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ABSTRACT



The rising demand for biofuels has raised concerns about selecting alternate and promising
renewable energy crops which do not compete with food supply. Jatropha (Jatropha
curcas L.), a non-edible energy crop of the family euphorbiaceae, has the potential of
providing biodiesel feedstock due to the presence of high proportion of unsaturated fatty
acids (75%) in seed oil which is mainly accumulated in endosperm and embryo. Virus
causing mosaic disease is becoming prevalent in Jatropha plantations and is responsible
for significant reduction in seed yield and quality and also affecting its oil quality and
content. The molecular basis of seed oil biosynthesis machinery has been studied in J.
curcas, however, what genetic differences contribute to differential oil biosynthesis and
accumulation in genotypes varying for oil content is poorly understood. Also insights into
the molecular mechanism in response to virus infection in J. curcas are lacking and no
report exists as of today on molecular components associated with disease resistance in
this potential bioenergy plant. The current study, therefore, investigated: (1) relative
expression of FA and TAG biosynthesis pathway genes in high (42%) versus low (30%)
oil content genotypes of Jatropha curcas; (2) deciphering molecular components of a viral
disease response in Jatropha curcas; (3) detection of NBS-LRR genes and defense-related

transcription factors in Jatropha curcas.

The expression profile of 18 genes encoding enzymes catalyzing FA and TAG biosynthetic
pathway in different developmental stages of embryo and endosperm from high (42%) and
low (30%) oil content genotypes grown at two geographical locations was investigated.
Most of the genes showed higher expression in ripened and mature oil accumulating stages
of high oil content genotype, implying genetic differences contributing towards variation
in oil content among genotypes. Genes encoding rate limiting enzymes showing higher
expression in oil accumulating stages at low altitude were identified, thereby implying that
oil content increases with decrease in altitude. To understand transcriptional regulation of
oil accumulation in Jatropha, promoter regions of key genes implicated in oil biosynthesis
and accumulation were analyzed for regulatory elements specific to oil accumulation such
as Dof, CBF (LEC1), SORLIP, GATA, Skn-1_motif etc. and also transcription factors
regulating oil accumulation i.e bZIP, Dof, MYB, bHLH, CBF, AP2 were identified.
Furthermore, to better understand, the molecular mechanisms associated with virus
infection response, RNA-seq based comprehensive transcriptome sequencing of
symptomatic virus infected (JV) and healthy (JH) leaf tissues of J. curcas using NextSeq

500 platform of Ilumina was performed. In order to identify genes linked to pathways



upregulated and downregulated during mosaic virus infection, differential expression
analysis and functional annotation was performed, indicating that various metabolism-
associated processes along with oxidative phosphorylation, endocytosis, terpenoid
biosynthesis, hormone signal transduction were activated whereas photosynthesis,
anthocyanin biosynthesis, plant-pathogen interaction and calcium signaling were
repressed in response to virus infection. Also to get insights into molecular components
associated with disease resistance in Jatropha, transcriptome mining approach was
followed which identified 47 NBS-LRR genes, in addition to previously identified 92
genes and 122 defense response-related transcription factors.

The current study provides repertoire of key genes from oil biosynthesis and
transcriptional regulators specific to oil deposition which will be useful not only in
dissecting the molecular basis of high oil content but also improving seed oil content
through transgenic or molecular breeding approaches. Further this study provides
information on molecular components which have been affected in response to virus
infection and their precise role can be further validated. The present study also provides a
repertoire of NBS-LRR genes and transcription factors which can be used in dissecting the
molecular basis of disease resistance phenotype and developing disease resistant

genotypes in Jatropha through genetic interventions.



CHAPTER 1
INTRODUCTION




The overall increase in energy consumption and increasing concerns about the pollutants
and carbon dioxide has necessitated alternative sources of fuel other than fossil fuels.
Plants and algae are being considered as most promising sources of biofuels. Plant
triacylglycerols (seed storage oils) are excellent precursors for biodiesel production due to
their similarity to fossil oils upto a higher extent [1]. Biodiesel, majorly produced from
plants, is an alternate to fossil fuel as it is non-toxic, biodegradable and emits lower amount
of carbon monoxides and hydrocarbons than petro-diesel. Chemically, biodiesel is fatty
acid methyl esters (FAMES) and is produced by transesterification of plant triacylglycerols
with methanol and in the presence of alkali [2]. Fuel properties of biodiesel depend upon
the composition of fatty acids blend in the oil. Palmitic acid (16:0), stearic acid (18:0),
oleic acid (18:1), linoleic acid (18:2) and linolenic acid (18:3) are the five common fatty
acids present in most of the plant oils. Most of the crop plants being used for biodiesel
production are edible in nature and are causing scarcity for the overall food supply. For
sustainable biodiesel production, the whole focus should shift from edible to non-edible
crops so that there is no competition with food security and effective management of
agricultural wastelands could also be achieved [3]. Moreover, the influence of oil crops
for biodiesel production on the prices of food commodities is an apprehension. There is a
hurdle in the effective management of these energy crops as they have been plagued with
diseases that thwart production and cause a global yearly average yield loss of upto 16
percent. Various biotic stresses are associated to these energy crops and are reducing their

yield potential.

Of many energy crops, Jatropha (Jatropha curcas L.) is gaining an immense
potential for biodiesel production due to merits like it is perennial, drought-resistant and
have high oil content. Jatropha (Jatropha curcas L.), (2n=2x=22) (Figure 1.1) is a non-
edible energy crop of the family euphorbiaceae. It is an economically important source of
oil used for the production of various industrial products like lubricants, cosmetics,
medicines, including high quality biodiesel due to the presence of large proportion of
unsaturated fatty acids and high oil content (up to 50%) (Table 1.1). J. curcas is a perennial
shrub or a small tree of height upto 6 meters with a life expectancy of up to 40-50 years.
Depending on the quality of soil and rainfall, oil can be extracted from the its seeds
after 2-5 years. It is well adapted to various soil and climate types [4]. Genus Jatropha
is very diverse in terms of morphological features and comprises of more than 200 species

dispersed mainly in the dry tropical areas of America. Its center of origin is supposedly



defined as central parts of America [5]. Later it has been introduced into many parts of
Asia and Africa and now is being cultivated globally [6]. It has been now introduced into
many parts of our country. J. curcas is listed as a fuel and fuel additive with the world
environmental protection agency (WEPA) [7]. Before its consideration as a suitable and
potential bio-energy crop, J. curcas was mainly used for medicinal products. In some parts,
it was also used as fence around arable land as animals do not eat this plant owing to the
presence of phorbol esters in its seeds which make it toxic in nature. However, there are
some non-toxic genotypes also. Amongst various oil seed plants, J. curcas is anticipated
as potential source of biodiesel production due to features like drought hardiness, easy
propagation, wide adaptability, rapid growth and small gestation period. J. curcas is still
considered as an undomesticated plant [8]. For many J. curcas germplasms, low
productivity is inherent and raising large-scale plantations using such low yielding
planting material can lead to wasteful ventures. Though numerous efforts have been made
to develop J. curcas as an industrial crop, the scant information on its agronomic practices
and lack of improved genotypes and cultivars are the major bottlenecks in its full

exploitation as a potential bioenergy crop [9].

Figure 1.1 Jatropha curcas plants with fruits



Taxonomic classification of Jatropha curcas L.

Kingdom Plantae
Subkingdom Tracheobionta
Division Magnoliophyta
Sub division Spermatophytina
Class Magnoliopsida
Subclass Rosidae

Order Euphorbiales
Family Euphorbiaceae
Genus Jatropha L.
Species Jatropha curcas L.

J. curcas is an economically important plant as its oil is used for the production of good
quality biodiesel. However some major constraints like low productivity, unreliable
flowering and fruiting, non-availability of sufficient feedstock and susceptibility to biotic

stresses are limitations in implementing this plant as a source of biodiesel.

Mature seeds of Jatropha are enriched in oil that accumulates mainly in the
endosperm and embryo [10, 11] (Figure 1.2). Oil biosynthesis in Jatropha is composed of
two main pathways, fatty acid (FA) and triacylglycerol (TAG) biosynthesis which
occur in plastid and endoplasmic reticulum, respectively (Figure 1.3). A total of 18
enzymes catalyzing the whole oil biosynthetic pathway are present out of which 14
enzymes catalyzes the formation of specific fatty acids and 4 enzymes are involved in
catalyzing the formation of triacylglycerols. After their synthesis, traicylglycerols move to
small spherical structures known as oil bodies in endoplasmic reticulum. These oil bodies
form the total mass of oil accumulated in seeds. The oil accumulation in developing seeds
initiates at the early stage and reaches maximum at mid-later or later developmental stages.
Generally, triacylglycerols are accumulated specifically in endosperm and embryo in oil
seeds [10]. In Jatropha, oil accumulation also takes place in embryo along with endosperm
but relatively in low amounts [12]. Cotyledons, from the developing embryos are the main
storage tissues and the major location of triacylglycerol accumulation on an entire embryo

level.



In oil plants, the seed oil content along with fatty acid composition varies in developmental
stages as per various environmental cues like altitude, light, temperature and drought.
Overall increase in total oil content and fatty acid composition has been reported with
decrease in altitude level for plants. This is attributed to the fact that low partial pressure
of carbon-dioxide (CO.) at higher altitudes is responsible for reduced rate of
photosynthesis and subsequently there is overall decrease in oil content at higher altitudes.

Jatropha has been extensively studied in terms of biotechnological interventions for
understanding oil biosynthesis mechanisms in its seeds. As Jatropha has been domesticated
recently, a number of interventions have been made to improve its yield traits like seed
yield and oil content, either by conventional breeding approaches or gene level

technologies.

Figure 1.2 Mature seeds of J. curcas (Harvesting stage)



Table 1.1 Fatty acid composition and oil content of major oil plants

Fatty acids (%) | Jatropha Castor bean Sunflower Soybean
Palmitic acid 10 3 10 10
Stearic acid 10 2 5 5

Oleic acid 45 10 30 35
Linoleic acid 35 10 50 45
Linolenic acid 1 - 5 5
Ricinoleic acid - 75 - -

Total oil content | 25-50 40-45 25-35 20-25
(%)

Various approaches of modern day biotechnology like genomics, transcriptomics and
bioinformatics are expected to fill gaps like lack of information on genetic factors
contributing towards higher oil accumulation and transcriptional regulation of oil
biosynthesis and accumulation in Jatropha. Overall elucidation of oil biosynthesis
mechanism have been understood by Sato et al. [13] while analyzing Jatropha genome for
the first time (Table 1.2) where genes related to oil biosynthesis were identified. There is
vast information available on molecular components related to oil biosynthesis and
accumulation in J. curcas. Previous studies have identified genes, ESTs, miRNAs

associated with oil biosynthesis in J. curcas [11, 14, 15].

In spite of availability of molecular components associated with oil biosynthesis
and accumulation in J. curcas, genetic factors contributing to the variations in seed oil
content (25-45%) among different genotypes are not known. Most of the studies on
understanding the molecular regulation of fatty acid and lipid biosynthesis were limited to
correlating the expression profile of FA and TAG biosynthetic pathway genes with the
developmental stages of seeds. The gene expression only reflected expression status of FA
and TAG biosynthesis pathway genes at particular developmental stage vis-a-vis oil
content rather pinpointing what genetic differences contribute to differential biosynthesis
and accumulation of oil content in seeds of different genotypes of J. curcas. Also less
information is available for molecular level understanding of oil accumulation in embryo
in J. curcas. Despite a specific understanding of the overall biosynthesis of oil including

genes coding for the enzymes involved, our knowledge regarding transcriptional



regulation of oil biosynthesis and accumulation remains partial in Jatropha. The
information pertaining to identification of transcriptional regulators such as transcription
factors and promoter regions associated to oil biosynthesis genes is scarce till date. The
identification of key genes associated with oil biosynthesis and accumulation are expected
to play a major role in engineering Jatropha with enhanced oil production. Further there
are no reports as of today on molecular data related to effect of major environmental factors

such as altitude on oil accumulation in J. curcas.
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Figure 1.3 Schematic representation of fatty acid (FA) and tri acyl glycerol (TAG)
biosynthesis pathway in J. curcas [16]. ACCase- Acetyl-CoA Carboxylase; DGAT-
Diacylglycerol acyl transferase; ER- Enoyl Reductase; FATA- Linoleoyl Thioesterase;
GPAT- Glycerol-3-phosphate acyl transferase; KASI- B-ketoacyl-ACP synthase I; KASII-
B-ketoacyl-ACP synthase IlI; KASIII- B-ketoacyl-ACP synthase I1lI; LD- Linoleoyl
Desaturase; LPAT- Lyso-phosphatidic acid acyltransferase; MT- Malonyl Transferase;
OAD- Oleoyl-ACP Desaturase; OCD- Oleoyl-CoA Desaturase; PAP- Phosphatidic acid
Phosphatase; PT- Palmitoyl Thioesterase; SAD- Stearoyl-ACP Desaturase; ST- Stearoyl
Thioesterase; PAD- Palmitoyl-ACP Desaturase
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Table 1.2 Statistics of J. curcas genome

Feature Description
Size (Mb) 370
Chromosome number 11

GC content (%) 33

Gene number 45,000 (app.)
Repetitive DNA (%) 52

The large-scale cultivation of selected genotypes of J. curcas have made it vulnerable to
biotic stresses including diseases and pests, thereby affecting their oil yield potential.
Fungal strains of Alternaria alternate, Neoscytalidium dimidiatum, Botryosphaeria
dothidea and Colletotrichum gloeosporioides were reported to be responsible for
infectious spots, root rot, black rot and anthracnose disease, respectively causing reduction
in overall yield of Jatropha [17, 18]. Although, fungal and bacterial strains are responsible
for many associated diseases in Jatropha, Jatropha curcas mosaic disease (JcMD) caused
by mosaic virus has been found to be prevalent in the plantations and is continuously
reducing fruit yield and quality of plants in the field [19]. It is characterized by leaf curling,
reduction of fruit size and distortion. Mosaic disease of Jatropha is a severe constraint for
its full yield and restrictive factor in Jatropha cultivation around the globe. Several reports
exist describing the outbreak of viruses in Jatropha in other parts of the world. Ramkat et
al. [20] reported the incidence of Jatropha infection with cassava mosaic viruses in Europe.
Begomovirus associated with mosaic disease of J. curcas has also been identified in
Nigeria [21].

Apart from reduction in overall yield and seed oil content, various physiological
processes get affected in plants in response to virus infection. These includes increase in
respiration rate, decrease in photosynthesis rate, decrease in transpiration rate, decrease in
relative water content, decrease in pigment content etc. [22, 23, 24, 25]. Changes in these
general processes are attributed to the fact that during infection viruses use host machinery

for multiplication.

In recent years, next-generation sequencing (NGS) has provided novel and
advanced ways to fasten the identification of genes in many plant species, mainly those

under biotic and abiotic stresses [26, 27]. RNA-Seq is a whole transcriptome sequencing
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technique which sequences the overlapping short fragments of mRNA or cDNA to
describe quantitatively the entire transcriptome. Analysis of transcriptome in any
biological system can deliver major understanding into entities such as genes and
transcription factors involved in biological processes. The high throughput transcriptome
analysis technique has been studied to understand molecular aspects regarding various

diseases including virus infection response in many plants.

In Jatropha, all the biotic stresses including mosaic disease are constantly
increasing the risks associated with the yield potential and seed oil content as directly
affecting the fruit and flower development. Although few reports pertaining to
identification and characterization of mosaic virus responsible for causing mosaic disease
in J. curcas exist [19, 28, 29], the molecular insights regarding mosaic virus infection are
poorly understood till date. There is an immense need to understand the molecular
mechanisms underlying virus (disease) response in J. curcas as it will facilitates the
identification of genes and corresponding biological processes being affected in response
to mosaic virus infection. Further it could lead to genetic interventions for broadening
disease control methodologies, specifically virus control to maximize its potential to be an
ideal bioenergy crop. Also new dimensions on understanding the molecular perspective of

plant-pathogen interaction in Jatropha will be supplemented.

Plants have developed a range of mechanisms to identify and react to various
possible pathogens [30]. Plants show resistance to many pathogens and pests due to the
presence of resistance (R) genes. These R genes encode proteins which protect plants from
various pathogenic organisms. Majority of plant R genes belong to nucleotide binding site-
leucine rich repeat (NBS-LRR) class which provide resistance to a large number of
pathogens. These NBS-LRR genes hold potential in the development of disease resistant
transgenics. Further, the regulation of immunity and response to other stresses of plants in
their natural habitat is enforced by a network of regulatory proteins or transcription factors
[31]. Transcription factors normally bind to the promoters of resistance genes and thus
regulate their expression. Identification of transcription factors related to defense response
or disease resistance is also of great significance in predicting the pathogen responsive
promoter elements.

As management of Jatropha curcas mosaic disease caused by mosaic virus is not
economically viable through pesticides, the selection and development of disease resistant

genotypes would be an alternative and sustainable strategy. Identification and
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characterization of disease resistance genes, including NBS-LRRs and defense response
related transcription factors is anticipated to accelerate the process of genetic improvement
programmes and breeding for development of disease resistant varieties through transgenic
or molecular breeding approaches [32]. As there is lack of information on molecular
components associated with disease resistance in J. curcas, whole genome and
transcriptome wide investigation of NBS-LRR resistance genes and defense related
transcription factors can therefore, provide novel insights about the overall understanding
of resistance architecture. Molecular components associated to defense response can be
used in dissecting the molecular basis of disease resistance.

In order to understand the molecular mechanisms associated to maximize the yield
and to gather information on genetic factors contributing to differences in oil content
among genotypes in Jatropha, the expression profile of 18 genes encoding enzymes
catalyzing the FA and TAG biosynthetic pathway in various developmental stages (fruits
with days after pollination) of endosperms and embryos of high (42%) versus low (30%)
oil content genotypes of J. curcas grown at two different geographical locations, was
studied. To unravel transcriptional regulation associated with oil biosynthesis and
accumulation in J. curcas, the promoter regions of key genes showing elevated expression
in this study along with other genes encoding enzymes associated with overall lipid
biosynthesis, reported in the previous studies by Xu et al. [33] and Gu et al. [11] were also
analyzed to identify regulatory elements specific to oil or lipid accumulation in plants. The
transcription factor families regulating oil accumulation in developmental stages of
Jatropha endosperm were also identified, which provided first glimpse of regulatory
control of oil accumulation in J. curcas. Furthermore, to provide insights into the
molecular mechanism associated to disease response in Jatropha, comparative
transcriptomic analysis of healthy and mosaic virus infected leaves was performed. This
analysis provided the repertoire of genes associated with biological processes being
upregulated and downregulated in response to virus infection. Additionally, the available
transcriptome of Jatropha was analyzed to identify NBS-LRR genes, their genome
location, and characterization into toll/interleukin A 1 receptor NBS-LRRs (TNLs) or
coiled-coil NBS-LRRs (CNLs). Transcriptome mining approach was also followed to

identify transcription factors related to defense response.

Keeping in view, the lack of information on genetic factors contributing to differences in

oil content among oil contrasting genotypes and our partial knowledge towards
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understanding of molecular mechanisms associated with disease response and disease

resistance, the present study was carried out with following objectives:

1) Relative expression of FA and TAG biosynthesis pathway genes in high versus
low oil content genotypes of Jatropha curcas

2) Deciphering molecular components of a viral disease response in Jatropha curcas

3) Detection of NBS-LRR genes and defense related transcription factors in Jatropha

curcas
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LITERATURE




The literature pertaining to the present study has been reviewed as under:
2.1 Origin and taxonomy of J. curcas

Jatropha curcas L. (Physic nut) originated in central parts of America and is now confined
to tropical regions throughout the globe. Later it was introduced into Africa and Asia, and
is grown as a hedge plant there [34, 35]. It is a member of family euphorbiaceae. Physic
nut was named as Jatropha curcas L. firstly by Linnaeus [36]. The genus name Jatropha
originated from the Greek word jatr'os means ‘doctor’ and troph’e which means ‘food’,
suggests its uses in medicine. The genus Jatropha is related to tribe joannesieae of
crotonoideae in the family euphorbiaceae with approximately 200 known species, as per
Dehgan and Webster [37].

2.2 Morphological features of J. curcas

J. curcas is a perennial shrub or small tree of height upto 5-6 meters with a life expectancy
of up to 40-50 years. J. curcas is characterized by a smooth bark, strong branches, and
dense leaves. Its leaves are 8-18 cm wide, glossy and glabrous, supplemented with
exiguous and pilose stipules. The petiole is 12-15 cm long. Flowers of J. curcas are
unisexual, monoecious, greenish yellow in colour with peduncled paniculate cymes. The
flowers are smaller in size with more number of male flowers as compared to female
flowers and male and female flowers on the same inflorescence [38]. The flowering occurs
at branch terminal [39]. The fruit is a capsule, with length and width of 4-5 cm and 2-3
cm, respectively. Initially, the fruit is green and then turns to yellow in the ripened stage
and dark brown at the mature stage. A single fruit contains 3 seeds. The seeds are elliptical
in shape and blackish in colour (Figures 1.2 and 2.1). Seeds are 1.5-2 cm long and 1-1.2
cm wide [39].

