant using the RNeasy Plant Mini
Kit (Qiagen) as per the manufacturer’s instructions. The
yield and RNA purity was determined using Nanodrop
2000c Spectrophotometer (Thermo Scientific, Wilmington,
USA) and visualized by gel electrophoresis. Two hundred
nanograms (200 ng) of total RNA was used for comple-
mentary DNA (cDNA) synthesis by SuperScript III reverse
transcriptase (Invitrogen) using an oligo(dT) primer for
CgPI and CgAG genes. 18S rRNA gene was used for
normalization for all the reactions. For 18S, fifty nanograms
(50 ng) of total RNA was used for complementary DNA
(cDNA) synthesis using gene specific reverse primer
(Additional file 11: Table S3). qRT-PCR was performed on
Roche LightCycler 96 with gene specific forward and re-
verse primers (Additional file 11: Table S3). The reactions
were carried out using KAPA SYBR green master mix
(Kapa Biosystems) and incubated at 95°C for 5 min
followed by 40 cycles of 95°C for 10 s and 60°C for 20 s.
PCR specificity was checked by melting curve analysis, and
data were analyzed using the 27**“T method [64].

Foliar spray of AgNO; in female and GyM plants
In order to assess the AgNOj effect, different concen-
trations of AgNO; solutions (20 mM, 25 mM, 30 mM,
35 mM and 40 mM) were periodically sprayed on the
leaves of female and GyM plants (Additional file 8: Table
S2) prior to flowering stage. After 12 days of foliar spray of
35 mM AgNOj solution, the converted flower buds were
harvested at different stages and fixed in 1:3 acetic acid-
ethanol mixture for stage specific histological study.

All the supporting data are included as additional files
only.
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Additional files

Additional file 1: Figure S1. Floral phenotypes on gynomonoecious
(GyM) plant. GyM plant showing both hermaphrodite (GyM-H) and
pistillate (GyM-F) flowers on the same twig.

Additional file 2: Figure S2. Morphology of hermaphrodite (GyM-H)
flowers of gynomonoecious (GyM) plant. Mature hermaphrodite (GyM-H)
flower of gynomonoecious (GyM) showing incomplete development of
stamens (A) and petaloid stamens (C). Longitudinal sections of early
developmental stage of hermaphrodite (GyM-H) flower of
gynomonoecious (GyM) plant (B). p: petals, s: sepals, c: carpels, st:
stamens, rst: rudimentary stamens, o: ovary, pst: petaloid stamens. Scale
bars are 1 cm in Aand 1 mm in B.

Additional file 3: Figure S3. Neighbor-joining phylogeny for Coccinia
based on plastid DNA sequences. The concatenated matK (605 bp) and
tnSCY-tmGY““ intergenic spacer region (689 bp) were developed by editing
and aligning the mentioned species sequences (Additional file 4: Table S1) in
MEGA 5.1 software (Tamura K et al, [65]) with Cucumis sativus as an outgroup.
The numbers at the branches of the tree represent the bootstrap support
from 500 replicates. Species names follow Holstein and Renner [37] except for
the gynomonoecious (GyM) sexual form of Coccinia grandis.

Additional file 4: Table S1. List of accession numbers of the sequences
of the species used in phylogenetic tree for both matK and trnS®V-
trGY““ intergenic spacer. All other sequences are used from previous
work of Holstein and Renner [37].

Additional file 5: Figure S4. Analysis of seed content in Coccinia
grandis. The seeds from the respective fruits were washed, counted and
weighed for evaluating seed production per fruit. (A) Graphical
representation of weight of seeds per fruit of female and
gynomonoecious (GyM) plants. In the graph, the means + s.e. are
reported (*P <0.05, t-test); n = 10. (B) Graphical representation of average
number of seeds per fruit of female and gynomonoecious (GyM) plants.
In the graph, the means + s.e. are reported (*P <0.05, t-test); n = 10.

Additional file 6: Figure S5. Flower development in Coccinia grandis.
Developmental stages of the flowers are assigned according to the
length of the flower buds. (A) Male, (B) female and (C) gynomonoecious
(GyM) flower buds. Scale bars =1 cm.

Additional file 7: Figure S6. Longitudinal sections (L.S) of staminate
flower buds of male plant showing pollen development. (A) and (B) are
the sections of staminate flower of stages 8 and 12 respectively. p: Petals,
st: stamens, pg: pollen grains. Scale bars are 2 mm.

Additional file 8: Table S2. Sex modification in pistillate flower of Coccinia
grandis female plant after treatment with different doses of silver nitrate.

Additional file 9: Figure S7. Effects of silver nitrate (AgNO;) solution on
flower development of gynomonoecious (GyM) plant. (A-D) Longitudinal
sections of flowers at different developmental stages from silver nitrate
treated gynomonoecious (GyM) plant (after spraying of 35 mM silver nitrate
solution). p, petals; s, sepals; ¢, carpels; st, stamens; rst, rudimentary stamens;
0, ovary. Scale bars are 1 cm in A; 2 mm in BC and D.

Additional file 10: Figure S8. Gynomonoecious Coccinia grandis with
female and hermaphrodite flowers. (Herbarium Voucher: TU Campus,
Karmakar, 433).

Additional file 11: Table S3. List of primers.

Additional file 12: Table S4. List of accession numbers of the sequences
of the species used for designing degenerate primers.
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