2.3 Seed oil biosynthesis

Oil biosynthesis in Jatropha is composed of two main pathways, fatty acid (FA) and triacyl
glycerol (TAG) biosynthesis which occur in plastid and endoplasmic reticulum,
respectively [41]. After the synthesis of fatty acids in plastid, those are activated (acyl-
CoAs) and transported to the endoplasmic reticulum to synthesize the triacylglycerol or
oil. Several reports are available now for the identification and characterization of genes

encoding
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Figure 2.1 Percentage wise distribution of major parts of J. curcas fruits for industrial
purposes [40]

enzymes regulating various steps in FA and TAG biosynthesis in Jatropha [13, 33, 41, 42].
The oil composition and content can be altered by altering the expression of genes
regulating FA and TAG biosynthetic pathway, respectively. Biosynthesis of fatty acids is
initiated by the abridgment of acetyl-CoA to malonyl-CoA and is catalyzed by heteromeric
acetyl CoA carboxylase (ACCase).This step is considered as rate limiting. Acetyl-CoA is
synthesized mainly from the processes like glycolysis. Malonyl-ACP (substrate of fatty
acid synthase complex) is formed from malonyl-CoA by transferring of malonyl group to
acyl carrier protein (ACP). The conversion of malonyl-CoA to malonyl-ACP is catalyzed
by malonyl transferase. A repeated chain of condensation, reduction, and dehydration
reactions directs the de novo fatty acid synthesis in plastid. A set of three substrate specific
enzymes i.e. B-ketoacyl-ACP synthase | (KASI), B-ketoacyl-ACP synthase Il (KASII), B-
ketoacyl-ACP synthase 111 (KASIII) aid in the formation of 18 carbon-fatty acid with
malonyl-ACP and aceto acteyl-ACP by a chain of condensation reactions. Additional
condensation reactions are required to obtain saturated fatty acids with enzymes such as
enoyl reductase (ER). Then series of fatty acid desaturation reactions occur in which
desaturase (FAD) plays a major role [11]. Stearoyl-ACP desaturase converts stearoyl-ACP

to Oleoyl-ACP, which is considered as rate-limiting step in fatty acid synthesis and is
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responsible for conversion of saturated fatty acids to unsaturated fatty acids. Fatty acid
elongation and synthesis is terminated by inter plastidial enzyme thioesterases (FAT),
which are of two types in plants. One class i.e FATA eliminates oleate from ACP, whereas
other one, FATB thioesterases are implicated in saturated and unsaturated acyl ACPs. It
also exports acyl moieties to the endoplasmic reticulum for the production of glycerolipids
[43] and involved mainly in saturated fatty acids biosynthesis, essential for plant
development and growth [44]. Free fatty acids are then released from ACP, exported from
the plastid and converted to acyl-CoAs. In endoplasmic reticulum, assembly of tri acyl
glycerol sequentially consumes the acyl-CoA using substrate glycerol-3-phosphate. Lyso-
phosphatidic acid and Phosphatidic acid catalyzed by enzymes glycerol-3-phosphate
acyltransferase (GPAT) and lyso-phosphatidic acid acyltransferase (LPAT), respectively
are produced. Following phosphate removal, phosphatidic acid is converted then to
diacylglycerol, which is the precursor of tri acyl glycerols, catalyzed by phosphatidic acid
phosphatase (PAP). Diacylglycerol acyltransferase (DGAT) with acyl-CoA as an acyl
donor, converts diacylglycerol (DAG) to triacylglycerols (TAG). Then these
triacylglycerols (TAG) are assembled in proteins like oleosins to form oil bodies in seeds.
Generally, oleosins and caleosins are considered as two predominant seed oil storage
proteins in plants. These reactions taking place in endoplasmic reticulum are termed
collectively as Kennedy pathway and each step catalyzed by different enzymes is
considered as rate-limiting step as nascent fatty acids are being incorporated into
triacylglycerols (TAGS) in seeds [16, 45].

2.3.1 Biosynthesis and accumulation of oil in J. curcas seeds

Generally, triacylglycerols are synthesized and accumulated specifically in endosperm and
embryo in oil seeds [11, 46, 47, 48]. Various studies have shown that the oil accumulation
in developing seeds starts at the early stage and reaches maximum at mid-later or later
developmental stages which correspond with dehydration of seeds [49]. In Jatropha, the
storage lipids are mainly synthesized and accumulated in endosperm of seeds. The oil
accumulation in endosperm increases with the developmental stages of seeds after
fertilization as is evident from the formation of oil bodies [11]. For oil plants, many studies
have reported in different systems where oil and lipid accumulation is developmentally
regulated at various developmental stages of embryos along with endosperms [16, 46, 50,

51, 52]. In Jatropha, oil accumulation also takes place in embryo but relatively in low
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amounts as compared to endosperm and seed coat [10, 12, 14]. Different embryo
developmental stages with respect to days after flowering showed gradual increase in the
lipid content in Jatropha [14]. Recently, another study by Kim et al. [52] showed that
accumulation of oil is developmentally regulated at early, mid and desiccation stages of
embryo development in Jatropha.

2.3.2 Molecular basis of oil biosynthesis and accumulation in J. curcas

Genomics, transcriptomics, proteomics and bioinformatics are anticipated to unravel gaps
in the molecular understanding of oil biosynthesis and accumulation in Jatropha seeds
(Table 2.1). Genome of Jatropha has been analyzed by Sato et al. [13] which shed light on
overall oil biosynthesis mechanism. Various transcriptomic analysis have been done in
order to identify transcripts regulating oil biosynthesis and accumulation in seeds.
Natarajan and Parani [53] reported 56 transcripts that have direct role in oil biosynthesis
from developing seeds and embryo transcriptomes. Pyrosequencing approach was applied
to J. curcas developing seed transcriptome to identify transcripts involved in
triacylglycerol accumulation [9]. Moreover recently miRNAs regulating lipid metabolism
have been identified in Jatropha [15]. In another study, expressed sequence tags (ESTS)
linked with seed development and lipid metabolism were identified at different embryo
developmental stages [14]. Recently, studies have been carried out to identify key genes
of oil and lipid biosynthesis up regulating among various developmental stages of seed
and endosperm in J. curcas. Xu et al. [33] reported expression profiles of 21 lipid
biosynthesis genes and observed that many genes were up regulated during developmental
and lipid accumulating stages in seeds. Another study by Gu et al. [11] also checked the
expression status of 68 genes from fatty acid and lipid biosynthesis and found that majority
of the genes were up regulated in consistent with the lipid accumulation in endosperm.
Both these studies on understanding the molecular basis of fatty acid and lipid biosynthesis
were limited to correlating gene expression with seed developmental stages in one
genotype only, no oil contrasting genotypes were used thereby limiting the identification
of key genes which would be having higher transcript abundance in a high oil content
genotype. Also endosperms and whole seed part were considered in these studies,
restricting the identification of molecular switches regulation oil formation in embryo of
J. curcas, as embryo along with endosperm contribute to overall oil content in J. curcas
seeds [14, 52]. A few studies are there describing about differences in key genes

contributing to oil biosynthesis in genotypes varying for oil content in other plant species.
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Differentially expressed genes related to photosynthetic activity among high and low oil
content genotypes of B. napus were directly responsible for oil content variation [54].
Furthermore in sesame, resequencing revealed high genetic diversity of lipid related genes
in 29 different accessions from 12 countries which suggested possible association with the

variation in oil content among accessions [55].

Table 2.1 Recent molecular interventions for enhancing seed yield and oil content in J.

curcas

Yield trait Approach Reference

Seed size Auxin signal transduction | Ye et al. [56]
genes JCARF19 & JclAA9
mapped to seed size QTLs

Fatty acid Biosynthesis Transcriptome analysis for oil | Grover et al. [57]
biosynthesis genes

Oleic acid content (>78%) | Seed-specific JcFAD2-1 | Qu et al. [58]

RNAI

~30% higher seed storage | Seed-specific lipase JcSDP-1 | Kim et al. [52]
lipid RNAI

Oil metabolism miRNA regulators Galli et al. [15]

2.3.3 Transcriptional regulation of oil biosynthesis and accumulation

Transcription factors (TFs) facilitate various cellular responses by recognizing specific
cis-regulatory DNA sequences in the promoter regions of target genes. Identification of
transcription factors is valuable for reviewing the transcriptional regulatory switches
involved in development, reproduction and various responses to the changing environment
in plants. Transcription factors may be regarded as molecular switches that connect signal
transduction pathways to gene expression [59]. Multiple steps have been regulated by
transcription factors concurrently. They provide a potential substitute to single-enzyme

approaches for varying complex traits in plants [60].
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Various studies have shown that seed oil content can be increased by altering the
expression levels of individual genes encoding enzymes regulating oil metabolism
pathway [52, 61, 62, 63]. The expression of transcription factors that direct the multiple
enzymes regulation can also be manipulated to target individual enzymes [60, 64].
Transcription factors manipulation can regulate expression of genes in fatty acid
biosynthesis and alter the fatty acid/oil levels [65].

For many oil plants, transcription factors governing fatty acid synthesis and overall lipid
accumulation has been identified and characterized (Figure 2.2, Table 2.2). LEC1 and
WRI1, two transcription factors have been reported to enhance oil content in Arabidopsis
and maize [66]. WRI1, WRI3 and WRI4, members of APETALA2-ethylene-responsive
element binding protein (AP2-EREBP) family also triggered fatty acid biosynthesis in
seeds of Arabidopsis for triacylglycerol production [67]. Similarly, the oil production in
Brassica napus was enhanced by conditional expression of LEC1 and LEC1-LIKE
transcription factors, which are the key regulators of fatty acid biosynthesis [65]. In
Arabidopsis, PHR1, a member of MYB family regulated triacylglycerol accumulation [68].
Another transcription factor family, Dof, has been studied extensively to correlate its role
in lipid accumulation and enhancement. Two soybean orthologs, GmDof4 and GmDof11
increased the fatty acid and lipid content in transgenic Arabidopsis seeds by upregulating
the genes which are associated with fatty acid biosynthesis [69]. In a similar study, the
overexpression of soybean transcription factor, GmDof4 also enhanced the lipid content in
microalgae Chlorella ellipsoidea [51]. Member of bZIP transcription factor family i.e.
bZIP123 from soybean was also responsible for enhanced lipid content in transgenic
Arabidopsis seeds, when overexpressed [70]. Recently Hu et al. [71] reported
identification of 11 different families of transcription factors (NF-YC, bZIP, HB-other,
HSF, C3H, E2F/DP, AP2, MYB_related, CPP, MYB and LFY) associated with lipid

synthesis in oleaginous microalgae Nannochloropsis.

Table 2.2 Transcription factor families involved oil biosynthesis and accumulation

TF Family Reference
Dof Wang et al. [69]
AP2 Ma et al. [72]
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B3 domain Palaniswamy et al. [73]
GATA Fobert [74]

bHLH Courchesne et al. [75]
MYB Liu et al. [76]

bZIP Song et al. [70]
HD-Zip Chew et al. [77]

CBF Fobert [74]

2.3.4 Effect of altitudinal variation on oil biosynthesis and accumulation

External environmental factors can also regulate concentration and amount of oil in plants
[78]. At the time of developing stages, fatty acids and seed oil content in plants varies
depending on various environmental conditions like altitude, radiations, temperature,
drought and heavy metal content. During growth of seed development, rise in temperature
may affect the composition of fatty acids which results in poor oil quality. Regardless of
fact that identification of fatty acids composition is genetically determined, various
environmental conditions also influence them. Less temperature and solar radiations
negatively affected the linoleic acid content in sunflower [79]. Generally the oil content
and fatty acid composition goes on increasing with decrease in altitude level due to the
fact that low partial pressure of carbon-dioxide (CO2) at higher altitudes reduces
photosynthesis rate and ultimately reduction in oil content [80, 81]. There are various
reports about the effect on total oil content with change in altitude along with other
geographical parameters. For a medicinal plant, Achillea wilhelmsii the biosynthesis and
accumulation of essential oils percentage was affected to a greater extent with varying
altitudes [82]. For rapeseed, identification and expression analysis of the genes linked with
oil synthesis has been reported in accessions grown at varying altitudes [83] which

explained about the inverse relationship of oil accumulation
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Figure 2.2 Model for transcriptional regulation of triacylglycerol formation in mature
seeds of Arabidopsis thaliana (ASIL1-ARABIDOPSIS 6B-INTERACTING PROTEIN 1-
LIKEL; AP2-EREBP-APETALAZ2-ethylene responsive element-binding protein; bZIP-
basic leucine zipper; CBF-CAAT box-binding factor; ER-endoplasmic reticulum; FA-
fatty acid; OB-oil body; FUS3- FUSCAS3; LEC1,2-LEAFY COTYLEDONL1,2; L1L-
LEAFY COTYLEDONI1-LIKE; TAG- triacylglycerol; Trihelix DNA BP-trihelix DNA
binding protein; VALL, 2, 3-VP1/ABSCISIC ACID INSENSITIVE3-LIKEL, 2, 3; WRI1-
WRINKLED1) [47].

and altitude. Information regarding effect of environmental factors such as altitude

variation on oil biosynthesis and accumulation is not available for J. curcas as of today.
2.4 Metabolic engineering for modification of fatty acid composition and oil content

Metabolic engineering approaches have been performed in many oil plants to alter the fatty
acid composition and oil content in seeds by targeting genes encoding the key enzymes
catalyzing oil biosynthesis (Figure 2.3, Table 2.3). ACCase, the rate limiting enzyme of
fatty acid biosynthesis in chloroplast has been extensively studied to correlate its

expression with enhanced fatty acid production. For plants like maize, tobacco and canola
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the overexpression of gene encoding ACCase enzyme was associated with overall increase
in fatty acids [65, 84, 85, 86]. By altering the expression level of genes encoding KAS
complex, increase and decrease in the saturated and unsaturated fatty acid composition and
increase in oil content was observed for Arabidopsis, Brassica spp. and oil palm [87, 88,
89]. Genes encoding desaturase enzymes are the imminent candidates for genetic
engineering to modify polyunsaturated fatty acids in seed oil plants [11].

ws

Figure 2.3 Diagrammatic representation of metabolic engineering strategies for
manipulation of oil content and composition in leaves and seeds. (Blue: Target genes for
overexpression; Red: Target genes for inactivation by mutation or RNAI. Genes encoding
enzymes using acyl-CoA substrates are underlined [90]

Many studies correlated the expression of desaturases with increase in oleic acid
composition and increase in seed oil content in many oil plants exists [65, 91, 92].
Acyltransferases were also targeted to increase the overall oil content in oil seed plants. In
maize, a phenylalanine insertion in DGAT gene has resulted in increase of oleic acid and
total oil content [93]. The overexpression of DGAT2 from fungus Umbelopsis ramanniana
in soybean lead to 1.5% increase in oil yield of seeds. Similarly Zhang et al. [94]
demonstrated that overexpression of DGAT from oleaginous marine protist Thraustochy

triumaureum led to overall increase in oleic acid content in Arabidopsis seeds.
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Modification of oil quality has also been achieved by the over expression of DGAT gene
in the seeds of Euonymus alatus and Arabidopsis thaliana [95]. In another study, co
expression of DGAT along with WRI1 resulted in significant increase in triacylglycerol
level in Nicotiana benthamiana [96]. The upregulation of gene encoding LPAT from
Crambe abyssinica has resulted in production of transgenic rapeseed plants with enhanced
oil content [97]. For A. thaliana and Ricinus communis also, the overexpression of LPAT
resulted in overall increase in triacylglycerol accumulation [98, 99]. Overexpression of
another acyltransferase i.e. GPAT in Brassica napus and A. thaliana seeds raised oil
accumulation and oil content [100, 101].

Table 2.3 Genetic modifications for increase in seed oil content

Modification Plant spp. % increase in | Reference
oil content
Carthamus tinctorius | A. thaliana 10-20% Jainet al. [102]
GPAT over
expression
Over expression of | Z. mays 40% Shen et al. [66]

LEC1 and WRI1

Over expression of | A. thaliana 5-15% Liu et al. [76]
Glycine max MYB73

Over expression of B. napus 10-15% Liu et al. [103]
multiple genes i.e.
BnGPDH, BnGPAT,
BnDGAT, ScGPDH
and SCLPAAT

Over expression of | A. thaliana 10% Song et al. [70]
GmbzIP123

Over expression of | A. thaliana 6-10% Wang et al. [69]
transcription factors

i.e. GmDof4

and GmDof11

Synergistic effect of | N. benthamiana 59% Vanhercke et al.
WRI1 and DGAT1 [96]
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Engineering of A. thaliana 40% van Erp et al. [64]
multiple genes of
triacylglycerol
metabolism (Over
expression of
DGATL1 and
WRINKLED1 and
suppression of
SDP1)

Over expression of | A. thaliana 35% Fatihi et al. [104]
IKU2 (seed
development gene)

Over expression of B. napus 20% Wau et al. [105]
WRI1

2.5 Reduction in overall yield and oil content in response to biotic stresses

Off late the large-scale cultivation of selected genotypes of J. curcas have made it
vulnerable to biotic stresses including diseases and pests [106]. Various pathogens are now
becoming prevalent in J. curcas plantations, reducing its potential to be an ideal bioenergy
crop. Biotic stresses are known to reduce yield and seed oil content in different oil plants,
including J. curcas. Fungal strains of Alternaria alternate, Neoscytalidium dimidiatum,
Botryosphaeria dothidea and Colletotrichum gloeosporioides were reported to be
responsible for infectious spots, root rot, black rot and anthracnose disease, respectively
causing reduction in overall yield of Jatropha [17, 18, 107]. Heteroptera, a major pest of
J. curcas induced abortion of flowers and fruits, along with reduced size, weight and oil
content in seeds. Due to anthracnose disease caused by Colletotrichum gloeosporioides,
there was appearance of dark brown lesions in the fruits leading to malformation of seeds
[108, 109]. The powdery mildew caused by the fungus Pseudoidium jatrophae is prevalent
in various plantations in India, inducing the formation of abundant white or grey colored

mycelia in flowers and fruits in J. curcas [110, 111].

Also, virus infection in J. curcas has major consequences as it reduces overall seed
yield and oil content (Table 2.4). Raj et al. [19] reported enhanced sterility rate resulting
in few number of flowers in response to cucumber mosaic virus infection in J. curcas.

Number of fruits per plant and reduction in the size of fruits was observed due to
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infestation of mosaic virus in J. curcas [112]. Another study reported overall reduction in
seeds per capsule and 1000-seed weight due to mosaic disease in J. curcas [113]. Overall
reduction of 78% and 42% in total seed yield and oil content, respectively was reported in
J. curcas due to mosaic virus infection [112]. The mosaic virus infection, is therefore, a

major concern in the cultivation of J. curcas.

Table 2.4 Consequences of viral infection on Jatropha curcas yield

Yield trait affected Reference
Few flowers with enhanced sterility Raj et al. [19]
Reduction in number of fruits per plant, size of the fruit Jayanna [112]

Reduction in seeds per capsule and reduction in 1000-seed | Gao et al. [113]
weight

Overall reduction in yield (upto 78%) Aswatha Narayana et al.
[28]
Overall reduction in oil content (upto 40%) Jayanna [112]

2.5.1 Jatropha curcas mosaic disease

Although, fungal and bacterial strains are responsible for many associated diseases in
Jatropha, mosaic disease caused by Jatropha curcas mosaic virus is prevalent in the field
conditions and is reducing overall fruit yield and quality. It is characterized by leaf curling,
blistering, distortion and reduction of fruit size. Mosaic disease of Jatropha is a severe
constraint for its full yield and restrictive factor in Jatropha cultivation around the globe.
Jatropha mosaic disease was firstly reported from Puerto Rico and subsequently from
Jamaica and Cuba [114]. There are many reports describing the outbreak of viruses in J.
curcas from other parts of world also. Viruses like begomovirus and cucumber mosaic
virus (CMV) have been identified from large plantations in India a few years back [19,
28]. Mosaic disease severity ranges from 25% in northern parts of India and up to 47% in
southern parts [19, 28]. In India, Jatropha mosaic disease was firstly reported from the
state of Karnataka [115].

Jatropha curcas mosaic virus (JcMV) responsible for causing mosaic disease

belongs to genera begomovirus of class geminiviruses [19, 28, 113]. It has single stranded
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DNA molecule as genetic material and is characterized by rod like appearance. The general
mode of Jatropha curcas mosaic virus transmission is through whitefly (Bemisia tabaci)
infestation [113]. Jatropha curcas mosaic virus encodes a coat protein (CP) that packages
entire genomic and satellite molecules. For virus particle, this CP act as the coat and is
required for the successful transmission of virus from infected plants to healthy plants.
Begomoviruses originating from similar geographical area consist of highly conserved
coat protein due to which it has been adapted to transmission by native vector inhabitants
[116]. The core region of coat protein has been shown to be associated for diversity and
classification purposes [117]. Therefore, coat protein is being considered as a vital
component for existence of begomoviruses and has been used extensively to characterize

and establish the connection among different begomoviruses [118].
2.5.2 Molecular basis of mosaic disease response in different plant species

In response to mosaic virus infection, many physiological process associated for overall
growth and development of plant gets affected. Increase in the respiration rate was
observed for cucumber (Cucumis melo) during mosaic virus infection [22]. Decrease in
transpiration rate and relative water content have been reported for Hordeum vulgare and
Capsicum annuum respectively in response to mosaic virus infection [23, 24]. Afreen et
al. [119] reported increase in phosphorus content for Daucus carota whereas Mohamed
[120] gave dimensions about increase in proline content for Beta vulgaris in response to
mosaic virus infection. Decrease in pigment content was also associated with mosaic virus

infestation in species like Capsicum annuum and Solanum tuberosum [23, 25].

Many reports underlying the molecular basis of mosaic disease response exists for
plants. Various modern biotechnological approaches have been used in this regard out of
which high throughput transcriptomic analysis technique has been studied extensively to
gain molecular aspects regarding various diseases including virus infection response in
plants. Lu et al. [121] performed deep sequencing of healthy and sequential mosaic virus
infected plants of tobacco and found that biological processes, such as pigment
metabolism, photosynthesis and plant-pathogen interaction, were linked with virus
symptom development. In another study the transcriptome sequencing of African cassava
mosaic virus infected cassava leaves gave novel insights into the upregulation of genes
associated with degradation of chlorophyll and thus photosynthesis [122]. Recently Choi

et al. [123] carried out the transcriptomic investigation of chrysanthemum in response to
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tomato spotted wilt virus, cucumber mosaic virus and potato virus X. Genes involved in
stress response such as ethylene mediated signaling pathway and chitin response were up-
regulated. Tomato spotted wilt virus infection down-regulated genes related to DNA
metabolic process such as DNA replication, cytokinesis, histone modification and
chromatin organization. Genes related to photosynthesis and flowering were
downregulated whereas genes linked to metabolic pathways, transcription and stress
responses were found to be upregulated in response to stripe virus infection in rice as
revealed by transcriptome profiling of infected seedlings [124]. Similarly, transcriptome
sequencing approach has been employed to understand the molecular basis of disease
response in plants like alfalfa, beet, capsicum, tomato and white pine [26, 125, 126, 127,
128]. For Jatropha also, many transcriptome based sequencing methodologies have been
employed to elucidate molecular responses to important biological processes such as oil
biosynthesis, flower formation, abiotic stress, waterlogging, etc. [9, 129, 130, 131, 132],

however molecular basis of mosaic virus infection is not understood.
2.6 NBS-LRR genes

Plants have acquired resistance to many pathogens and pests due to the presence of disease
resistance (R) genes that encode proteins which protect them from pathogenic organisms
[133]. Plants have large number of resistance genes and other defense responsive elements
to counter variety of pathogens. The research in the recent past on R-genes and
downstream signal transduction mechanism has provided a strong base, thereby paving the
way for their use in disease control [134, 135]. The bulk of R-genes in plants are from
nucleotide binding site-leucine rich repeat (NBS-LRR) class, providing resistance to a
large number of pathogens including parasites, fungi, bacteria, oomycetes, insects, and
viruses [133, 136, 137, 138, 139]. NBS proteins are classified into two sub categories
based primarily on domains and motifs (Figure 2.4). Those having N-terminal domain with
resemblance to the Toll and interleukin-1 receptors are designated as TIR proteins, and
those without a TIR domain are categorized as non-TIR proteins [140]. A few of non-TIR
proteins encode an N-terminal coiled-coil (CC) domain that may be involved in signaling
and interaction of proteins [139, 141]. The NBS domains linked with both TIR and non-
TIR proteins consist of a P-loop (kinase-1), kinase-2, kinase-3, and some additional short
motifs of unknown role [142]. The NBS domain functions by binding ATP [143], and the
C-terminal leucine rich repeat (LRR) is implicated in pathogen binding and regulation of

signal transduction [139, 140]. TIR domains are also involved in resistance specificity
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determination and signaling [140, 144]. Together the domains of NBS-LRR proteins
function to directly or indirectly detect pathogen effectors and activate defense signal
transduction in plants. All angiosperms evaluated to date contain NBS-LRR encoding
genes, but differences exist between monocot and dicot species, While more than half of
the NBS-encoding genes identified in A. thaliana code for TIR domains [145], members
of this subclass appear to be absent in cereal species [146, 147]. This findings suggests
that since divergence occurred >200 million years ago [148], TIR domain association with
NBS-encoding genes was preserved by dicots but lost in monocots. NBS families are
ancient, but gene duplication and gene loss events have changed the composition of these
gene subfamilies over time [149].

TIR ‘ MNBS LRR —C

LRR —C

}7
}7

ccC ‘ MNBS

Figure 2.4 Common structure of NBS-LRR gene (NBS- Nucleotide binding site; LRR-
Leucine rich repeat; TIR- Toll and interleukin-1 receptors domain; CC- Coiled coil
domain; N- Amino terminus; C- Carboxyl terminus) [150]

In the recent past, many resistance genes, including NBS-LRR genes have been employed
to produce genetically modified and transgenic disease resistant varieties. In case of
tobacco, N gene encoding TIR-NBS-LRR was transferred to develop transgenic lines
which showed resistance to the mosaic virus [151]. Similarly, transgenic tobacco lines
were developed using common bean TIR-NBS-LRR gene, RT4-4 exhibiting resistance
towards mosaic virus from tomato or pepper [152]. In tomato, Bs2 gene encoding NBS-
LRR protein has been transferred to develop resistance against bacterial spot disease [153].
Another gene responsible for bacterial blight resistance, Xa21 was introduced into Chinese
rice varieties and the transgenic plants exhibited resistance to bacterial blight [154]. In case
of wheat, the Pm3b gene has been introgressed which showed resistance against powdery
mildew [155]. In another important study, RPS4 and RRS1, two NBS-LRR type R genes
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exhibited resistance to members of brassicaceae and solanaceae by providing immunity
against various bacterial and fungal pathogens [156].

For Jatropha, 92 NBS-LRR genes have been identified previously which is quite a
small number in comparison to other sequenced plant genomes with same range of genome
sizes [13]. NBS-LRR genes number vary in different plant species, irrespective to the
genome size. For example, Arabidopsis genome (125 Mb) contains 149 genes [157], rice
genome (420 Mb) contains 535 genes [147], potato genome (840 Mb) has 438 NBS-LRR
genes [158], soybean genome (1,115 Mb) comprise 319 NBS-LRR genes [159], populus
genome (500 Mb) having about 400 NBS-LRR genes [160] and cucumber genome (350
Mb) contains 57 NBS-LRR genes [161].

2.7 Transcription factors related to defense response

In their natural habitats, plants regulate the immunity and response to other stresses by
transcription factors which are considered as potential targets for engineering plant defense
[162]. Association between activating and repressing transcription factors from many
families regulate the defense response expression of the linked genes [163]. Many of the
defense or disease resistance related transcription factors have been studied recently
including the TGA family of basic domain-leucine zipper (bZIP) proteins [164, 165], the
MYB proteins [166], the ethylene responsive element binding factors [ERFs, having a
DNA binding domain also reside in the APETALA2 (AP2) protein family], the WRKYs
[31], and the Whirly family [162] (Table 2.5).

Advances in sequencing technology has intensely extended genomic and
transcriptomic information which is available publicly. To unravel the intricate
mechanisms and transcriptional reprogramming that function in defense responses,
genome, transcriptome and bioinformatics approaches in integration with experimental
techniques should be incorporated (Figure 2.5). Whole genome analysis of defense-related
transcription factors have been done in many plant species. In recent years, the genome
and transcriptome wide identification and characterization of members of defense response
associated largest transcription factor family i.e. WRKY have been done in many plant
species. Genome wide identification and characterization of WRKY transcription factors
conferring resistance to biotic stresses was performed in populus by Jiang et al. [167].
Genome wide expression analysis of WRKY33 following Botrytis cinerea infection in A.

thaliana revealed differential transcriptional reprogramming and indicated involvement of
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WRKY33 in the defense mechanism [168]. Similarly, by genome wide identification,
WRKY45 was found to be a master regulator of the transcriptional cascade governing
defense response in benzothiadiazole induced disease resistance in A. thaliana [169].
Transcriptome based identification and analysis of WRKY transcription factors regulating
defense against leaf rust was performed in wheat recently by Satapathy et al. [170]. For
bZIP transcription factors, the genome wide identification approach has been used [171].
In Chinese cabbage genome, 291 putative AP2/ERF transcription factors regulating
resistance against disease and biotic stresses were identified [70]. In Arabidopsis, 118
transcription factors of families APETALA2/ ethylene responsive element binding
proteins, MYB domain-containing proteins, C2H2 zinc finger proteins and WRKY domain
showing response to defense elicitor, Chitin were identified using affymetrix Arabidopsis
whole-genome array [172]. In another example, for soybean, an important crop species,
biotic stress response related trihelix-GT and bHLH transcription factors were identified
and characterized using in silico approach [173].

In the past, many transgenic crop and model plants with improved disease resistance have
been developed by over expressing the defense related transcription factors. Over
expression of WRKY and ERF transcription factors have resulted in developing disease
resistant varieties of many plants [174]. Over expression of the defense associated
transcription factors can provide resistance to many dissimilar pathogens also. AtMYB44,
a transcription factor of MYB family was found to regulate the plant defense response
against aphid [175]. Arabidopsis transcription factor RAP2.6 over expression has resulted
in enhanced resistance to beet cyst nematode Heterodera schachtii. Recently, Sun et al.
[176] used virus-induced gene silencing (VIGS) approach to study the role of NAC
transcription factors in disease resistance against Magnaporthe grisea. Similarly,
overexpression of NAC transcription factor from tomato positively regulates defense

response against infection of pathogen, Botrytis cinerea [177].

2.8 Disease resistance in J. curcas

Some species of genus Jatropha such as J. integerrima has been found to withstand disease
pressure in the field conditions compared to J. curcas. Commercial cultivation of selected
genotypes of J. curcas has predisposed to a plethora of biotic stresses, including insect

pests and fungal, viral and bacterial diseases. Despite prevalence of J. curcas towards
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various biotic stresses, our knowledge regarding disease resistance and defense response

mechanisms are still limited.

Table 2.5 Transcription factors involved in plant defense response

TF family Reference

MYB Katiyar et al. [166]
WRKY Dong et al. [178]
AP2-EREBP Ohme-Takagi et al. [179]
bZIP Alves et al. [165]

CBF Sakuma et al. [180]
TFHA Jiang et al. [181]

NAM Collinge and Boller, Singh et al. [182, 183]
Whirly Desveaux et al. [162]
SBP/SPL6 Padmanabhan et al. [184]
Homeo-domain Luo et al. [185]

Bioinformatic approach \ /Ex erimental approach \

Genome Gain-of-function
- Identification of all TFs - Transient overexpression
- Phylogenetic analysis - Transgenic plants
- Evolutionary study
- Cis-element analysis = Loss-of-function
- Comparative genomics - RNAI
= Transcriptome - VIGS
- Differential expression - T-DNA mutagenesis
- Co-expression
* Proteome = TF-DNA binding assay
- Interaction with TFs - ChiIP
- Post-translational modificatio! K

g g

i Validation of candidate TFs in defense mechanism
Transcriptional network analysis

Identification of target genes

Crosstalk with hormone signaling and/or metabolite synthesis
Post-translational modification

’

y

(& Ultimate goals of plant TF study in defense 2)
= Elucidation of plant TF functions in plant defense responses
[~ = Engineering of improved resistant crops
4

Figure 2.5 Scheme of functional studies to identify transcription factors involved in
defense response [186]
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The molecular mechanisms underlying biotic stresses in J. curcas is not well documented
however, there are various reports describing the role of molecular entities governing
various abiotic stresses such as salt stress, drought stress and cold stress. A novel AP2/ERF
transcription factor from J. curcas has been identified which confers drought and salt
tolerance to transgenic tobacco [187]. NAC1, another transcription factor responsible for
multiple abiotic stresses was identified and characterized from J. curcas [188]. Also, Li et
al. [189] showed the association of MYB transcription factor in response to salt stress.
Although few NBS-LRR genes have been identified in J. curcas, this identification
approach was applied through genome mining strategy which may contain pseudogenes
[13]. There is no report exist as of today on identification of defense response related
transcription factors in J. curcas, however over-expression of a transcription factor NAC,

showed increased susceptibility to pathogens [188].

The comprehensive review of literature therefore pinpoints the following gaps in our
understanding towards this bioenergy crop, J. curcas:

Q No information is available on genetic factors contributing towards higher oil

accumulation in high oil content genotypes.

2 No information is available on molecular mechanisms underlying virus (disease)

response.

(3) Scant information on molecular components associated to disease resistance/defense

response.
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CHAPTER 3

MATERIALS &
METHODS




The present study was carried out at the Jaypee University of Information Technology,
Waknaghat, Himachal Pradesh, India. The material used and the methodologies followed
to accomplish objectives of the study are described here under:

3.1 Plant material

Fruit samples of unripened (U; 35 DAP), ripened (R; 60 DAP) and mature (M; 85 DAP)
developmental stages of high oil content (42%, IC 561235; SH and NH) and low oil
content (30%, IC 561227; SL and NL) genotypes of J. curcas were collected from the
experimental farm of Himalayan Forest Research Institute, Shimla at Sunni (Shimla
District, 1021 m altitude, 31 14" N, 77 70'E) and Nalagarh (Solan District, 521 m altitude,
30 50'N, 76 58'E), Himachal Pradesh, India (Figure 3.1). Healthy (JH) and symptomatic
virus infected (JV) leaves were collected from mature tree of Jatropha curcas genotype
IC 561235 from experimental farm of Himalayan Forest Research Institute at Jwalaji (508
m altitude, 31° 51' N, 76° 18' E), Himachal Pradesh, India (Figure 3.2). Tissues were

immediately frozen in liquid nitrogen and stored at -80°C for further use.

Endosperm
(End)
Embryo
(Emb)
Unripened Ripened Mature
(U, 35 DAP) (R, 60 DAP) (M, 85 DAP)

Figure 3.1 Developmental stages of endosperm and embryo used for expression analysis



Figure 3.2 A) Healthy Jatropha plant (JH) B) Mosaic virus infected Jatropha plant (JV)

3.2 Oil extraction and content estimation

Seed samples from dried mature stage of genotypes i.e. IC 561235 and IC 561227 were
used for oil extraction according to the protocol described by Kaushik and Bhardwaj [190]
with some specific parameters taken into consideration (Table 3.1).

The seed oil content was calculated using the following formula:

Seed oil content (%) = Weight of the oil extracted (in g) x 100/ Weight of the seed powder

taken for the extraction (in g)
3.2.1 Selection of high versus low oil content genotype

On the basis of oil content estimation, high (IC 561235; 42%) and low (IC 561227; 30%)
oil content genotypes of J. curcas were selected and were further used in different

experiments.
3.3 Primer designing

Specific primers of genes and transcription factors were designed using Primer 3
(http://bicinfo.ut.ee/primer3-0.4.0/)

37



Table 3.1 Parameters studied for oil content analysis

Parameter Description (all values are approx.)
Weight of 15 healthy fruits (g) 45

Individual fruit weight (g) 3

Individual fruit length (mm) 28

Individual fruit diameter (mm) 20

Individual shell weight (g) 0.90

Number of seeds 3

Total seed weight (g) 2.4

Length of each seed (mm) 19

Diameter of each seed (mm) 10

(9: gram, mm: millimeter)
3.4 RNA extraction and cDNA synthesis

Endosperms and embryos were excised from the seeds of various developmental stages of
both high and low oil content genotypes of both locations, Sunni and Nalagarh. Total RNA
was isolated from embryo and endosperm at unripened, ripened and mature developmental
stages of J. curcas seeds by using Qiagen RNeasy mini kit and digested with DNase |
(Invitrogen). From virus infected (JV) and healthy (JH) leaves, total RNA was isolated
using RaFlex Total RNA isolation Kit (Genei) as per manufacturer’s instruction. The
quality of total RNA was checked on 1% denatured agarose gel (1ug) for the presence of
28S and 18S bands, along with absorbance spectrum at 260 nm and 280 nm wavelengths.
Further, total RNA was quantified using Qubit RNA BR kit (fluorometer). First-strand
cDNA synthesis was done using Verso cDNA synthesis kit (Thermo Scientific, USA) from

total RNA (2mg) template as per manufacturer's instructions.

3.5 DNA isolation and detection of virus

Total DNA was isolated from healthy (JH) and virus infected (JV) leaves using CTAB
extraction method with minor modifications. Jatropha mosaic virus coat protein gene
(NCBI accession no. 9247600) was used for polymerase chain reaction (PCR)
amplification performed on thermocycler (Applied Biosystems) in 25 ul reaction volume
(Table 3.2). PCR was performed on 30 ng of genomic DNA with primer pairs, Mg2+,
dNTPs (Intron Technologies), and Taqg DNA polymerase (Intron Technologies).
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Amplification programs included 94°C for 5 min, 30 cycles of 94°C for 45 s, annealing
temperature of 54.6°C for 45 s, 72°C for 2 min, and a final extension of 7 min at 72°C.
Amplified products on 1% agarose gel were analyzed using the gel documentation system
Alphalmager EP (Alpha Innotech Corp., USA).

Table 3.2 Primer sequences of Jatropha mosaic virus coat protein gene

Forward primer Reverse primer Annealing
temp. (°C)

AACTTCGACAGTCCATTCAG | ATACAGGATTAGAGGCGTGA | 54.6

3.6 Data collection

The nucleotide sequences of 18 genes of FA and TAG biosynthetic pathway (Figure 3.3)
were retrieved from Jatropha Genome Database (http://www.kazusa.or.jp/jatropha/) and
Genbank, NCBI (http://www.ncbi.nlm.nih.gov/genbank/). For transcription factors
associated with oil biosynthesis and accumulation, the transcriptome data was downloaded
from sequence read archive (SRA) module of NCBI with accession no. SRX809788
(Developing seeds with 45 days after pollination). For NBS-LRR genes and defense
response related transcription factors, the transcriptome data of Jatropha and castor bean
were downloaded from sequence read archive (SRA) module of NCBI with accession nos.
SRR087417 and ERA047687 respectively. The whole genomes of Jatropha and castor
bean were downloaded (ftp://ftp.kazusa.or.jp/publ/jatropha/;
http://castorbean.jcvi.org/downloads.php). Velvet software [191] was downloaded from
(http://www.ebi.ac.uk/*zerbino/velvet/) for assembly of transcriptome SRA files (NGS
data). For similarity search, all the available NBS-LRR mRNA sequences were
downloaded from the GenBank module of NCBI. Perl program, pfam_scan.pl and Pfam
library of hidden Markov models (HMMs) of protein families were retrieved from Pfam
website (http://pfam.janelia.org/) for domains prediction in protein sequences translated

from transcripts.

3.7 Expression analysis of FA and TAG biosynthesis pathway genes through reverse

transcription-quantitative real-time PCR (RT-gPCR)

The expression profiles of 18 genes involved in FA and TAG biosynthetic pathway were

investigated by RT-gPCR. Using gene specific primers (Table 3.3), RT-gPCR was
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performed on CFX96 system (BioRad, USA) with the iScript one step RT PCR kit (Bio-
Rad, USA).The PCR protocol was as: denaturation for 5 min at 94°C, followed by 40
cycles each of denaturation for 20 s at 94°C, annealing for 30 s at 50-55°C, followed by
one elongation step for 20 s at 72°C. All quantitative PCR experiments were repeated with
three replicates. For calculating transcript abundances, 26S rRNA and GAPDH were used
as internal controls to normalize the expression data as previously described [192]. These
candidate reference genes were considered for their expression across different tissues.
Unripened stage was taken into consideration for calculating relative fold expression of
genes in ripened and mature stage and was kept as calibrator. Relative fold changes were
determined from the Cq values using the comparative Ct (DDCt) method described by
Schmittgen and Livak [193]. Standard deviation with percentage error was used to

statistically evaluate significant differences between treatments.
3.7.1 Statistical analysis

Principal component analysis (PCA) was performed using XLSTAT to correlate the
expression of FA and TAG biosynthesis pathway genes and different experimental
conditions [194]. Plot between variability, eigen-values and principal components were
generated. To determine relative expression of FA and TAG biosynthetic pathway genes
in endosperm and embryo of Jatropha, the heat map was made for RT-qPCR data using
GenEx software (V 1.1).

3.7.2 In-silico promoter analysis

To identify putative regulatory elements associated with lipid accumulation, in-silico
analysis of promoter regions of the genes was carried out. The genes showing elevated
expression in oil accumulating developmental stages of high oil content genotype along
with the genes previously identified [33, 11] showing consistently higher expression
among developmental stages of oil accumulation were analyzed for promoter analysis
(Table 3.6). The gene structure was elucidated by using FGENESH. For each gene, 2 kb
upstream region (potential promoter region) of the translational start site (TSS) was
selected from Jatropha genome database. TSSP was used for in-silico identification of
promoterregions. Plant Care (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/)
and PLACE (http://www.dna.affrc.go.jp/PLACE/) were used for the identification of cis-

regulatory elements.
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Figure 3.3 Schematic representation of fatty acid (FA) and tri acyl glycerol (TAG)

biosynthesis pathway in Jatropha [16]. ACCase-

Acetyl-CoA Carboxylase; DGAT-

Diacylglycerol acyl transferase; ER- Enoyl Reductase; FATA- Linoleoyl Thioesterase;
GPAT- Glycerol-3-phosphate acyl transferase; KASI- B-ketoacyl-ACP synthase I; KASII-
B-ketoacyl-ACP synthase Il; KASIII- B-ketoacyl-ACP synthase I1lI; LD- Linoleoyl
Desaturase; LPAT- Lyso-phosphatidic acid acyltransferase; MT- Malonyl Transferase;

OAD- Oleoyl-ACP Desaturase; OCD- Oleoyl-CoA

Desaturase; PAP- Phosphatidic acid

Phosphatase; PT- Palmitoyl Thioesterase; SAD- Stearoyl-ACP Desaturase; ST- Stearoyl

Thioesterase; PAD- Palmitoyl-ACP Desaturase
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Table 3.3 Primers from FA and TAG biosynthetic pathway genes used for expression analysis through RT-qPCR

desaturase

S.No. | Gene Gene Forward primer Reverse primer Annealing
abbrev. temperature (°C)

1 Acetyl-CoA ACCase | GGAGAAGCAACACCACATAC | CCACAGGAACAAGAGGAGTA |52
carboxylase

2 Malonyl MT CTACCCTTGCTTTTCTGCT GGCTTATCACAGTTGAATCC 51
transferase

3 B-ketoacyl-ACP KASI TGGGTGGTCTTACAGTCTTT AGGTAGCACAAGCAGTTGAG |53
synthasel

4 B-ketoacyl-ACP KASII AGAAAGACACTTCACGCTCA | CTACAAGGCTCAAACGCTAA |55
synthase Il

5 B-ketoacyl-ACP KASIII GTTGGTAGTGGTTCAGCAGT | CTCAGTGGCTAAGGAAATCA |52
synthaselll

6 Enoyl ER AGTATTGTTGGGCAGTGTGT | GAGACCCTTGACATTCTTCA 52
reductase

7 Palmitoyl-ACP PAD CTTGATGTATGATGGTCGTG | GTAATCCTGAGCCTTTTGC 56
desaturase

8 Stearoyl-ACP SAD CACCCCAGAAGATTGAGATA | AGTTCCCTGACTTGTTCATC 54
desaturase

9 Oleoyl-ACP OAD TCCTACCTTCCAGTGTCGTA TCTCCCTAAGTTCCCTGACT 51
desaturase

10 Palmitoyl PT CTAACGCACAACAGAAACG CAAAGTCCAACAACAGCAG 55
thioestrase

11 Stearoyl ST AGATTCCAAGTCCACCAAG GTCACCCTCATTTTTCACAC 54
thioestrase

12 Linoleoyl FATA TCTGAAGGACTATGCCACTG | CCTCTGGAAATGCTAATCTG 51
thioestrase

13 Linoleoyl LD GAGAATCAGCCACAGAACTC | CCCACAGATAGAAAGGGTAA |50
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14 Oleoyl-CoA OoCD GATGTTCTGGGCTATCTTTG GTGGTGAATCCTATGGCTAA 50
desaturase

15 Glycerol-3- GPAT CGGAAGCAGTCATTTACAAC | GGAACCTTTTTGAGACCTG 56
phosphate acyl
transferase

16 Lyso- LPAT CATATGCAACCACAGAAGTG | TCGAGGAAGAGGTATTCAGA |53
phosphatidic acid
acyltransferase

17 Phosphatidic acid | PAP ATTCAGTTGGGTTCTCACAC | TCTGTCATCATATCCCTTCC 52
phosphatase

18 Diacylglycerol DGAT TGCTGTCTTACCCTCCCTAT GACCCACAACTGAGAATCAC |52
acyl transferase

19 26S ribosomal 26S CACAATGATAGGAAGAGCCG | CAAGGGAACGGGCTTGGCAG |58
RNA* rRNA AC AATC

20 Glyceraldehyde- | GAPDH | TTGCCATCAATGACCCCTTCA | CGCCCCACTTGATTTTGGA 56
3-Phosphate
dehydrogenase*

*Reference genes (Internal controls)
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3.7.3 Cloning of promoter region

For experimental validation, the promoter region of SAD (Rate limiting gene) was cloned
in high oil content (IC 561235) and low oil content genotype (IC 561227). Using SAD
promoter region specific primers, PCR was performed on 30 ng of genomic DNA with
varying amounts of primer pairs, Mg2+, dNTPs and Tag DNA polymerase. The
amplification programs were as: 1 cycle of 94°C for 3 min, 30 cycles of 94°C for 30 s, 30
cycles of annealing temperature (49°C) for 45 s, 30 cycles of 72°C for 2 min and a final
extension of 1 cycle of 7 min at 72°C. 10ul of each PCR product was mixed with 2ul of
6x gel loading dye (0.2% xylene cyanol dye, 0.2% bromophenol blue, and 30% glycerol)
and was electrophoresed in a 1.2% agarose gel prepared in 1x Tris acetate-EDTA (TAE)
buffer. The gels were visualized using gel documentation system Alpha Imager EP (Alpha
Innotech Corp., USA). For cloning of PCR products, pPGEMT vector (Promega) was used
and then were further sequenced. Basic local alignment search tool (BLAST)
(http://www.ncbi.nlm.nih.gov/BLAST) was used for calculating sequence similarities.

3.8 In-silico identification of transcription factors (TFs) controlling oil biosynthesis

The transcriptome data was downloaded from sequence read archive (SRA) module of
NCBI with accession no. SRX809788. Velvet software  was downloaded from
(http://www.ebi.ac.uk/*zerbino/velvet/) for assembly of transcriptome SRA files (NGS
data). Perl program, pfam_scan.pl and Pfam library of hidden Markov models (HMMs) of
protein families were retrieved from Pfam website (http://pfam.janelia.org/) for domains
prediction in protein sequences translated from transcripts. Literature based mining
approach was employed to identify TFs important in oil biosynthesis and accumulation
(Figure 3.4). A total of 9 different TF families were found and a ‘master list’ was prepared
(Table 3.4). All 9 TF families were examined in Pfam to find out domains associated with
each family and significant role in oil accumulation. PlantTFcat, a plant based TF database
(http://plantgrn.noble.org/PlantTFcat/familylist.do) was used for identification and
classification of TFs involved in oil accumulation. Transcript abundancy estimation was
carried out using RSEM [195]. The transcript abundance of the transcripts from the
transcriptome were calculated using FPKM parameter of RSEM package. All the

parameters were kept default in the query option.
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Table 3.4 Transcription factors involved in oil biosynthesis and accumulation

TF Family Pfam Ids Reference

Dof PF02701 Wang et al. [69]

AP2 PF00847 Ma et al. [72]

B3 domain PF02362 Palaniswamy et al. [73]
GATA PF00320 Fobert [74]

bHLH PF00010 Courchesne et al. [75]
MYB PF00249 Liu et al. [76]

bZIP PF00170 Song et al. [70]
HD-Zip PF11569 Chew et al. [77]

CBF PF02045, PF03914 Fobert [74]

Transcriptome of Jatropha

l

Mapping of TFs related to oil accumulation

l

| Identification of transcription factors regulating oil accumulation with PlantTFcat

l

R and M endosperm developmental stages of high oil contentand low oil content
genotype

|

RNA extraction and cDNA synthesis

l

Expression analysis through RSEM (FPKM) and RT-qPCR

Figure 3.4 Methodology followed for identification of transcription factor families
regulating oil biosynthesis and accumulation
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3.8.1 Expression analysis of transcription factor genes through reverse transcription-
guantitative real-time PCR (RT-gPCR)

The expression profile of genes encoding transcription factors identified as per in silico
analysis was done by RT-gPCR. Ripened (R) and mature (M) developmental stages of
endosperms of high oil content and low oil content genotypes of location Nalagarh (NH)
were used for this analysis (Figure 3.4). Using specific primers (Table 3.5), RT-gPCR was
performed on CFX96 system (Bio-Rad, USA) with the iScript one step RT PCR kit (Bio-
Rad, USA).The PCR protocol was as: denaturation for 5 min at 94°C, followed by 40
cycles each of denaturation for 20 s at 94°C, annealing for 30 s at 50-55°C, followed by
one elongation step for 20 s at 72°C. For calculating transcript abundances, 26S rRNA and
GAPDH were used as internal controls to normalize the expression data. Relative fold
changes were determined from the Cq values using the comparative Ct (AACt) method
[193]. Standard deviation with percentage error was used to statistically evaluate

significant differences.

46



Table 3.5 Primers for genes encoding transcription factors regulating oil biosynthesis and accumulation used in RT-gPCR

S.No. | TFfamily | Forward primer Reverse primer Annealing
temperature (°C)
1 bZIP TGCATATCAGAGAGTTGCAG CTAAGAGTGTGGGATGCAAT 51
2 Dof AGAGCTGGACTTAGGCTTTT ATGGAGACTCGAGAAGAACA 53
3 MYB AGGTGCCAGACTAGAAATCA CTTCGTTTCCTCTCATCAAG 53
4 bHLH GATGAGGAGTTAGCAGGTCA ATCAGTTCTCTCGTCACCAC 54
5 CBF CAAAACCATGGGTGAGTAGT AGTATCTCGGGAGAGGATTC 55
6 AP2 CTCCATCAAAGAGCAAGAAG GAATGTCCCTAACCAATGTC 50
7 26S rRNA* | CACAATGATAGGAAGAGCCGAC | CAAGGGAACGGGCTTGGCAGAATC |58
8 GAPDH* TTGCCATCAATGACCCCTTCA CGCCCCACTTGATTTTGGA 56

*Reference genes (Internal controls)
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Table 3.6 Genes selected from Xu et al. [33] and Gu et al. [11] showing elevated transcript
abundance vis-a-vis seed development and oil biosynthesis

Gene Abbreviation | Function in lipid biosynthesis | Reference
Oleosin 1 Oleosin 1 Oil bodies regulation Siloto et al.
[196]
Oleosin 2 Oleosin 2 Oil bodies regulation Siloto et al.
[196]
Phospholipid PDAT Acyl-CoA-independent Stahl et al.
diacylglycerol triacylglycerol biosynthesis [197]
acyltransferase
Choline kinase CLK phosphatidylcholine Gibellini
(Phospholipids) formation and Smith
[198]
Diacylglycerol kinase 1 | DGK1 Biosynthesis of Phosphatidic Han et al.
acid from diacylglycerol [199]
Enoyl-CoA hydratase ECH Degradation of saturated fatty | Allenbach
acids and Poirier
[200]
3-ketoacyl-CoA KCR2 Elongation of fatty acids Puyaubert et
reductase isoform 2 al. [201]
Ketoacyl-CoA synthase | KCS Formation of very long chains | Taylor et al.
of mono unsaturated fatty acids | [202]
Long-chain acyl-CoA LACS8 Esterification of free fatty acids | Shockey et
synthetase 8 to fo rm acyl-CoAs al. [203]
Lipase Lipase Hydrolysis of triacylglycerol to | Quettier and
form free fatty acids and Eastmond
glycerol [204]
Sterol desaturase SD Desaturation of fatty acids Taton and

Rahier [205]

3.9. lllumina NextSeq 2 x 150 PE library preparation

The 7 paired-end cDNA sequencing libraries were prepared from healthy (JH) and virus-

infected (JV) leaf tissues using illumina TruSeq stranded total RNA library preparation Kit

and as per protocol described by manufacturer (Illumina). Briefly, rRNA was depleted

from total RNA followed by fragmentation. The fragmented rRNA depleted RNA was

converted into first-strand cDNA, followed by second-strand cDNA generation, A-tailing,

adapter ligation and finally ended by index PCR amplification of adaptor-ligated library.

Library quantification and validation was performed using Qubit dSDNA HS kit and high

sensitivity assay Kit, respectively. RNA-Seq libraries were prepared using Illumina
TrueSeq stranded total RNA HT (with Ribo-Zero plant) kit using 1 pg of total RNA. The

mean size of the fragment distribution is ranging from 550-700 bp.
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3.9.1 Data generation and mapping of reads to genome

The raw data was generated on NextSeq. The raw reads were filtered using Trimmomatic
(v 0.30) with quality value QV > 20 and other contaminants such as adapters were also
trimmed. The reference genome of J. curcas was downloaded from Jatropha genome
database (http://www.kazusa.or.jp/jatropha/). The Illumina NextSeq transcriptome data
for both samples i.e. JH and JV were separately mapped to the Jatropha reference genome
using BWA version 0.7.5a (http://bio-bwa.sourceforge.net/) with default settings. The
software package SAMtools (http://samtools.sourceforge.net/) was used to convert
sequence alignment/map (SAM) file to sorted binary alignment/map (BAM) file. Mapped
reads ratio (MRR) to the reference in each dataset was calculated by applying flagstat
command of SAMtools software to the BAM file (Figure 3.5).

3.9.2 Differential gene expression analysis

The CDSs from Jatropha GFF file were used to study the gene expression analysis. The
expression analysis of these genes was carried out with R package DESeq. The expression
of genes was calculated in terms of FPKM (Fragment per kilobase per million mapped
reads). The FPKM values for each gene were calculated for healthy (JH) and virus infected
(JV) samples with DESeq package. These FPKM values were further used to calculate the
log fold change [log. (FPKM_JV/FPKM_JH)]. The analysis was carried out to identify
commonly expressed genes between JH and JV samples respectively. These genes were
further divided on the basis of their statistical significance (depending on whether p value
is less than 0.05 for their significant expression). These genes were further categorized as
up-regulated genes and down-regulated genes in JV as compared to JH. Gene that
exhibited an p-value<0.05 and estimated absolute log2fold were determined to be

significantly expressed genes (Figure 3.5).

3.9.3 Heat map analysis

A complete linkage hierarchical cluster analysis was performed on top 100 differentially
expressed genes (50 up regulated and 50 down regulated in JH or JV) obtained from
DESeq using multiple experiment viewer (MEV v4.8.1). Heat map was constructed using
the log-transformed and normalized value of genes based on Pearson's uncentered

correlation distance as well as based on complete linkage method.
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Figure 3.5 Flowchart depicting bioinformatics methodology followed for differential gene
expression analysis in JH and JV

3.9.4 Gene ontology analysis

For functional annotation of the predicted CDS in both JV and JH, BLAST2GO program
was used with default parameters to retrieve GO annotation which distinguishes on the
basis of molecular function, biological process and cellular component ontologies [206].
Gene ontology analysis specifies all the annotated nodes comprising GO functional groups
such as cellular component, biological process and molecular function. Main GO
categories were determined after the genes were further analyzed for BLAST, gene

mapping and annotation.

3.9.5 Pathway analysis

CDSs of JV and JH samples were functionally annotated by KAAS (KEGG automatic
annotation server) with BLAST comparisons against KEGG GENES database. KEGG
gene database has an advantage over other databases, as it is a single resource for cross
species depiction by assigning KEGG orthology to all existing genomes. The BBH (Bi-
directional best hit) option was used to assign KO terms. For pathway mapping, KEGG

Orthology database (http://www.genome.jp/kegg/ko.html) was used.
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3.9.6 SNP identification

The Ilumina NextSeq transcriptome data for both samples were separately mapped to the
Jatropha reference genome using BWA version 0.7.5a (http://bio-bwa.sourceforge.net/)
with default settings. The software package SAMtools (http://samtools.sourceforge.net/)
was used to convert sequence alignment/map (SAM) file to sorted binary alignment/map
(BAM) file. The alignment file was used for SNP detection using SAMtools. The SNPs
were detected in both the samples using the samtools mpileup pipeline. SNPs with quality
score more than 20 and read depth over 5 with flanking of 100 bp were filtered as high

quality SNPs.

3.9.7 Co-expression network analysis

A gene co-expression network (GCN) is an undirected graph, where each node
corresponds to a gene, and a pair of nodes is connected with an edge if there is a significant
co-expression relationship between them [207]. BLAST analysis was performed for
transcriptome sequences of both JH and JV samples with NCBI non-redundant database.
Annotated Jatropha scaffold ID were mapped with sequences and genes were extracted
from annotated list on the basis of fold change (threshold 2 fold) using in house perl scripts
(Figure 3.6). Constructing gene co-expression network involved combination of Pearson’s
correlation coefficient (PCC), gene ontology score, abundance score and codon score that
was calculated as the geometric mean of the correlation rank of gene X to gene Y and of
gene Y to gene X. Cytoscape network construction and network analyser plugin were used

for co-expression network analysis.
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|
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Figure 3.6 Flowchart depicting methodology followed to perform co-expression network
analysis (Pre-processing of data and selection of reference genes for co-expression
analysis)

3.9.8 RT-qPCR based experimental validation

For experimental validation, RT-gPCR approach was used to confirm the transcriptome
data. cDNAs of JH and JV were used for this analysis and the expression profiles were
investigated by RT-gPCR. Using gene specific primers (Table 3.7), RT-qPCR was
performed on CFX96 system (Bio-Rad, USA) with the iScript one step RT PCR kit (Bio-
Rad, USA).The PCR protocol was as: denaturation for 5 min at 94°C, followed by 40
cycles each of denaturation for 20 s at 94°C, annealing for 30 s at 50-55°C, followed by
one elongation step for 20 s at 72°C. All quantitative PCR experiments were repeated with
three replicates. For calculating transcript abundances, 26S rRNA and GAPDH were used
as internal controls. Standard deviation with percentage error was used to statistically

evaluate significant differences between treatments.

52



Table 3.7 Primers for genes involved in ‘Plant hormone signal transduction’ used for experimental validation through RT-qPCR

S.No.

Gene

Abbreviation

Forward primer

Reverse primer

Annealing

temperature (°C)

1

Jasmonate ZIM
domain-
containing

protein

PHST 1

TAGATTCCTCGATCTCATGG

CAGCTTCTCGCCAATACTA

53

Auxin
responsive GH3

gene family

PHST 2

ATATCGCAGGAAGAGTCTGA

ATTGCTATCCACGGAGATG

53

Two-component
response
regulator ARR-
A family

PHST 3

CGATGTTAAGTGAGGTGGAT

CTCCAAAAAGCTCTTCTGCT

54

Auxin-
responsive
protein IAA

PHST 4

ATCCTCTGTTGTGAGGTTTG

GCATCCTAGTGGATACCAGA

54

Abscisic  acid

receptor

PHST 5

GAGCTTGTGTTTAGCCACTT

AGATCCAATAACCCATCTCC

50

53




PYR/PYL
family

Two-component
response
regulator ARR-
B family

PHST 6

GCAGAAGAATTAAGGGAGGT

ATCACCATCCCTATCAACG

o1

SAUR  family
protein

PHST_7

AGACGCTTATTGTGTCCACT

GACACCTAGAGAATGGCAAG

50

26S ribosomal
RNA*

26S rRNA

CACAATGATAGGAAGAGCCGAC

CAAGGGAACGGGCTTGGCAG
AATC

58

Glyceraldehyde-
3-Phosphate
dehydrogenase*

GAPDH

TTGCCATCAATGACCCCTTCA

CGCCCCACTTGATTTTGGA

56

*Reference genes (Internal controls)
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3.10 Identification of Pfam domains/families associated with NBS-LRR genes and

transcription factors related to disease resistance

The domains/families associated with NBS region were considered in the study due to the
conserved nature of NBS region. Pfam keyword search with ‘NBS-LRR’ and associated
key words (Table 3.8) was performed in the Pfam database. All hits of domains/ families
from the keywords were manually checked for their role in plant defense response and
included in ‘Master list 1° (NBS-LRR). Transcription factors important in disease
resistance were retrieved from the literature. It was found that 10 different transcription
factor families were involved in disease resistance (Table 3.9). All 10 transcription factor
(TF) families were searched in Pfam text search to find out domains associated with each
family. All hits of domains/families from the keyword were checked for their role as
transcription factors for plant defense response. Only those domains were incorporated in
the ‘Master list 2 (transcription factors)’ which had significant functional role as TF in

plant defense response.

Table 3.8 NBS-LRR domains and their respective Pfam Ids

NBS-LRR domain (keywords) Pfam Ids
NB-ARC PF00931
TIR PF01582
TIR2 PF13676
RPW3 PF05659
Dirigent PF03018

Table 3.9 Transcription factors involved in plant disease resistance

Transcription factor | Pfam Ids Reference

family

MYB PF00249, PF13921, PF14379, | Katiyar et al. [166]
PF13837, PF12776, PF14215

WRKY PF03106 Dong et al. [178]

ERF-type/AP2-EREBP | PF00847 Ohme-Takagi et al. [179]

CBF PF02312, PF00808, PF03914 | Sakuma et al. [180]
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bZIP PF00170, PF03131, PFO7716, | Alves et al. [165]

PF12498
SBP/SPL6 PF03110 Padmanabhan et al. [184]
NAC domain/NAM PF02365, PF14303 Collinge and Boller [182],

Singh et al. [183]

TFIIA PF03153, PF02268, PF02751 | Jiang et al. [181]
Homeo-domain PF00046, PF05920, PF00157, | Luo et al. [185]

PF13384, PF13565
Whirly PF08536 Desveaux et al. [162]

3.10.1 |Identification of NBS-LRR genes and defense response associated

transcription factors

The NBS-LRR mRNA sequences collected previously from NCBI were mapped on to the
transcriptome of Jatropha using BLAST in order to identify all NBS-LRR containing
transcripts in the transcriptome other than predicted 92 NBS-LRR genes in Jatropha [13].
The manually adopted Pfam IDs (domains/families) associated with NBS regions and
transcription factors were also mapped using Pfam domain/ family search against the
transcriptome of Jatropha in order to identify all genes and transcription factors having the
domain IDs from the NBS regions and families of transcription factors, respectively
(Figure 3.7).

Domain architecture of a protein can be explored through searching the sequence against
the Pfam library of HMMSs. NBS-LRR genes and the transcription factors were identified
according to domain architecture. All transcripts and transcription factors of Jatropha were
translated into proteins (using canonical codon table) according to reading frames and then
proteins were subjected to Pfam domain/family search to find out presence of domains.
Finally, proteins matching with Pfam domains/ families listed in the ‘Master list 1’ (refer
section: Pfam NBS LRR domain identification) were selected as NBS proteins and
corresponding transcript as NBS transcript. The proteins showing match to Pfam
domains/families listed in the ‘Master list 2’ (refer section: Pfam NBS LRR domain
identification) were selected as transcription factors associated with disease resistance. In-

house PERL programs were used to translate transcripts to proteins, Pfam domains
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prediction in translated proteins and comparison of predicted domains for their presence

in Master list. Finally results were cross checked manually.

Transcriptome

l

Assembly (Contigs)

l

|dentification of NBS-LRR genes and defense response related transcription
factors

l

Transcript abundance measurement of NBS-LRR genes and defense response
related transcription factors

l

Identification of common NBS-LRR genes and defense response related
transcription factors with Castor bean

H

Characterization of identified NBS-LRR genes into TNLs and CNLs

Categorization of defense response related transcription factors into families

Figure 3.7 Flow diagram depicting methodology for identification of NBS-LRR genes
and defense response related transcription factors

3.10.2 Location of NBS-LRR genes in sequence contigs

All predicted NBS-LRR genes were mapped to J. curcas genome sequence contigs.
BLAST search was used to map contigs on whole genome with exact matching cut off.
Position of contigs on genome was extracted from BLAST alignment output file. All
analysis, BLAST search and extraction of contigs location were done through in-house

developed PERL programs.
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3.10.3 Identification of common and unique NBS-LRR genes and transcription
factors in Jatropha and castor bean genomes

To identify common and unique NBS-LRR genes and defense response related
transcription factors between Jatropha and castor bean, all predicted genes and
transcription factors from both the species were used in similarity search. BLASTN was
used for finding similarity among contigs of Jatropha and castor bean with cut off values
of equal to or more than 70 % within at least a length of 100 nucleotides. In-house PERL
program was used to perform BLASTN and to extract results within mentioned cut off,
further results were also cross checked manually.

3.10.4 Expression analysis of identified NBS-LRR genes and transcription factors

Transcript abundancy/quantification was carried out using RSEM [195]. RSEM is an user
oriented software for quantification of transcript abundances from RNASeq data. RSEM
calculates abundance estimates and posterior mean estimates and 95 % credibility intervals
for genes/isoforms. There are two measures which specify abundance estimates, one gives
an estimate of the fragments number that can be derived from an isoform or gene [the
expected counts (EC)], and the other is the probable part of transcripts within the sample
represented by the specified isoform or gene. The expression profiles were obtained
through pme_TPM (pme: posterior mean estimates; TPM: transcripts per million) values.
The TPM value is considered best over other metrics such as FPKM (Fragments per
kilobase of transcript per million mapped reads) [208] and RPKM (Reads per kilobase per
million) [209] as it is not dependent on the mean expressed transcript length and so more
comparable among diverse species and samples [195]. The transcript abundance of the
contigs from the transcriptomes of Jatropha and castor bean were calculated using
pme_TPM parameter of RSEM package. All the parameters were kept default in the query

option.
3.10.5 Identification of CNLs and TNLs in predicted NBS-LRR genes

Using PCOILS (http://toolkit.tuebingen.mpg.de/pcoils), the predicted NBS-LRR genes
were further characterized into CNLs and TNLs with default parameters. PCOILS
compares a sequence to previously identified parallel two-stranded coiled-coils and

determines a similarity score.
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3.10.6 Retrieval of disease resistance gene sequences of Jatropha

The gene sequences of Jatropha were used as query against the Jatropha genome database
where they were subjected to BLASTN (http://www.kazusa.or.jp/ jatropha/cgi-
bin/blast.cgi). This analysis was performed to predict position of these genes in respective
sequence contigs. The protein sequences of genes were also subjected to similar analysis
using BLASTP.

3.10.7 Protein characterization, motif distribution and domain prediction

By using PCOILS, the predicted disease resistance proteins were characterized into CNLs
and TNLs (http://toolkit.tue bingen.mpg.de/pcoils). The distributions of motifs in these
proteins were predicted using MAST (http://meme.sdsc.edu/ meme/cgi-bin/mast.cgi).
Protein function domains of disease resistance genes were predicted using NCBI
conserved domain search
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?INPUT_TYPE=live&SEQUENC
E) and the HMM search using Pfam (http://pfam.jouy.inra.fr/hmmsearch.shtml).
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CHAPTER 4
RESULTS




The findings of the present study are explained under the following main headings:

4.1 Oil extraction and oil content analysis

4.2 Expression analysis of FA and TAG biosynthetic pathway genes at different
developmental stages of embryo and endosperm

4.3 Differential expression pattern in high versus low oil content genotypes vis-a-vis
altitude variations

4.4 Relative transcript abundance in endosperm and embryo

4.5 Statistical analysis

4.6 In-silico analysis of promoter region

4.7 Cloning of promoter region of SAD gene from high and low oil content genotype

4.8 ldentification of TFs regulating oil accumulation

4.9 In-silico transcript abundance of TFs regulating oil accumulation

4.10 Expression analysis of TFs regulating oil accumulation through RT-gPCR

4.11 Identification of virus

4.12 Reduction in fruits size, seed yield and oil content in response to virus infection

4.13 Transcriptome sequencing and data generation

4.14 Differential gene expression analysis

4.15 Gene ontology analysis based functional classification of JH versus JV transcripts
4.16 Pathway analysis and identification of pathways upregulated in response to viral
infection (JV transcriptome)

4.17 Identification of pathways downregulated in response to viral infection

4.18 ldentification of SNPs

4.19 Co-expression network analysis

4.20 RT-gPCR based validation of informative transcripts

4.21 Identification of NBS-LRR genes and defense response associated transcription
factors in J. curcas

4.22 Location of NBS-LRR genes in genome sequence contigs

4.23 Transcript abundance of NBS-LRR genes and transcription factors associated with
disease resistance

4.24 Identification of TNLs and CNLs in identified NBS-LRR genes

4.25 Distribution of identified transcription factors into families
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4.26 Identification of common and unique NBS-LRR genes and transcription factors
between Jatropha and castor bean genomes

4.27 Organization of disease resistance genes in castor bean and Jatropha genome

4.28 Data availability

4.1 Oil extraction and oil content analysis

The oil extraction was done as per protocol described by Kaushik and Bhardwaj [190] with
some specific parameters taken into consideration. Genotypes IC 561227 and IC 561235
had 30% and 42% oil content, respectively. IC 561227 was considered as low oil content

genotype whereas IC 561235 as high oil content genotype.

4.2 Expression analysis of FA and TAG biosynthetic pathway genes at different
developmental stages of embryo and endosperm

Almost all eighteen genes of FA and TAG biosynthesis pathway showed relatively higher
expression in high oil content genotype compared to low oil content genotype grown at
both the locations (Figures 4.2, 4.3 and 4.4). The relative fold expression of genes in
endosperm and embryo was calculated in ripened and mature stage with respect to
unripened stage. The FA and TAG biosynthetic pathway genes were further divided into
three main clusters i.e. cluster I, cluster Il and cluster 111 (Figure 4.1, Table 4.1). Cluster |
comprised of genes involved in the formation of common intermediates in FA synthesis
pathway (ACCase, KASI, KASII, KASIII, MT, ER). Cluster Il comprised of genes directly
linked to the formation of specific fatty acids and their precursors (SAD, OAD, FATA, PT,
PAD, ST, OCD, LD). The genes DGAT, LPAT, GPAT and PAP in cluster Il are involved
in the triacylglycerol biosynthesis. Based on relative expression fold in oil accumulating
developmental stages of endosperm or embryo (R and M), the clusters were further divided
into sub-clusters. The cluster 1 was divided into two sub-clusters, cluster la comprised
genes having fold expression of more than 10 (ACCase, KASI, KASII, KASIII) whereas
cluster Ib comprised of genes having less than 10 fold value (MT, ER). Similarly, genes
SAD, OAD and FATA were grouped into sub cluster lla (>10 fold) and PT, PAD, ST, OCD,

LD were present in sub cluster I1b (<10

62



Cluster IlI oil
ACCase MT body
<> Malonyl-CcA )——( Malonyl-ACP /’

KAS complex -
(KASI, KASII, KASHI) [ Triacylglycerol

Butyryl-ACP rE\R DGAT
Cluster | [ Diacylglycerol

PAP

[ Phosphatidic acid ]
PUFAS

LPAT

PAD SAD
2 T
Palm|toyl ACP Stearoyl ACP Olcoyl ACP L'”i'gsy [ Lyso-phosphatidic acid ]

i | FATA‘ Coh | — | omr

V ‘v’

Palmiticacid Stearicacid [ Oleicacid ] [ Linoleicacid ] [ — ]‘{} i
(10%) (10%) (45%) (35%)

0co Vi
o _—I

Cluster II Chloroplast EndoplasmicReticulum

Figure 4.1 Schematic representation of fatty acid (FA) and triacylglycerol (TAG)
biosynthesis pathway in Jatropha [16]. ACCase- Acetyl-CoA Carboxylase; DGAT-
Diacylglycerol acyl transferase; ER- Enoyl Reductase; FATA- Linoleoyl Thioesterase;
GPAT- Glycerol-3-phosphate acyl transferase; KASI- B-ketoacyl-ACP synthase I; KASII-
B-ketoacyl-ACP synthase Il; KASIII- B-ketoacyl-ACP synthase I1lI; LD- Linoleoyl
Desaturase; LPAT- Lyso-phosphatidic acid acyltransferase; MT- Malonyl Transferase;
OAD- Oleoyl-ACP Desaturase; OCD- Oleoyl-CoA Desaturase; PAP- Phosphatidic acid
Phosphatase; PT- Palmitoyl Thioesterase; SAD- Stearoyl-ACP Desaturase; ST- Stearoyl
Thioesterase; PAD- Palmitoyl-ACP Desaturase (Cluster I: Enzymatic steps contributing
to formation of common intermediates in FA biosynthesis pathway, Cluster Il: Enzymatic
steps contributing to formation of specific fatty acids and their direct precursors in FA
biosynthesis pathway, Cluster IllI: Enzymatic steps contributing to formation of
triacylglycerols)

fold). Genes DGAT, LPAT and GPAT were present in cluster Illa (>10 fold) whereas PAP
was in cluster 1llb (<10 fold). For clustering analysis, the high oil content genotype (SH
and NH) selection was considered as all the genes showed low or negligible expression in
endosperm or embryo developmental stages from low oil content genotypes (SL and NL).
Specifically, KASII showed peak expression at mature stages of embryo (42.1 and 46.2

fold) whereas KASI and KASIIIT were maximally expressed at mature stages (42.5 and 41.7
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fold; 78.9 and 86.1 fold) of endosperms of high oil content genotype. FATA showed
transcript abundance of about 20 fold in ripened and mature stages of both embryo and
endosperm of high oil content genotype. For LPAT, the expression was significantly high
(55-80 fold) in mature stage of both embryo and endosperm for SH and NH. Interestingly,
for DGAT, maximum expression of about 268 and 298 fold was only observed in mature
stage of endosperm of SH and NH, however for embryo it was relatively low. Key genes
linked with fatty acid and triacylglycerol biosynthesis were identified on the basis of
expression fold.

Table 4.1 Clustering of FA and TAG biosynthesis pathway genes

Cluster | Cluster 11 Cluster 111
(Common intermediates | (Direct precursors of (Triacylglycerol
in fatty acid biosynthesis) | fatty acid biosynthesis) biosynthesis)
Cluster la | Cluster Ib | Cluster Ila | Cluster IlIb | Cluster Cluster
IHla b
ACCase MT SAD PT DGAT PAP
KASI ER OAD PAD LPAT
KASII FATA ST GPAT
KASIII OCD
LD

64




Table 4.2 Relative expression fold values for FA and TAG biosynthesis pathway genes in high and low oil content genotypes

Endosperm Embryo

Gene Ripened (R) stage Mature (M) stage Ripened (R) stage Mature (M) stage

SH NH SL NL | SH NH SL NL | SH NH SL NL | SH NH SL NL

ACCase |10.49 [10.24 |1 2.96 | 20.06 | 26.85 |3 23 |10.88 | 1041 |2 2.75 | 11.09 | 10.74 |3 1.06

MT 406 |496 |N N 414 408 |N N 594 |12 133 [ 1.71 |53 3.84 | 122 | 189
KASI 12.7 |14 N N 425 |41.27 | N N 16.7 |16.63 | N 389 | 274 |238 |1.13 |1.08
KASII 20.95 | 23.29 | N N 30.89 [ 29.65 | N N 20.43 | 19.1 N N 421 462 |N N
KASIIl | 2058 |23.34 | 1.18 | N 78.9 |86.17 |1.75 | 353 |19.3 |243 156 | N 784 (6941 121 |N
ER 513 433 |1 N 934 (944 |N 1.2 | 428 |3.58 114 | N 881 |213 |244 |15
PAD 2.2 4 N N 431 398 |N N 159 |16 N N 4 3.6 N N

SAD 1563 |168 |21 |236 |[2569 [281 |12 |245 |12 11.9 211 |19 |18.21 |23.11 |2.09 |2.11

OAD 10.31 | 10.69 | N N 11.13 | 10.2 | N N 10.53 | 10.68 | N N 10.08 | 10.84 | N 1.28
PT 446 |6.77 |N N 331 [503 |N N 145 | 4.2 N N 488 436 |N N
ST 2 3.86 | N N 6.31 |392 |N N 1.59 |1.09 N N 5.79 |46 N N
FATA 19.4 119.02 | N N 19.41 | 18.92 | N 1.3 1843 |19.71 | N 162 | 1681 | 17.17 | 144 | N
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LD 8.26 |856 |3.26 [N 959 |9.09 |268 |N 6.28 |6.33 3.27 |197 |9.71 825 |269 |N

OCD 1 321 |N 359 255 392 |N 3.89 | 192 |3.56 N 14 1285 |[348 |N 3.94

GPAT 204 | 1955 |N N 403 |3563 (114 |N 25.67 | 2853 | N 3.05 | 21.21 | 20 2.2 | 156

LPAT 30.81 | 3222 |154 |222 |613 |833 [288 |[294 |26.1 |2888 |3.68 |2.36 |58.87 |55.6 |3.78 |3.01

PAP 506 |64 1.16 | N 847 |6.85 |N 1.23 |6.45 |143 N N 726 |358 |26 |1

DGAT 5494 (608 |1.01 |245 |268.6 |298.5 |2.66 |3.77 |10.82 |10.38 |3.92 |1.15 |11.96 |10.93 |39 |3.11

SH: High oil content genotype (Sunni); NH: High oil content genotype (Nalagarh); SL: Low oil content genotype (Sunni); NL: Low oil content genotype (Nalagarh); N-
Negligible fold; Genes in bold letters are showing significant higher expression in oil accumulating developmental stage
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4.3 Differential expression pattern in high versus low oil content genotypes vis-a-vis
altitude variations

High oil content genotype i.e. IC 561235 and low oil content genotype i.e. IC 561227 from
locations Sunni (SH, SL) and Nalagarh (NH, NL) were taken for expression analysis. It
was observed that each gene of FA and TAG biosynthetic pathway showed significantly
higher transcript abundance in ripened and mature developmental stages of endosperm and
embryo in high oil content genotype compared to low oil content genotype (Figures 4.2,
4.3 and 4.4). The relative expression fold increase values for all the genes are described in
Table 4.2. Out of total 18 genes, 8 genes (MT, ER, PT, PAD, ST, OCD, LD, PAP) exhibited
low expression even in accumulating stages of high oil content genotype. Genes showing
significantly higher transcript abundance (>10 fold) in high oil content genotype were
further shortlisted on the basis of showing maximum expression in two varying altitudes
(SH and NH). A slight difference for the oil content was observed for high oil content
genotype between two varying altitude locations, however, the expression level of some
genes differed significantly. Out of 10 genes, KASI, OAD, FATA and GPAT showed
maximum expression for any oil accumulating developmental stage (R/M of
endosperm/embryo) of Sunni (SH, High altitude). Genes ACCase, KASII, KASIII, SAD,
LPAT and DGAT exhibited maximum abundance in any oil accumulating developmental

stage (R/M of endosperm/embryo) of Nalagarh (NH, Low altitude).

4.4 Relative transcript abundance in endosperm and embryo

From the fold increase values of gene expression level, the relative transcript abundance
of genes for endosperm to embryo was calculated. Inconsistency in the expression fold
values of endosperm to embryo was observed in low oil content genotype at both the
altitude locations (Figure 4.5). In case of high oil content genotype, the endosperm to
embryo fold value was almost similar at both the locations i.e. SH and NH. For example
in case of ACCase gene, the endosperm to embryo fold increase was 3.15, 1.84 and 2.1 in
U, R, M stages respectively of SH. Similarly, fold increase of 2.14, 1.07, 1.13 was
observed in U, R, M stages at NH location. On contrary, for low oil content genotype,
3.25, 1.67, 2.79 fold in U, R, M stages was observed at SL and 0.76, 0.81, 1.64 fold in U,
R, M stages, respectively for NL. Genes FATA, GPAT, OAD and PAP showed maximum
fold increase in the transcript abundance level in either or both the oil accumulating
developmental stages, R and M. For low oil content genotype (SL and NL), there was

negligible or zero fold increase in the transcript abundance of most of the FA and TAG
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pathway genes in endosperm to embryo of oil accumulating and non-accumulating

developmental stages.
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Figure 4.2 Relative expression pattern of Cluster | FA and TAG biosynthetic pathway
genes in different developmental stages of endosperm and embryo. (a) ACCase- Acetyl-
CoA Carboxylase (b) KASI- B-ketoacyl-ACP synthase | (c) KASII- B-ketoacyl-ACP
synthase 11 (d) KASIII- B-ketoacyl-ACP synthase 111 (€) MT- Malonyl Transferase (f) ER-
Enoyl Reductase. (SH- Sunni high oil content genotype, NH- Nalagarh high oil content
genotype, SL- Sunni low oil content genotype, NL- Nalagarh low oil content genotype, U-
Unripened, R- Ripened, M- Mature, End- Endosperm, Emb- Embryo)
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Figure 4.3 Relative expression pattern of Cluster 11 FA and TAG biosynthetic pathway
genes in different developmental stages of endosperm and embryo. (a) SAD-Stearoyl-ACP
Desaturase (b) OAD- Oleoyl-ACP Desaturase (c) FATA-Linoleoyl Thioesterase (d) PAD-
Palmitoyl-ACP Desaturase (e) PT-Palmitoyl Thioesterase (f) ST-Stearoyl Thioesterase (g)
LD-Linoleoyl Desaturase (h) OCD-Oleoyl-CoA Desaturase. (SH- Sunni high oil content
genotype, NH- Nalagarh high oil content genotype, SL- Sunni low oil content genotype,
NL- Nalagarh low oil content genotype, U- Unripened, R- Ripened, M- Mature, End-
Endosperm, Emb- Embryo)
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Figure 4.4 Relative expression pattern of Cluster 111 FA and TAG biosynthetic pathway
genes in different developmental stages of endosperm and embryo. (a) GPAT- Glycerol-
3-phosphate acyl transferase (b) LPAT- Lyso-phosphatidic acid acyltransferase (¢) DGAT-
Diacylglycerol acyl transferase (d) PAP- Phosphatidic acid phosphatase. (SH- Sunni high
oil content genotype, NH- Nalagarh high oil content genotype, SL- Sunni low oil content
genotype, NL- Nalagarh low oil content genotype, U- Unripened, R- Ripened, M- Mature,
End- Endosperm, Emb- Embryo)
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Figure 4.5 Expression pattern of FA and TAG biosynthetic pathway genes for endosperm
to embryo ratio in different developmental stages (a) ACCase-Acetyl-CoA Carboxylase
(b) MT-Malonyl Transferase (c) KASI-B-ketoacyl-ACP synthase | (d) KASII-B-ketoacyl-
ACP synthase Il () KASIII-B-ketoacyl-ACP synthase 111 (f) ER-Enoyl Reductase (g) PAD-
Palmitoyl-ACP Desaturase (h) SAD-Stearoyl-ACP Desaturase (i) OAD-Oleoyl-ACP
Desaturase (j) PT-Palmitoyl Thioestrase (k) ST-Stearoyl Thioestrase (I) FATA-Linoleoyl
Thioestrase (m) LD-Linoleoyl Desaturase (n) OCD-Oleoyl-CoA Desaturase (0) GPAT-
Glycerol-3-phosphate acyl transferase (p) LPAT-Lyso-phosphatidic acid acyltransferase
(q) PAP-Phosphatidic acid phosphatase (r) DGAT-Diacylglycerol acyl transferase. (SH-
Sunni high oil content genotype, NH- Nalagarh high oil content genotype, SL- Sunni low
oil content genotype, NL- Nalagarh low oil content genotype, U- Unripened, R- Ripened,
M- Mature)

4.5 Statistical analysis

PCA analysis showed the correlation of 18 FA and TAG biosynthesis pathway genes in
oil accumulating stages (R, M) of endosperm and embryo exhibiting higher expression in
high oil content genotypes. Based on the squared cosine values, genes ACCase, KASI,
KASII, KASIII, SAD, OAD, FATA, DGAT, LPAT and GPAT were observed to be associated
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with oil accumulating developmental stages of both embryo and endosperm (Figure 4.6).
A representative heat map showing the expression pattern of genes of FA and TAG
biosynthetic pathway from different oil accumulating developmental stages of endosperm
and embryo was also generated using GenEx (Figure 4.7).
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Figure 4.6 Principal Component Analysis (PCA) of FA and TAG biosynthesis pathway
genes at developmental stages of high oil content genotype embryo and endosperm (a)
Screen plot for principal components (F1-F3), eigen values, cumulative variability. Major
variance was contributed by component F1 (b) Biplot for PCA (R, End-Ripened stage of
endosperm; M, End-Mature stage of endosperm; R, Emb-Ripened stage of embryo; M,
Emb-Mature stage of embryo)
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Figure 4.7 A representative heat map demonstrating differential expression pattern of genes of FA and TAG biosynthetic pathway from oil
accumulating developmental stages of endosperm and embryo
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4.6 In-silico analysis of promoter region

Total ten genes from clusters Ia, lla and Il1la (ACCase, KASI, KASII, KASIII, OAD, SAD,
FATA, GPAT, LPAT, DGAT) exhibited elevated levels of transcript abundance in oil
accumulating developmental stages in the current study. Along with these genes, the genes
showing developmental regulation with oil accumulation from previous studies by Xu et
al. [33] and Gu et al. [11] were also chosen for in-silico promoter analysis. Nine genes
(DGAT, ACCase, KASI, KASII, KASIII, LPAT, Oleosinl, Oleosin2, PDAT) from Xu et al.
[33] and ten genes (SD, KCR2, ECH, Oleosinl, LACS8, DGK1, LPAT, Lipase, KCS, CLK)
from Gu et al. [11] were selected along with ten genes from current study to have a set of
total twenty nine genes. Out of 29 genes, 8 genes were common in either two or all three
studies (Tables 4.3, 4.4). Upstream regions (1.5-2 kb) of 29 genes were analyzed for
promoter elements through Plant Care and PLACE which showed the presence of oil
deposition specific regulatory elements like Dof, CBF (LEC1), SORLIP, Skn-1_motif,
GATA along with the common elements like TATA box, CAAT box etc (Tables 4.5, 4.6).
Genes were further categorized on the basis of presence of these elements. Category |
comprised nine genes (KASI, KASII, FATA, LPAT, DGAT, CLK, KCR2, Lipase, OAD)
which were having all five specific elements in common. Genes from category Il i.e. nine
genes (Oleosinl, Oleosin2, PDAT, DGK1, ECH, KCS, LACS8, SD and SAD) showed the
presence of four common elements whereas there were only three genes in category Il
(ACCase, KASIII, GPAT) on the basis of presence of 3 common elements in the promoter
region. This analysis suggested common regulation of genes linked to oil biosynthesis and
provided potential elements/transcription factors for oil enhancement in Jatropha. On
correlation with previous clusters it was found genes showing higher expression (>10 fold)
exhibited the presence of all five, four or three oil deposition specific elements. The
promoter regions of genes showing more than 10 fold expression i.e. KAS | and KAS Il
from sub-cluster la (fatty acid biosynthesis), OAD and FATA from sub-cluster lla (fatty
acid biosynthesis), LPAT and DGAT from sub-cluster Illa (triacylglycerol biosynthesis)
exhibited the presence of all 5 sequence elements important to oil deposition. SAD gene
showing more than 10 fold expression showed from sub-cluster lla had four elements in
the promoter region whereas ACCase and KAS 111 from sub-cluster la and GPAT from sub-
cluster Illa showed presence of three elements in the promoter regions. These predicted
elements were associated to oil accumulating developmental stages (R/M) as they were

found in the promoter region of the genes showing higher expression in R and M stages.
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Table 4.3 Genes with elevated transcript abundance vis-a-vis seed development and oil

biosynthesis

Genes Reference
DGAT, ACCase, KASI, KASII, KASIII, Xu et al. [33]
LPAT, Oleosin 1, Oleosin 2, PDAT

SD, KCR2, ECH, Oleosinl, LACSS8, Guetal. [11]
DGK1, LPAT, lipase, KCS, CLK

ACCase, KASI, KASII, KASIII, OAD, Current study
SAD, FATA, GPAT, LPAT, DGAT

Common genes with elevated transcript abundance vis-a-vis seed development

and oil biosynthesis

LPAT and Oleosin 1

Xu et al. [33] and Gu et al. [11]

ACCase, DGAT, KASI, KASII, KASIII, Xu et al. [33] and current study
LPAT
LPAT Gu et al. [11] and current study

LPAT

Xuetal. [33], Guetal. [11] and current
study

Table 4.4 Unique genes from Xu et al. [33] and Gu et al. [11] showing elevated transcript
abundance vis-a-vis seed development and oil biosynthesis

Gene Function in lipid biosynthesis Reference
Oleosin 1 Oil bodies regulation Siloto et al. [196]
Oleosin 2 Oil bodies regulation Siloto et al. [196]

Phospholipid diacylglycerol
acyltransferase (PDAT)

Acyl-CoA-independent triacylglycerol | Stahl et al. [197]
biosynthesis

Choline kinase (CLK)

phosphatidylcholine (Phospholipids) Gibellini and Smith
formation [198]

Diacylglycerol kinase 1
(DGK1)

Biosynthesis of phosphatidic acid Han et al. [199]
from diacylglycerol

Enoyl-CoA hydratase

Degradation of saturated fatty acids Allenbach and Poirier
[200]
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(ECH)

3-ketoacyl-CoA reductase
isoform 2 (KCR2)

Elongation of fatty acids

Puyaubert et al. [201]

(KCS)

Ketoacyl-CoA synthase

Formation of very long chains of
mono unsaturated fatty acids

Taylor et al. [202]

Long-chain acyl-CoA
synthetase 8 (LACS8)

Esterification of free fatty acids to
form acyl-CoAs

Shockey et al. [203]

Lipase

Hydrolysis of triacylglycerol to form
free fatty acids and glycerol

Quettier and Eastmond
[204]

Sterol desaturase (SD)

Desaturation of fatty acids

Taton and Rahier
[205]

Table 4.5 Regulatory elements in the promoter regions of genes

Gene Regulatory elements
Dof CBF SORLIP GATA Skn-
(LECY) 1 motif

ACCase + - - + +
DGAT + + + + +
KASI + + + + +
KASII + + + + +
KASIII + - - + +
LPAT + + + + +
Oleosin 1 + - + + +
Oleosin 2 + - + + +
PDAT + - + + +
CLK + + + + +
DGK1 + + - + +
ECH + - + + +
KCR2 + + + + +

77




LACS8 - + + +
Lipase + + + +
SD + + + -
GPAT ; : n "
SAD - + + +
OAD + + + +
FATA + + + +
Table 4.6 Oil deposition specific regulatory elements
Regulatory Conserved | Function Plant spp. | Reference
element sequence
Dof AAAG Oil content enhancement | Soybean Zhang et al.
[51]
CBF (LEC1) RYCGAC | Fatty acid composition | Maize Shen et al.
and oil content increase [66],
Tan et al.
[65]
SORLIP GCCAC Associated with fatty acid | Arabidopsis | Peng and
biosynthesis genes and Weselake
seed storage  reserve [210]
accumulation
GATA GATA Associated with fatty acid | Arabidopsis | Fobert [74]
biosynthesis and
accumulation
Skn-1_motif GTCAT cis-acting regulatory | Soybean Takaiwa et
element  required  for al. [211]

endosperm expression
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4.7 Cloning of promoter region of SAD gene from high and low oil content genotype
The promoter region of SAD gene was cloned in high as well as low oil content genotype.
SAD was considered for cloning the promoter region as it is the rate limiting gene of FA
and TAG biosynthesis. A band of 1.5 kb was observed in both high as well as low oil
content genotypes. The band was eluted from the gel and further sequenced. Upon
computational identification with Plant Care and PLACE, it was observed that promoter
region sequence of high oil content genotype showed presence of more number of oil
deposition specific elements like SORLIP (8), Dof (6), GATA (9) along with basic
promoter elements like TATA box, CAAT box etc. whereas, less number of oil deposition
specific element for the promoter region sequence in low oil content genotype was found
(Table 4.7), i.e. SORLIP (2), Dof (1) and GATA (4). The experimental validation through
cloning of the promoter region of SAD gene confirmed the role of specific regulatory
elements in oil accumulation as they were more in the promoter region of high oil content

genotype as compared to low oil content genotype.

4.8 ldentification of TFs regulating oil accumulation

PlantTFcat was used for the identification of TFs regulating oil accumulation. BLASTX
was performed for transcriptome data (developing seeds with 45 DAP) against whole TF
families database in PlantTFcat. A total of 102 TF families were identified. Out of 9
families from ‘Master list’, TF families Dof, MYB, bZIP, bHLH, CBF and AP2 were
identified on the basis of significant FPKM values. The multiple sequence alignment of
TF encoding transcripts was performed using clustalW and corresponding conserved
domains were identified through conserved domain database available at NCBI
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Out of identified TF families
through mapping of transcriptome to PlantTFcat, the TF families associated to oil
accumulation through literature mining were surveyed and it was found all TF families i.e.
Dof, MYB, bZIP, bHLH, CBF, AP2, B3 domain, GATA and HD-ZIP were present. In-silico
transcript abundance of identified TFs revealed that expression of Dof, MYB, bZIP, AP2,
CBF and bHLH was significantly higher.
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Table 4.7 Regulatory elements in SAD promoter region of high versus low oil content

genotypes
Promoter region
Length Regulatory elements
High oil Low oil
Gene content content High oil content Low oil content
genotype genotype genotype genotype
(IC561235) | (IC561227) | (IC561235) (IC561227)
TATA Box TATA Box
(TATAA) (TATAA)
CAAT Box CAAT Box
Stearoy] (CCAAT) (CCAAT)
GATA Box (GATA) | GATA Box
ACP 15 Kb 15Kb | (9 number) (GATA)
desaturase | ™ ' (4 number)
(SAD) SORLIP5 SORLIP5
(GAGTGA) (8 (GAGTGA)
number) (2 number)
Dof (AAAG) Dof (AAAG)
(6 number) (1 number)

4.9 In-silico transcript abundance of TFs regulating oil accumulation

The transcript abundance for TFs was checked in transcriptome by RSEM through in-
silico approach. The transcripts showing higher FPKM value were selected from each
family. Higher FPKM value of a transcript encoding identified TF families involved in oil
accumulation ranged from 12.6 to 77.6. Transcript encoding Dof showed highest transcript
abundance of 77.6 followed by transcripts coding for MYB and bZIP with transcript
abundance of 65 and 48.5, respectively. The FPKM based transcript abundance values
were 40, 26 and 12.6 for transcripts coding for AP2, CBF and bHLH TF families,
respectively. Whereas low abundance of 2.6, 3.2 and 1.9 was observed for families B3
domain, GATA and HD-ZIP, respectively [Figure 4.8].

4.10 Expression analysis of TFs regulating oil accumulation through RT-gPCR

The expression status of identified TFs in oil accumulating developmental stages of
endosperm of high and low oil content genotypes was checked by RT-qPCR to validate
their potential role in oil accumulation. Ripened (R) and mature (M) stages of endosperm
were selected as these both have shown correlation with more oil accumulation, as

identified previously. It was observed that 6
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Figure 4.8 In-silico transcript abundance (FPKM value) of TFs regulating oil
accumulation
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Figure 4.9 Expression pattern of TFs regulating oil accumulation in developmental stages
of endosperm of high and low oil content genotypes (RL- Ripened stage of low oil content
genotype; RH- Ripened stage of high oil content genotype; ML- Mature stage of low oil
content genotype; MH- Mature stage of high oil content genotype)
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Figure 4.10 Fold expression pattern of TFs regulating oil accumulation in high oil content
genotype as compared to low oil content genotype

TFs (bZIP, Dof, MYB, bHLH, CBF and AP2) showed higher expression in high oil content
genotype as compared to low oil content genotype in both ripened (R) and mature (M)
stages of endosperm, except for CBF where expression in R stage of high oil content
genotype was slightly less as compared to low oil content genotype (Figure 4.9). On
comparing expression of high oil content genotype to low oil content genotype, significant
fold increase in both ripened and mature stages was observed. In case of R stage, fold
increase of 3.3, 2.5, 3.6, 2.5 and 1.75 was observed for bZIP, Dof, MYB, bHLH and AP2
respectively. For M stage, fold increase of 3, 2.6, 3.6, 2.27, 2.85 and 3.09 was observed
for bZIP, Dof, MYB, bHLH, CBF and AP2, respectively. Overall higher expression in M
stage as compared to R stage was also observed in both high and low oil content genotypes
(Figure 4.10). RT-gPCR based transcript abundance pattern of TFs (bZIP, Dof, MYB,
bHLH, CBF and AP2) showed positive correlation with oil accumulating R and M stages
of endosperm in high oil content genotype which suggested their role in regulating and

controlling the biosynthesis and accumulation in J. curcas.

4.11 Identification of virus
The leaves of virus infected plants (JV) showing symptomatic conditions like mosaic,
blistering and mottling were observed in the experimental farm. Leaves were also

characterized by reduced size, chlorotic spots and rolling [19, 21] (Figure 3.2). Reduction
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in fruit number and size in plants infected with mosaic virus was also observed as
compared to healthy plants. Upon PCR amplification with mosaic virus coat protein gene,
an amplicon of size 700 bp was clearly observed in JV sample as compared to JH which
confirmed the presence of virus in the infected leaves (Figure 4.11).

4.12 Reduction in fruits size, seed yield and oil content in response to virus infection

The data on parameters like fruit size, seed yield and oil content was recorded
consecutively for two years for healthy and virus infected plants of high oil content
genotype IC 561235 at experimental farm of Himalayan Forest Research Institute, Jwalaji
(Himachal Pradesh). It was observed that the plants infected with mosaic virus (JV) had
reduced fruit size as compared to healthy plants (JH). The mature fruits showed the
presence of 1-2 seeds in plants with virus infection as compared to healthy plants having
3 seeds on average. Further, the overall number and weight of seeds was less in virus

infected plants compared to healthy plants (JH) (Table 4.8).

M JV JH

700 bp

Figure 4.11 PCR based confirmation of Jatropha curcas mosaic virus (M: DNA ladder;
JV: Virus infected leaf tissue; JH: Healthy leaf tissue)

Table 4.8 Effect of mosaic virus infection on Jatropha yield and oil content

Yield parameters Healthy plant (JH) Virus infected plant (JV)
Seeds per fruit 3 1-2

Number of seeds per plant | 620 280

Weight of seeds per plant 400 ¢ 190 g

Oil content 42% 37%
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4.13 Transcriptome sequencing and data generation

The cDNA libraries of JH and JV leaves were sequenced on NextSeq 500 platform of
[llumina using 2x150 PE Chemistry. The raw reads were filtered using Trimmomatic v0.30
to filter out the adaptor contamination and low quality (reads with QV<20) reads. The high
quality reads (QV>20) were used for the RNA-Seq analysis. A total of 10,548,434 and
12,226,847 high quality reads were obtained in JH and JV, respectively (Table 4.9). High
quality reads were mapped on to the reference genome using mapping software BWA with

optimized parameters.

Table 4.9 Statistics of generated reads

Sample Number of high quality reads Number of reads mapped
JH 10,548,434 20,950,364
Vv 12,226,847 19,958,750

4.14 Differential gene expression analysis

The expression analysis of genes was carried out with R package DESeq and was
calculated in terms of FPKM (Fragment per kilobase per million mapped reads). Upon
annotation, it was observed that a total of 55,755 transcripts associated to multiple
pathways were expressed in both the samples i.e. JH and JV on the basis of FPKM values.
619 and 330 transcripts were expressed uniquely in JH and JV, respectively. Whereas, 685
and 2132 transcripts were upregulated and down regulated respectively in JV (Figure
4.12). Heat map of top 100 differentially expressed genes was also generated for JH and
JV (Figure 4.13).

4.15 Gene ontology analysis based functional classification of JH versus JV
transcripts

Gene ontology (GO) is a standardized gene functional cataloging system whose terms are
derived from ontologies that can be used to describe the functions of genes and their
products in any organism. Three ontologies i.e. molecular function, cellular component
and biological process are linked to GO database which are the mainstay of any GO
annotation. The predicted CDSs in response to virus infection (JV) and healthy leaf (JH)
were annotated by BLAST2GO to characterize transcripts into functional classification.

The analysis revealed that majority of transcripts were assigned to ‘biological process’
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Figure 4.12 Distribution of genes expressed in healthy (JH) and virus infected (JV) leaves
of J. curcas

followed by ‘molecular function” and ‘cellular component’ categories in both JV and JH
derived transcriptomes (Figure 4.14). Further comparison between JV and JH
transcriptomes revealed that in JV classification of ‘biological process’, more percentage
of transcripts belonged to terms i.e. response to stress (50%), transport (30%), catabolic
process (20%), biosynthetic process (30%), immune system process (20%), signal
transduction (15%) and cellular protein modification process (15%) whereas for
‘molecular function’, nucleic acid binding (40%) was the largest class followed by
catalytic (30%), transporter (30%) and antioxidant (25%) activities. For JV, under category
‘cellular component’ the sub-category integral component of membrane dominated with
35% transcripts followed by membrane (25%) and organelle (25%). In case of JH, for
category, ‘biological process’, photosynthesis (40%) dominated followed by small
molecule metabolic process (30%), carbohydrate metabolic process (20%) and
reproduction (15%). For category, ‘molecular function’, protein binding transcription
factor activity dominated with 50% transcripts followed by nucleic acid binding,

antioxidant, transporter and catalytic activity with less percentage of genes, in JH. Further
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for ‘cellular component’, sub-category integral component of membrane was with 30%
transcripts followed by membrane (25%), organelle (20%) and extracellular region (20%),
in JH.
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4.16 Pathway analysis and identification of pathways upregulated in response to viral
infection (JV transcriptome)

KAAS (KEGG automatic annotation server) was used for functional annotation in both
the samples with BLAST comparisons against KEGG GENES database. KEGG Orthology
database was used for pathway mapping. Upon annotation, it was observed that maximum
number of transcripts i.e. 773 corresponded to the category ‘Signal transduction’ followed
by 704 in ‘Carbohydrate metabolism’ and 591 in ‘Translation’. The other associated
pathways are provided in the figure 4.15. Under the pathway category ‘Environmental
adaptation’, there is a sub-category ‘Plant-pathogen interaction’ which have 127
transcripts. Upon KEGG annotation, it was observed that a total of 23 different pathways
were upregulated in response to virus infection in JV as revealed by the transcripts
associated (Figure 4.15). Out of these, majority of upregulated genes mapped to pathways
such as oxidative phosphorylation, endocytosis, arginine and proline metabolism,
terpenoid biosynthesis, ascorbate metabolism, amino sugar and nucleotide sugar
metabolism and lipid metabolism which implied that these were the main pathways
upregulated in JV (Figure 4.16). The most affected process was the metabolism process,

as most of the annotated genes were correlated to metabolism processes.

4.16.1 Oxidative phosphorylation
It was observed that 80 genes involved in ‘Oxidative phosphorylation’ were upregulated
in response to viral infection (JV) (Table 4.11). Genes such as ATPase, oxidoreductase,

oxidase and dehydrogenase were significantly overexpressed (Appendix Table Al).
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Figure 4.15 KEGG based classification of transcripts in different pathways for virus infected (JV) derived transcriptome
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4.16.2 Endocytosis

A total of 40 genes associated with endocytosis process showed higher transcript
abundance in response to viral infection (JV) (Table 4.11) out of which charged
multivesicular body protein 5, Ras-related protein Rab-11A, epsin and DnaJ homolog
subfamily C member were significantly overexpressed in response to viral infection
(Appendix Table A2).

4.16.3 Metabolism of amino acids and vitamins

Genes involved in metabolism of arginine and proline (amino acids) and ascorbate
(vitamins) were upregulated in response to viral infection (JV) as compared to healthy
(JH). 14 genes linked to ‘Arginine and proline metabolism’ showed upregulation in
response to viral infection where genes such as nitric-oxide synthase and prolyl 4-
hydroxylase were significantly overexpressed (Table 4.11) (Appendix Table A3). For
‘Ascorbate metabolism’, 11 genes were upregulated in JV (Table 4.11). Genes such as
GDP-L-galactose phosphorylase and L-ascorbate peroxidase were significantly

upregulated in response to viral infection (Appendix Table A4).

4.16.4 Fatty acid and lipid catabolism

A total of 56 and 28 genes related to lipid catabolism and fatty acid degradation
respectively were found to be upregulated in JV (Table 4.11). For lipid catabolism, the
significantly overexpressed genes in JV were lipase and kinase (Appendix Table A5). In
case of fatty acid catabolism, genes such as acetyl-CoA acyltransferase, long-chain acyl-
CoA synthetase, very-long-chain enoyl-CoA reductase and acyl-carrier-protein desaturase

showed significantly higher expression in response to viral infection (Appendix Table A6).

4.16.5 Amino sugar and nucleotide sugar metabolism

It was observed that 28 genes related to sugar metabolism (synthesis) were upregulated in
JV as per transcript abundance (Table 4.11). In response to viral infection, the expression
level of genes such as UDP-apiose/xylose synthase, and L-arabinokinase were

significantly elevated (Appendix Table A7).
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4.16.6 Terpenoid biosynthesis

Seventeen genes related to biosynthesis of monoterpenoid, diterpenoid and triterpenoid
biosynthesis showed higher transcript abundance in response to viral infection (JV) (Table
4.11). Genes such as synthases, oxidases and dehydrogenases were significantly enriched
in response to viral infection (Appendix Table A8).

4.16.7 Signal transduction of hormones

Further, upon KEGG based functional annotation, genes upregulated in ‘Plant hormone
signal transduction’ were identified in response to virus infection. Total of 56 genes were
upregulated in JV in response to virus infection (Tables 4.10, 4.11). The majority of genes
upregulated belonged to the families involved in hormone signaling. This implied that
signaling of various plant hormones such as salicylic acid (SA), ethylene, jasmonic acid
(JA), abscisic acid (ABA), auxins, cytokinins and gibberellins is activated during viral
infection. Further it was observed that 21 transcription factors linked to signal transduction
of plant hormones were upregulated in JV. The upregulated transcription factors were of
MYC2 (3), TGA (7), ABA responsive element binding factor (9) and ethylene-responsive
transcription factor (2) TF families (Appendix Table A9).

4.17 Identification of pathways downregulated in response to viral infection
The pathways which were downregulated in response to viral infection (JV) were
photosynthesis, anthocyanin biosynthesis, plant-pathogen interaction and calcium

signaling pathway (Figure 4.16).

4.17.1 Photosynthesis

Fifty genes involved in photosynthesis showed low transcript abundance in JV compared
to JH (Table 4.12). Significantly repressed genes in response to viral infection were genes
associated with PSI and PSII, genes related to light harvesting complex, LHC | and LHC
I1, ferredoxin and cytochrome b6 (Appendix Table A10).
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Table 4.10 Gene families of ‘Plant hormone signal transduction’ activated in JV-derived

transcriptome

Gene family Upregulated/Downregulated
SAUR family protein +
Auxin responsive GH3 gene family +
Transport inhibitor response 1 -
Pathogenesis-related protein 1 -
Auxin-responsive protein [AA +
DELLA protein -
F-box protein GID2 -
Two-component response regulator ARR-B family +
Auxin influx carrier (AUX1 LAX family) +
Arabidopsis histidine kinase 2/3/4 (cytokinin receptor) | +
Abscisic acid receptor PYR/PYL family +
Jasmonic acid-amino synthetase +
Protein phosphatase 2C -
BR-signaling kinase -
Jasmonate ZIM domain-containing protein +
Regulatory protein NPR1 -
Two-component response regulator ARR-A family -
Ethylene-insensitive protein +

BRI1 kinase inhibitor 1

(+ Upregulated; - Downregulated)
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4.17.2 Anthocyanin biosynthesis

Only 3 genes linked to anthocyanin biosynthesis were identified on the basis of low
transcript abundance in response to viral infection (Table 4.12). The genes were
anthocyanidin 3-O-glucoside 2™-O-xylosyltransferase and anthocyanidin 3-O-glucoside
5-O-glucosyltransferase (Appendix Table A11).

4.17.3 Plant-pathogen interaction

Based on KEGG pathway assignments, it was observed that total of 41 genes linked with
‘Plant-pathogen interaction’ were downregulated in JV (Table 4.12). Genes related to
innate immunity such as cyclic nucleotide gated ion channels (CNGCs), calcium-binding
protein (CML) disease resistance proteins i.e. RPM1, RPS2, kinases and defense related
transcription factor genes such as WRKY were significantly repressed in JV as compared
to JH. Furthermore, 4 transcription factors related to WRKY family linked with ‘Plant-
pathogen interaction’ were significantly downregulated in JV (Appendix Table A12).

4.17.4 Calcium signaling pathway

Total of 7 genes linked to Calcium signaling pathway showed low transcript abundance in
response to viral infection (JV) (Table 4.12). Genes such as solute carrier family 25
(mitochondrial adenine nucleotide translocator) and voltage-dependent anion channel

protein 2 were significantly repressed in JV (Appendix Table A13).
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Figure 4.16 Pathways upregulated (A) and downregulated (B) in response to virus

infection
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Table 4.11 Number of upregulated genes in JV and JH

Pathway/Process

Genes upregulated in JV
(Number)

Genes upregulated in JH
(Number)

Oxidative phosphorylation | 80 9
(Energy metabolism)

Lipid metabolism 56 8
Plant hormone signal 56 6
transduction

Endocytosis 40 7
Fatty acid metabolism 28 4
Amino sugar and 28 3
nucleotide sugar

metabolism

Terpenoid biosynthesis 17 2
Arginine and proline 14 2
metabolism

Ascorbate metabolism 11 2

Table 4.12 Number of downregulated genes in JV and JH

Pathway/Process Genes downregulated in | Genes downregulated in
JV (Number) JH (Number)

Photosynthesis 50 3

Plant-pathogen interaction | 41 4

Calcium signaling pathway | 7 0

Anthocyanin biosynthesis | 3 0
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4.18 ldentification of SNPs

SNPs were identified in both the transcriptomes derived from JH and JV after mapping to
J. curcas genome sequence. The SNPs were detected using the samtools mpileup pipeline.
Quality score of more than 20 and read depth of over 5 with flanking of 100 bp were
parameters applied to filter SNPs as high quality SNPs. A total of 41,774 SNPs were
identified in JH, out of which 21,105 were in coding regions whereas 36,774 SNPs
identified in JV, out of which 17,499 were in the coding region (Table 4.13).

Table 4.13 Statistics of SNP identification

Transcriptome | Number of SNPs Number of SNPs in coding region
JH 41,774 21,105
Vv 36,774 17,499

4.19 Co-expression network analysis

For co-expression network analysis, genes from one upregulated pathway and one
downregulated pathway in response to viral infection were considered. The genes linked
to ‘Plant hormone signal transduction’ and ‘Plant-pathogen interaction’ were analysed to
identify genes co-expressed and showing interactions with identified reference genes on
the basis of scoring function (Figure 4.17). From ‘Plant hormone signal transduction’
pathway, HABI (HOMOLOGY TO ABI1) had interaction with OREI4, RKP, REF4,
Z1G4A4, SIZ1, LRSI, UPL3, DegP7, KEA2, IBR3 and RRI whereas closely related to
Z1G4A and SIZ1. Reference gene CML13 (calmodulin-like protein) from ‘Plant-pathogen
interaction’ showed interaction with genes such as SCNI, NTF2A, PRAL.E, RABA2c,
PRFI1, UBC22, FAH2, RAB6A, SBH2, WPPI, WPP2 and VHA-G2. SCN1, NTF2A4, PRF]
and WPP2 were closely related to reference gene, CMLI3. The interaction of other
identified reference genes from both the pathways to other co-expressed genes are shown
in figure 4.17. The co-expression network diagram of the gene CML38 involved in ‘Plant-
pathogen interaction’ is shown in figure 4.18. Co-expression network diagrams of other
genes involved in ‘Plant hormone signal transduction’ and ‘Plant-pathogen interaction’ are

shown in appendix figures Al, A2, A3, A4, AS, A6, A7, A8, A9 and A10.
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Figure 4.17 List of co-expressed genes in ‘Plant-pathogen interaction’ and ‘Plant hormone
signal transduction’ pathways. Red colour genes showed close association with reference
genes. Reference genes in bold letters representing homologs
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Figure 4.18 Co-expression network analysis of gene CML38 in ‘Plant-pathogen
interaction’

4.20 RT-gPCR based validation of informative transcripts
For experimental validation, a set of 7 genes involved in ‘Plant hormone signal
transduction’ showing more than three fold FPKM values in JV as compared to JH, were

examined. The genes from ‘Plant hormone signal transduction’ were selected for
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experimental validation as maximum identified genes belonged to this process. Identified
transcription factors showing upregulation and downregulation were also analyzed using
RT-qPCR to confirm the transcriptome data. All 7 genes showed higher expression in JV
as compared to JH (Figure 4.19). For example, fold expression of 16 was observed in JV
for gene PHST_1 (Jasmonate ZIM domain-containing protein) as compared to 4 fold
expression value in JH. Maximum fold expression value of 20 was observed for gene
PHST_2 (Auxin responsive GH3 gene family) in case of JV whereas the fold expression
value was 7.5 in JH. For transcription factors, MYC2 showed fold expression value of 3.5
in JV whereas 1.2 in JH. TGA exhibited fold expression of 4.5 in JV and 2 in JH. ABA
responsive element binding factor showed fold expression of 3.3 in JV followed by 1.4 in
JH. Similarly, ethylene-responsive transcription factor had fold expression of 2.2 in JV
and 1 fold expression value in JH. On the other hand WRKY showed higher expression in
JH (6.5) and low fold expression of 2.2 in JV (Figure 4.20). Computational identification
of transcript abundance and validation with RT-qPCR are in conjunction with each other.

4.21 Identification of NBS-LRR genes and defense response associated transcription

factors in J. curcas

45 NBS-LRR genes were identified by mapping Pfam domains and 7 by mapping NBS-
LRR mRNA sequences with BLAST analysis out of which 5 showed common identity to
both Pfam domain mapping and BLAST analysis (MRNA sequence mapping). A total of
47 new NBS-LRR genes were identified in J. curcas genome in addition to previously
identified (92) NBS-LRR genes. All these newly identified NBS-LRR genes were
confirmed for unique identity through similarity search with previously reported NBS-
LRR genes [13] for their uniqueness. Similarity search (70% identity) provided that all
identified NBS-LRR were new and not reported earlier. Similarly when Pfam domains
specific to the transcription factors involved in disease resistance or defense response were

mapped on to the transcriptome, 122 transcription factors were identified.
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Figure 4.19 In-silico analysis based transcript abundance (FPKM) (A) and RT-gPCR
based fold expression pattern (B) of genes involved in signal transduction of hormones
showing about and more than two fold in JV as compared to JH (PHST_1: Jasmonate ZIM
domain-containing protein, PHST_2: Auxin responsive GH3 gene family, PHST_3: Two-
component response regulator ARR-A family, PHST 4: Auxin-responsive protein I1AA,
PHST _5: Abscisic acid receptor PYR/PYL family, PHST _6: Two-component response
regulator ARR-B family, PHST _7: SAUR family protein)
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Figure 4.20 RT-qPCR based fold expression pattern of transcription factors upregulated
and downregulated during virus infection

4.22 Location of NBS-LRR genes in genome sequence contigs

The identified NBS-LRR genes were mapped on to the respective J. curcas genome
sequence contigs using BLAST search. The contigs showing multiple matches were
manually curated to cover the entire query length. The query genes mapped on to the
respective genome contigs showed identity in the range of 95-100%. In case of Jatropha
according to location, NBS-LRR genes were classified into three categories. First category
had 28 genes, each of them were located in a single contig without any disruption in the
coding sequence, thereby suggesting that these genes lacked introns. Second category had
7 genes and each were mapped on to single contigs with one or more gaps indicating
insertion which may correspond to an intron. Third category comprised of 12 genes and
each of these genes had match in more than one genomic contigs which implied that these
genes were transcribed from different location and may have introns. Out of 47 genes, 16

genes were found in cluster of two i.e. these 16 genes were present in 8 genomic contigs
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(Jc476461637, Jc476470256, Jc476481852, Jc476483387, Jca76485273, Jc476487282,
Jc476487650 and Jc476489371).

4.23 Transcript abundance of NBS-LRR genes and transcription factors associated
with disease resistance

RSEM was used for the transcript abundancy measurements of identified set of NBS-LRR
genes and transcription factors associated with the disease resistance mechanism. The
expression profiles were obtained through pme_TPM (pme: posterior mean estimates;
TPM: transcripts per million) values using RSEM software package. In RSEM, posterior
mean estimate (pme) is computed for each gene and isoform abundance, with a maximum
likelihood (ML) estimate [195]. pme_TPM for transcriptome samples were generated.
Expression profile of 47 NBS-LRR genes and disease resistance specific transcription
factors was mined. The pme_TPM values of genes ranged between 0.4-133.54 in Jatropha.
In case of Jatropha out of 47 genes, gene with id JCNL_14680 showed highest pme_TPM
value i.e. 133.54 (Table 4.14). When common genes between Jatropha and castor bean
were analyzed, it was found that in Jatropha gene JcNL_10121 showed highest pme_TPM
value of 9.28 while its corresponding gene in castor bean i.e. RcNL_57743 showed
pme_TPM value of 3.12. In case of castor bean, gene RcNL_34103 showed the highest
pme_TPM value i.e.10.46 as compared to Jatropha where the corresponding gene
JcNL_00810 showed value of 0.64. The pme_TPM values for transcription factors ranged
from 0.42 to 289.67 for Jatropha. Similarly, on analyzing the transcript abundancy of
transcription factors it was found that in case of Jatropha the transcription factor
JcTF_15319 showed highest pme_TPM value i.e. 289.67 (Table 4.14). On analyzing the
common transcription factors between Jatropha and castor bean, it was found that in
Jatropha the transcription factor JcTF_14789 showed highest pme_TPM value of 142.48
whereas its corresponding transcription factor in castor bean RcTF_20625 showed a value
of 9.05. In case of castor bean, the transcription factor RcTF 32546 gave highest
pme_TPM value of 237.15 while its counterpart in Jatropha i.e. JcTF_04420 showed a
value of 1.93. Further it was observed that 4 transcription factors showed higher pme_TPM
values in Jatropha (range from 100 to 300) i.e. JcTF_ 14789, JcTF_14930, JcTF 15218
and JcTF_15319. The pme_TPM values for identified NBS-LRR genes and defense
response related transcription factors of J. curcas are shown in appendix tables Al4 and
A15.
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Table 4.14 Top ten NBS-LRR genes and transcription factors related to defense response
on the basis of transcript abundance (pme_TPM values)

Gene ID pme_TPM TFID pme_TPM
JcNL_10695 11.17 JcTF_12728 20.85
JcNL 11173 13.08 JCTF_12732 20.85
JcNL_11632 14.73 JCTF_12677 22.38
JCcNL_12635 20.04 JcTF_13181 24.31
JcNL_12889 22.61 JCTF_13463 27.35
JcNL_13460 27.65 JcTF_13501 28.26
JcNL_13997 47.46 JCTF_14789 142.48
JcNL_14601 107.75 JCTF_14930 167.1
JCcNL_14712 128.5 JcTF_15218 243.07
JcNL_14680 133.54 JcTF_15319 289.67

4.24 ldentification of TNLs and CNLs in identified NBS-LRR genes

For the prediction of TNLs (Toll/interleukin-1 receptor NBS-LRR genes) and CNLs
(Coiled-coil NBS-LRR genes) in the identified transcripts, PCOILS used sliding windows

of 14 (green), 21 (blue), and 28 (red) and predictions were made based on coiled coil
probability. Out of 47 identified NBS-LRR genes, 37 were predicted as TNLs and 10 were

CNLs (Table 4.15).

Table 4.15 Categorization of NBS-LRR genes into TNLs and CNLs

Gene TNL/CNL
JeNL 00073 TNL
JENL_00090 TNL
JeNL_00096 TNL
JCNL 00134 TNL
JeNL 00259 TNL
JcNL 00553 TNL
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JcNL_00565 TNL
JcNL 00587 TNL
JcNL 00618 CNL
JcNL 00810 TNL
JcNL_00860 TNL
JecNL 01339 TNL
JecNL 01427 TNL
JcNL 02388 TNL
JcNL_02545 TNL
JecNL_03063 CNL
JecNL_03152 CNL
JcNL_04261 CNL
JcNL_04456 TNL
JcNL_04489 TNL
JcNL_04766 TNL
JcNL_04778 TNL
JcNL_04926 TNL
JecNL_06396 TNL
JeNL_06992 TNL
JcNL_07289 TNL
JcNL_08981 TNL
JecNL_09160 CNL
JcNL_09317 TNL
JcNL_09428 TNL
JcNL_09636 TNL
JcNL_10049 CNL
JeNL_10121 CNL
JeNL_10302 TNL
JcNL_10695 TNL
JeNL_11173 TNL
JecNL 11632 TNL
JeNL_12635 TNL
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JcNL_12889 TNL
JcNL_13460 TNL
JcNL_13997 TNL
JcNL_14601 TNL
JcNL_ 14680 TNL
JeNL 14712 CNL
JecNL_16532 CNL
JcNL_ 16899 CNL
JcNL_17188 TNL

4.25 Distribution of identified transcription factors into families

The identified transcription factors related to defense response were further classified into
families on the basis of BLASTn analysis. Upon similarity search with BLAST it was
observed that families NAM, WRKY, MYB and Homeo-domain contributed to large number
of transcription factors followed by families like ERF-type/AP2-EREBP, bZIP, TFIIA,
CBF, SBP and Whirly (Table 4.16).

4.26 Identification of common and unique NBS-LRR genes and transcription factors

between Jatropha and castor bean genomes

The identified 47 genes in Jatropha were aligned to genes of castor bean in order to analyze
the common and unique NBS-LRR genes between Jatropha and castor bean. This analysis
was performed using BLASTN with cut off values i.e. identity 70 % and length of 100 bp.
In order to identify common and unique genes, the genes from castor bean were taken as
database whereas the genes from Jatropha were taken as query. In case of Jatropha, 7 genes
showed identity to castor bean genes whereas in castor bean 8 genes showed identity to

Jatropha genes implying that 7 and

Table 4.16 Distribution of identified defense related transcription factors into families

TF family Number
NAC domain/NAM 25
WRKY 18
MYB 18
Homeo-domain 17
ERF-type/AP2-EREBP 13
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bZIP 11
TFIIA 8
CBF 5
SBP/SPL6 5
Whirly 2

8 NBS-LRR genes are common between Jatropha and castor bean, respectively (Table

4.17). It was found that in case of castor bean, out of 8 genes, 6 showed identity to each

and specific gene from Jatropha whereas 2 genes from castor bean showed similarity to 1

common (same) gene from Jatropha. Further 40 and 39 genes were uniquely present in

Jatropha and castor bean genomes, respectively. In case of transcription factors (TF),

castor bean TFs were taken as database whereas the TFs from Jatropha were taken as

query. 70 transcription factors were found common in both Jatropha and castor bean (Table

4.18). Further, 52 and 255 transcription factors were found to be uniquely present in

Jatropha and castor bean, respectively.

Table 4.17 Common NBS-LRR genes between Jatropha and castor bean genomes

Transcript IDs | pme_TPM Transcript pme_TPM Sequence
of Jatropha value IDs of castor | value similarity
(Transcript bean (Transcript (%)
abundance) abundance)
JcNL_10049 9.16 RcNL_61167 | 2.27 78
JcNL_10121 9.28 RcNL_57743 | 3.12 80
JcNL_06992 3.91 RcNL_44733 | 2.65 86
JcNL_00860 0.66 RcNL_50409 | 3.77 81
JcNL_00810 0.64 RcNL_34103 | 10.46 80
JcNL_00096 0.41 RcNL_44257 | 3.11 79
JcNL_00073 0.40 RcNL_33311 | 5.99 82
JcNL_00073 0.40 RcNL_25810 | 4.37 73
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Table 4.18 Common defense-related transcription factors between Jatropha and castor

bean
Transcription | pme_TPM Transcription | pme_TPM Sequence
factor IDs of value factor IDs of value similarity
Jatropha (Transcript castor bean (Transcript (%)
abundance) abundance)

JcTF_00115 0.42 RcTF_54884 8.11 81
JcTF_00439 0.54 RcTF_19852 6.74 82
JCTF_00764 1.26 RcTF 53730 | 3.03 84
JcTF_00785 0.63 RCTF_44818 6.96 88
JcTF_00918 1.33 RcTF_20813 21.38 87
JcTF_00978 0.68 RCcTF_20336 104 88
JcTF_01151 1.45 RcTF_58632 4.72 86
JcTF_01250 0.75 RcTF_16473 10.98 85
JcTF_01393 0.78 RcTF_41238 10.91 82
JcTF_01461 0.8 RcTF_24119 10.32 82
JcTF_01506 0.81 RcTF_69743 2.19 86
JcTF_01687 0.86 RcTF_49729 5.06 83
JcTF_01737 0.88 RcTF_24287 17.16 88
JcTF_01778 1.78 RcTF_28835 47.82 77
JcTF_01856 0.91 RcTF_42528 6.62 87
JcTF_01856 0.94 RcTF_26203 14.65 84
JcTF_02046 0.96 RcTF_32079 36.22 91
JcTF_02082 0.98 RcTF_39006 11.54 83
JcTF_02191 1 RcTF_2255 124.52 78
JcTF_02233 1.01 RcTF_29374 10.63 83
JcTF_02499 1.09 RcTF_37931 5.65 79
JcTF_02772 1.17 RcTF_22987 11.23 84
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JCTF 02905 | 1.23 RCTF 21956 | 10.01 85
JCTF 03033 | 1.28 RCTF_14008 | 29.54 80
JCTF 03086 | 1.3 RCTF_16180 | 7.4 81
JCTF_03225 | 1.35 RCTF_6142 6.89 82
JCTF 03268 | 1.37 RCTF 36148 | 13.09 84
JCTF 03301 | 1.38 RCTF 35550 | 8.79 85
JCTF_03314 | 1.39 RCTF 49024 | 8.88 83
JCTF 03366 | 1.41 RCTF_1841 9.47 87
JCTF_03375 | 1.41 RCTF 19375 | 47.55 80
JCTF 03662 | 1.54 RCTF 92723 | 231 87
JCTF 03682 | 1.57 RCTF 49327 | 45.18 o1
JCTF_04051 | 1.74 RCTF 47525 | 7.51 86
JCTF 04119 | 1.77 RCTF 45058 | 9.88 88
JCTF 04123 | 1.78 RCTF 30372 | 14.28 80
JCTF 04169 | 1.81 RCTF 20813 | 21.38 87
JCTF 04237 | 1.83 RCTF 59107 | 11.76 92
JCTF 04330 | 1.88 RCTF 30440 | 4.42 82
JCTF 04386 | 1.91 RCTF 58524 | 8.6 82
JCTF 04420 | 1.93 RCTF 32546 | 237.15 90
JCTF 04493 | 1.98 RCTF 43799 | 3.67 86
JCTF 04775 | 2.14 RCTF 53152 | 6.76 79
JCTF 04781 | 2.15 RCTF_2430 13.91 85
JCTF_ 04854 | 2.17 RCTF 70181 |75 85
JCTF_05008 | 2.27 RCTF 68484 | 2.1 83
JCTF_ 05026 | 2.27 RCTF 41658 | 8.3 81
JCTF_ 05255 | 2.43 RCTF 12179 | 15.78 86
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JCTF 05708 | 2.75 RCTF_30440 | 4.42 89
JCTF_ 05776 | 2.79 RCTF 48430 | 12.96 89
JCTF 05940 | 2.93 RCTF 31599 | 19.53 86
JCTF 05953 | 2.93 RCTF 11012 | 19.15 89
JCTF 06110 | 3.08 RCTF 61146 | 3.66 90
JCTF_06232 | 3.16 RCTF 35772 |58 85
JCTF_06247 | 3.18 RCTF_76068 | 10.84 82
JCTF_ 06299 | 3.21 RCTF_40708 | 11.05 79
JCTF 06326 | 3.23 RCTF 38145 | 11.11 93
JCTF_06768 | 3.58 RCTF 35340 | 5.07 86
JCTF_ 07041 | 3.88 RCTF 55941 | 2.16 83
JCTF_ 08297 | 5.55 RCTF_30401 | 2.24 83
JCTF 08810 | 6.37 RCTF 49389 | 16.86 92
JCTF_08950 | 6.79 RCTF 40676 | 11.13 84
JCTF 09429 | 7.7 RCTF 47609 | 4.89 75
JCTF_10466 | 10.77 RCTF 51270 | 5.93 89
JCTF 11496 | 14.23 RCTF 24005 | 18.95 92
JCTF_11676 | 15.4 RCTF 41259 | 10.75 85
JCTF 12223 | 17.84 RCTF 64484 | 5.14 84
JCTF_12486 | 19.08 RCTF_18048 | 14.93 86
JCTF 12728 | 20.85 RCTF 30480 | 13.19 89
JCTF_14789 | 142.48 RCTF_20625 | 9.05 87

4.27 Organization of disease resistance genes in castor bean and Jatropha genome

In Jatropha, out of 92 genes, 82 genes were distributed among 82 contigs and no significant
result was found for 10 other genes. Further analysis revealed that 7 of the disease

resistance genes present in castor bean genome, Vviz. XM_002517562.1,
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XM _002517561.1, XM_00 2518665.1, XM _002517526.1, XM _002517548.1, XM _0025
21759.1, and XM_002529578.1 showed similarity to Jatropha genome, corresponding to
genes XP_002517608.1, XP_0025 17607.1, XP_002518711.1, XP_002517572.1,
XP_0025175 94.1, XP_002521805.1, and XP_002529624.1, respectively. Due to the
presence of same domains and motifs, the genes were further clustered in varying sizes,
comprising 2-4 genes in most clusters. Although both Jatropha and castor bean showed
almost similar type of motifs (Kinase 1, Kinase 2, Kinase 3, GLPL, MHDL, and AAA+)
which were found to be conserved in their disease resistance genes, certain differences
were also observed with respect to the presence of conserved domains, which included
presence of dirigent domain/superfamily along with protein kinase domain in castor bean
genome, and RPW8 domain/ superfamily which was found to be unique to Jatropha
genome (Table 4.19) (Appendix Table A16).

4.28 Data availability

The sequences of identified NBS-LRR genes and defense response related transcription

factors are available at the link:
http://sites.google.com/site/combiogroup/datadownload.

Table 4.19 Comparative distribution of NBS-LRR disease resistance genes between
Jatropha and castor bean genomes

Characteristics Jatropha Castor bean

Genome size ~410 Mb ~380 Mb

Number of NBS LRR 92 121

disease resistance genes

present

Unique domain/Superfamily | RPW8 Dirigent, protein kinases
Occurrence of NBS domain | ~0.3 % ~0.4 %

110



CHAPTERS
DISCUSSION




Overall enhancement of oil production is the long-term objective for plant-based biodiesel
production. J. curcas due to its various merits is considered as a potential source of
biodiesel. However, some major constraints like low productivity in terms of yield,
variation in oil content among genotypes, non-availability of sufficient feedstock and
susceptibility to various biotic stresses have been limitating this plant species as a viable
alternative for biodiesel production. As Jatropha is becoming vulnerable to various
diseases, specifically viral diseases which in turn reduce its seed yield and oil content,
identification of molecular insights to comprehend disease response was crucial. Also,
there was a requirement to identify molecular components associated with defense
response in J. curcas since no systematic breeding efforts have been made towards the
development of disease resistant genotypes in this species. Therefore, present study was
carried out with an aim of elucidating molecular basis of oil biosynthesis and
accumulation, oil content variation among genotypes and understanding molecular
mechanisms and components underlying disease response and disease resistance in J.
curcas. This research work has provided leads which can be taken forward to carry out
genetic improvement for enhancement of oil content and disease resistance in J. curcas.

The results obtained are discussed as under:

5.1 Variation in oil content among high and low oil content genotypes of J. curcas

Oil content analysis indicated that there is significant variation for oil content in two
genotypes i.e. 30% (low oil content) and 42% (high oil content) in IC 561227 and IC
561235, respectively in accordance to Kaushik and Bhardwaj [190]. In Jatropha, the
mature stage of fruit is generally considered suitable for harvesting as it has high oil
accumulation. Endosperm has been reported to accumulate more oil content compared to
embryo in Jatropha seeds due to more number of oil bodies. The lipid accumulation
increases from ripened to mature stages of endosperm and embryo as the oil bodies
formation and deposition are developmentally regulated in these stages. The mature
(Brown) and ripened (yellow) stages of endosperm and embryo have high oil accumulation

followed by unripened stage in Jatropha.

5.2 Identification of genetic factors responsible for high oil content and key genes
associated with oil biosynthesis and accumulation in J. curcas
The unripened stage in both endosperm and embryo was considered for calculating relative

expression fold in ripened and mature stages [11, 14, 33]. As the oil formation in plant
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seeds depends upon FA and TAG biosynthesis and accumulation of triacylglycerol in oil
bodies [1, 16], all the genes corresponding to FA and TAG biosynthetic pathway showed
higher expression in high oil content genotype as compared to low oil content genotype at
both the locations. Genes ACCase, KASI, KASII, KASIII, SAD, OAD, FATA, DGAT, LPAT
and GPAT from three clusters showed significantly higher expression in oil accumulating
developmental stages whereas MT, ER, PT, PAD, ST, OCD, LD and PAP showed low
expression. The genes showing higher expression might be contributing towards
differential oil biosynthesis and accumulation in high versus low oil content genotypes of
Jatropha. These results are in agreement with the previous reports where oil content was
developmentally regulated and correlated with the expression pattern of FA and TAG
biosynthetic pathway genes in other oil plants such as castor bean [212, 213], oil palm
[214], Brassica napus [215] and sesame [55]. Except for genes OAD and GPAT,
developmental regulation of all genes was consistent with previous studies in Jatropha
endosperm and seed [11, 33]. Variation in seed oil content between high and low oil
content Jatropha genotypes might be attributed to differences in transcript accumulation
of oil biosynthesis genes in endosperm and embryo [216] as shown by expression
variation.

Higher transcript abundance for ACCase was observed in oil accumulating
developmental stages of embryo and endosperm which is linked with enhancement of
overall fatty acid production as has been reported for maize, tobacco, Jatropha, canola [33,
65, 84, 86]. All three subunits of KAS i.e. KASI, KASII, KASIII showed high level of
transcript abundance in oil accumulating stages of embryo as well as endosperm consistent
with Xu et al. [33] but slightly different from Gu et al. [11] where late accumulating stages
of endosperm did not exhibit peak expression. However, slight differences w.r.t. subunits
expression were also observed and it was concluded that out of KAS enzyme complex,
KAS Il may be a potential target for oil engineering at embryo level in Jatropha [89]. SAD
being a rate limiting enzyme is involved in the conversion of stearoyl-ACP to oleoyl-ACP,
which is the precursor for oleic acid, the major fatty acid of Jatropha seed oil [217]. Gene
encoding SAD showed significantly higher level of expression in ripened and mature (lipid
accumulation) stages of both embryo and endosperm, being higher in mature stage in both
the cases which is in positive correlation with the amount of oleic acid and is consistent
with previous study in Jatropha [11]. In the past, a number of studies have been performed
in oil plants to correlate the expression of SAD and other desaturase (FAD) genes with

increase in oleic acid composition to alter seed oil content [65, 91, 92, 218,]. FATA, an
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important enzyme of class thioesterase directly synthesize principal unsaturated fatty acids
such as oleic acid and linoleic acid from their precursors in Jatropha seed oil. Higher
transcript abundance of FATA in ripened and mature stages of both embryo and endosperm
of high oil content genotypes supports the fact that oleic acid and linoleic acid are major
fatty acids in Jatropha. For LPAT, consistent increase in the expression level at ripened
and mature developmental stages was observed which is in accordance with previous study
for endosperm [11]. However, it was also observed that for mature stage, LPAT gene
showed almost 2x fold increase in transcript abundance in both endosperm and embryo. It
is hereby suggested that LPAT gene can be over expressed mainly at mature stage of
embryo and endosperm to enhance storage lipid production in Jatropha [97, 98, 99].
Expression level of DGAT is associated with lipid accumulation as it is directly linked with
the formation of triacylglycerol. DGAT showed a gradual increase in transcript abundance
at mid accumulating stages, however slight decline at late development stage of endosperm
and this observation differed from Gu et al. [11]. Metabolic engineering approaches for
DGAT gene have also been performed to alter the oil content and quality in many plants
like maize, soybean, Arabidopsis, tobacco [93, 96].

Interestingly, it was also observed that genes encoding OAD and GPAT enzymes showed
higher level of transcript abundance with significant fold increase (10x) suggesting that
these genes might have important role in oil biosynthesis. These genes were not identified
in previous studies [11, 33]. OAD belongs to the desaturase class that converts oleoyl-ACP
to linoleoyl-ACP, the precursor of linoleic acid, which is second most abundant
unsaturated fatty acid in Jatropha seed oil. The direct role of OAD in linoleic acid
formation was inferred due to higher expression in oil accumulating stages of embryo and
endosperm. For oil plants, a number of reports highlighting overexpression of desaturase
genes for increase in linoleic acid and oil content exists [58, 91, 219, 220, 221]. GPAT
initiates the biosynthesis of triacylglycerols with the help of free fatty acids and glycerol-
3- phosphate. Gene encoding GPAT exhibited 25-40 fold increase in expression in mature
embryo and endosperm stage of high oil content genotype at SH and NH locations. These
findings support previous studies for GPAT in castor bean [213]. Over expression of GPAT
in Brassica napus and Arabidopsis seeds has shown increase in oil accumulation and
content [100, 101, 222]. The OAD and GPAT genes can thus be suitable targets in genetic
improvement to enhance the overall oil production in the accumulating stages of seeds,

especially in endosperm and embryo in Jatropha.
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Principal component analysis provided a comprehensive correlation of FA and
TAG biosynthesis pathway genes with oil accumulating developmental stages in
conjunction to expression profiling. PCA of 3 components showed that influence of F1

component was more than other two components.

5.2.1 Molecular basis of oil accumulation vis-a-vis altitudinal variations

Out of 10 genes, six genes of FA and TAG biosynthesis i.e. ACCase, KASII, KASIII, SAD,
LPAT and DGAT showed higher transcript abundance in any oil accumulating
developmental stage of embryo/endosperm at low altitude location (Nalagarh, NH)
whereas four genes (KASI, OAD, FATA and GPAT) showed higher expression in high
altitude location (Sunni, SH). Among six genes showing higher expression in low altitude,
most genes encode rate-limiting enzymes of FA and TAG biosynthesis such as ACCase,
SAD, DGAT, supporting the fact that oil content and fatty acid content increase with a
decrease in altitude [81, 223]. The reduction in oil content at higher altitudes might be due
to the fact that low partial pressure of carbon-dioxide (CO2) at higher altitude locations
reduces the rate of photosynthesis and therefore decrease in oil content [80, 81]. Also it
may be possible that the difference in gene expression between altitudinal variations
despite similar oil content is due to environmental cues like altitude, temperature, solar
radiation, etc. affecting the biosynthesis but not oil deposition [224, 225]. Genes ACCase,
KASII, KASIII, SAD, LPAT and DGAT are hereby referred to as the potential candidates
for genetic engineering to alter fatty acid composition and oil content in seeds of J. curcas

as it is confined mainly to the lower altitude regions.

5.2.2 Molecular basis of high oil accumulation in endosperm as compared to embryo
in J. curcas

Endosperm has been reported to accumulate more oil (65-70%) as compared to embryo
part (8-10%) of seeds in Jatropha [14]. To provide molecular insights for discriminating
endosperm and embryo with respect to oil accumulation, it was observed that the genes
from FA and TAG biosynthetic pathway showed considerable fold increase in oil
accumulating stages for endosperm to embryo ratio, indicating low oil content in embryo
compared to endosperm [10, 14]. As the transcript abundance for endosperm to embryo
ratio was consistent and similar in high oil content genotype, it is inferred that the
endosperm of high oil content genotype might be contributing to variations in oil content

between two genotypes. Further on comparing expression of endosperms and embryos
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between high and low oil content genotypes, it was observed that except OCD, all genes
showed more transcript abundance in high oil content genotypes. This analysis provided
molecular cues for more oil accumulation in endosperm of J. curcas seeds rather than
embryo.

Based on overall observations, genes ACCase, KASI, KASII, KASIII, SAD, OAD, FATA
regulating fatty acid biosynthesis and LPAT, GPAT, DGAT from triacylglycerol
biosynthetic pathway are hereby suggested for genetic interventions to increase desired
fatty acid composition and overall oil content in Jatropha.

5.3 Transcriptional regulation of oil biosynthesis and accumulation in J. curcas

Transcriptional regulation of oil biosynthesis and accumulation has been not studied in J.
curcas till date. In the present study, the regulatory elements and transcription factors
governing oil biosynthesis and accumulation were identified in the genes associated with

overall oil biosynthesis.

5.3.1 Regulatory elements in the promoter regions of oil biosynthesis genes

To date, very little information is available on identification of regulatory elements in oil
biosynthesis genes in Jatropha. The biosynthetic pathways for fatty acids and TAGs are
regulated at the level of transcription [65, 226]. Variation in oil accumulation in high and
low oil content genotypes and even in endosperm and embryo tissues of seed in Jatropha
could be primarily because of the differences in cis-regulatory elements in the promoters
of highly expressed genes of FA and TAG biosynthetic pathway. Computational analysis
of the promoter regions revealed the presence of oil deposition specific transcription factor
binding elements like Dof, CBF (LEC1), SORLIP, GATA and Skn-1_motif along with
other common promoter elements in the genes identified in current study and reported in
previous studies [11, 33]. Dof family of transcription factors have been found to be
associated with the enhancement of overall oil content in soybean as well as in algal
systems like Chlorella and Chlamydomonas [51, 69, 227]. CBF (CCAAT-box binding
factor, motif binds to LEC1) is a transcription factor class having the most studied and
characterized factor, LECL1, in oil plants with major contribution in fatty acid and oil
accumulation. Increase in fatty acid level and oil content was achieved by over expression
of LECL1 factor in Arabidopsis and maize [65, 66]. SORLIP (Sequences over-represented
in light induced promoters) are generally residing in promoter regions of fatty acid

biosynthesis genes and are associated with the seed storage accumulation [210]. GATA is
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a common element confined to the promoter regions and also linked with the fatty acid
biosynthesis and accumulation [74, 210]. Skn-1_motif (GTCAT) is an element required
for the endosperm expression, which is prerequisite for seed reserve and oil accumulation
[211, 228]. FA and TAG biosynthetic pathway genes showed common regulation as these
were further categorized on the basis of presence of common specific elements in the
promoter regions to shortlist the potential target genes. Genes KASI, KASII, LPAT, DGAT,
CLK, KCR2, Lipase, OAD, FATA from category | and genes Oleosinl, Oleosin2, PDAT,
DGK1, ECH, KCS, LACS8, SD and SAD from category Il can be targeted primarily for
enhancement of seed oil content and fatty acid composition in Jatropha. It is inferred that
all the five common elements (Dof, CBF (LEC1), SORLIP, GATA and Skn-1_motif)
might be playing a role in governing transcriptional regulation of oil biosynthesis in
Jatropha as the genes from cluster I, Il (fatty acid biosynthesis) and cluster IlI
(triacylglycerol biosynthesis) showed their presence in the promoter regions. Further, the
experimental validation through cloning of the promoter region of SAD gene, the rate
limiting gene associated with FA and TAG biosynthesis, confirmed the role of these
specific regulatory elements in oil accumulation as they were more in number in the
promoter region of high oil content genotype as compared to low oil content genotype.
These identified regulatory elements can be targeted to distinguish high and low oil content
genotypes and to develop high oil content lines of J. curcas as these are confined to the

genes showing higher abundance in high oil content genotypes.

5.3.2 Transcription factors regulating oil biosynthesis and accumulation in J. curcas
Transcription factors (TFs) are proteins which along with other transcriptional regulators,
activate or inhibit RNA polymerases to the DNA template [229]. Many cellular responses
are being facilitated by transcription factors (TFs) by identifying specific cis-regulatory
DNA sequences at the promoter region of targets genes. Transcription factors regulate
various processes like synthesis of metabolites, abiotic and biotic stresses, lipid
biosynthesis and accumulation, adaptation to environment, disease resistance, floral
regulation, etc. and thus are involved in overall growth and development of plants.
Transcription factors governing overall lipid biosynthesis and accumulation have been

identified and characterized for many oil plants.

Transcription Factor families i.e. Dof, MYB, bZIP, bHLH, CBF and AP2 regulating oil

biosynthesis and accumulation were identified on the basis of computational expression
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analysis i.e. significant FPKM values. Higher expression in mature stage of endosperm
was observed as compared to ripened stage of endosperm in both high and low oil content
genotypes, as the former has been reported for more oil accumulation [11, 33]. RT-qPCR
based transcript abundance pattern of TFs (bZIP, Dof, MYB, bHLH, CBF and AP2) showed
positive correlation with oil accumulation at R and M stages of endosperm in high oil
content genotype which suggested their role in regulating and controlling the oil
biosynthesis and accumulation in J. curcas [47, 66]. Further, validation and
characterization of these identified transcription factors needs to be done so that genes
regulating oil biosynthesis can be manipulated to enhance oil production in Jatropha.
These observations are the initial leads towards transcription regulation of oil biosynthesis
and accumulation in J. curcas and will further aid in better understanding of molecular

basis of oil formation in J. curcas.
5.4 Understanding molecular mechanisms associated with mosaic disease in J. curcas

Off late mosaic disease caused by Jatropha curcas mosaic virus (JcMV) has become
prevalent in Jatropha plantations in India. This disease has become a major concern as it
is reducing overall seed yield and also oil content in J. curcas. Therefore, a comparative
transcriptomic analysis was performed between healthy and mosaic disease affected plants
to get insights into molecular mechanisms associated with virus infection response in J.

curcas.

5.4.1 Reduction in seed yield and oil content due to mosaic disease in J. curcas

Various biotic stresses confined to plants affect processes associated with general growth
and development. The reduction in seed yield and oil content has been reported for many
oil plants like sunflower, soybean, Brassica spp, maize in response to viral infections [230,
231, 232, 233]. Data pertaining to seed yield and oil content parameters was recorded
consecutively for two years in mosaic virus infected (JV) and healthy (JH) Jatropha plants.
It was observed that different parameters related to seed yield i.e. seeds per fruit, number
of seeds per plant and weight of seeds per plant showed overall reduction in plants infected
with virus as compared to healthy ones. On oil content estimation there was reduction of
5-6% in the total oil content of virus infected plants in comparison to healthy plants. These
results are in line with previous studies for effect of virus infection on yield and oil content
in J. curcas [112, 113]. These observations suggested that mosaic disease in J. curcas is a

major biotic stress associated with overall yield reduction.
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5.4.2 Gene ontology based functional annotation

For functional annotation, gene ontology (GO) analysis was performed which revealed
association of identified genes with terms, biological process, molecular function and
cellular component accompanying disease response mechanisms. The analysis revealed
that major processes activated during viral infection are response to stress, catabolic
process, transport, biosynthetic process, immune system process, signal transduction, and
cellular protein modification process whereas processes like photosynthesis, small
molecule metabolic process, carbohydrate metabolic process and reproduction were
repressed. Observations of gene ontology analysis are consistent with the supposition that
biotic stresses in plants mark a change from growth and reproduction to physiological and
metabolic processes designed for defense related responses [234].

5.4.3 Enhanced energy metabolism during viral infection in J. curcas

Upon functional annotation via pathway mapping with KEGG, it was observed that the
metabolism processes are affected the most in response to viral infection as most of the
genes related to metabolism processes were upregulated or downregulated. In the current
study, it was found that energy metabolism (oxidative phosphorylation) was upregulated
in response to viral infection. In photosynthesis, light energy is captured and converted
into ATP and NADPH. These ATP and NADPH act as energy sources for various
physiological processes. Up regulation of genes such as NAD(P)H-quinone
oxidoreductase, ubiquinol-cytochrome c reductase, NAD(P)H-quinone oxidoreductase, F-
type H+-transporting ATPase, NADH dehydrogenase, cytochrome ¢ oxidase during virus
infection suggested that organelles like mitochondria produce energy to drive cellular
processes. These results are in accordance to previous reports for virus infection in rice,
tobacco, etc. [121, 235]. However, the present observations are deviated from the
assumption which implied termination of processes for the production of plant energy in

response to disease and infection [236].

5.4.4 Endocytosis is activated in response to viral infection in J. curcas

Endocytosis was found to be significantly enriched in response to viral infection.
Endocytosis is a cellular process in which cells internalize extracellular material or foreign
particles for recycling or degradation [237]. During virus infection, the host cells also

destroy pathogens by engulfing them [238] which has been evidenced by the upregulation
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of genes involved in endocytosis in current study. Genes regulating endocytosis such as
charged multivesicular body protein 5, Ras-related protein Rab-11A, epsin and Dnal
homolog subfamily C member 6 were upregulated in response to mosaic viral infection
[239, 240, 241].

5.4.5 Metabolism of amino acids and vitamins is induced in response to viral infection
Synthesis of amino acids i.e. arginine and proline was induced in response to viral infection
as genes linked to ‘Arginine and proline metabolism’ were significantly over expressed.
On exposure to specific infection or pathogen, plants produce reactive oxygen species
(ROS) to programmed cell death and to terminate the disease process [242]. Proline and
arginine act as potential scavengers of ROS and thus prevent the function of ROS. The
genes involved in the synthesis of these amino acids were upregulated in response to
mosaic virus infection which indicates potential role of these amino acids in infection. In
response to viral infection, genes nitric-oxide synthase and prolyl 4-hydroxylase are
significantly overexpressed. Nitric-oxide synthase has been reported to catalyze the
production of arginine whereas prolyl 4-hydroxylase has been associated to synthesize
proline [243, 244]. The genes related to ‘Arginine and proline metabolism’ have been
previously shown to be linked with biotic and abiotic stresses in various plant species like
Arabidopsis to tobacco etch virus infection, cotton to aphid infestation and eucalyptus to
cold stress [245, 246, 247]. Biosynthesis of vitamins such as ascorbic acid was also
induced in response to mosaic viral infection as evidenced by the upregulation of genes
involved in ‘Ascorbate metabolism’. Deficiency of ascorbic acid leads to the activation of
cell death and disease resistance response in plants [248]. Genes involved in biosynthesis
of ascorbic acid such as GDP-L-galactose phosphorylase and L-ascorbate peroxidase were
significantly over expressed in response to mosaic virus infection suggesting potential role

of ascorbic acid in disease induction in plants.

5.4.6 Catabolism of fatty acids and lipids is associated to sugar biosynthesis in
response to viral infection

Lipids and fatty acids regulate plant defense response against various pathogens as they
act as signaling molecules [249, 250]. Upregulation for fatty acids and lipids catabolism
upon mosaic viral infection was observed as the genes involved in ‘Lipid metabolism” and
‘Fatty acid metabolism’ showed higher transcript abundance. These results are supported

by the fact that the Jatropha curcas mosaic virus disease (JcMD) reduces the overall oil
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content in J. curcas [19]. Genes involved in fatty acid catabolism such as acetyl-CoA
acyltransferase, long-chain acyl-CoA synthetase, acyl-carrier-protein desaturase and in
lipid catabolism i.e. lipase were significantly upregulated in response to mosaic viral
infection. These results are in line with previous report by Freitas-Astla et al. [251]
suggesting that fatty acid and lipid metabolism is important for the susceptibility of virus
infection and diseases. In plants, starch (sugar) is accumulated during the day and used in
dark hours to provide energy for key metabolic processes [252]. There is a reciprocal
relationship between sugar biosynthesis and oil biosynthesis [253]. Genes regulating sugar
metabolism were found to be upregulated in response to mosaic virus infection where
UDP-apiose/xylose synthase and L-arabinokinase were mainly over expressed. Both
UDP-apiose/xylose synthase and L-arabinokinase are involved in sugar biosynthesis [254,
255].

5.4.7 Terpenoids function as plant growth regulators during viral infection

Apart from primary metabolites, various secondary metabolites also got affected during
virus infection. In plant kingdom, terpenoids function in defense mechanisms against a
broad range of pathogens [256]. Plants interact with pathogens through some signaling
molecules such as terpenoid metabolites. It was observed that there is higher transcript
abundance of diterpenoid biosynthesis genes such as gibberellin 2-oxidase and gibberellin
3-beta-dioxygenase in response to mosaic virus infection. These observations are in
agreement with assumption that during pathogen infection, formation of some diterpenoid
and sesquiterpene metabolites is induced as plant growth regulators (gibberellins) and
phytoalexins [256, 257]. Genes encoding synthase enzymes catalyzing the formation of
monoterpenoid, sesquiterpenoid and triterpenoid biosynthesis were upregulated in mosaic
viral infection. The present observations are similar to what has been reported previously
for virus infection in tobacco and cassava [121, 258] suggesting that biosynthesis of

secondary metabolites is affected during mosaic disease in J. curcas.
5.4.8 Hormones signaling is enhanced during virus infection

During Jatropha curcas mosaic disease (JcMD), various physiological abnormalities
occurs such as leaves get curled, blistered and mottled [19]. Various phytohormones are
present in basal amounts in plants and regulate plant growth and development. Any
variations from normal levels of phytohormones due to infection with virus can alter

physiological processes and morphology resulting in abnormal symptoms, as was
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observed in this study. During the course of virus infection, some cytopathic effects occur
which are supposed to alter the normal plant growth [259], which may be due to alterations
in plant hormone metabolism. During mosaic virus infection, higher transcript abundance
of genes i.e. SAUR family, auxin responsive GH3 gene and auxin-responsive protein IAA,
which regulate signaling of auxins was observed. For auxins the current results supported
the fact that substantial rise in activity of auxins sometimes causes severe symptomatology
during infection [260]. Further genes related to cytokinin signaling were significantly
upregulated during virus infection. Genes i.e. two-component response regulator ARR-B
family and Arabidopsis histidine kinase 2/3/4 (cytokinin receptor) acts as positive
regulator of cytokinin signaling, were upregulated in virus infection whereas genes from
two-component response regulator ARR-A family, negative regulator of the cytokinin
signaling were downregulated in response to infection. These observations supported the
fact that cytokinins contribute to stress and pathogen responses in plants [261, 262].
Gibberellins have a negative role in plant defense which was supported by the current
observations. Genes linked to family DELLA protein were downregulated during virus
infection as this family of genes is intracellular repressor of gibberellin response [262].
Members of other gene family i.e. gibberellin receptor GID1 was upregulated which
confirmed their role in positive regulation of gibberellin signaling during infection.
Abscisic acid gets more accumulated during infestation with viruses [263]. The
upregulation of genes such as abscisic acid receptor PYR/PYL family involved in the
signaling of abscisic acid, in response to mosaic viral infection was observed. Ethylene-
insensitive protein 3, a gene involved in the ethylene signaling was also overexpressed in
response to mosaic virus infection suggesting possible role of ethylene signaling in virus
accumulation and infection [264]. Another plant hormone, jasmonic acid was observed to
be a negative regulator of infection and positive regulator of resistance against mosaic
virus as evidenced by the upregulation of gene i.e. jasmonate ZIM domain-containing
protein repressing the signaling of jasmonic acid [265]. RT-gPCR based experimental
validation of the identified genes further confirmed the computational results. Thus, these
results implied that signaling of various plant hormones such as auxins, cytokinins,

gibberellins, abscisic acid (ABA) and ethylene is activated during viral infection.
5.4.9 Photosynthesis is affected during virus infection

Downregulation of major pathways related to overall growth and development in J. curcas

due to mosaic virus infection was also observed. Photosynthesis, a major physiological
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process was significantly repressed in response to mosaic virus infection in J. curcas. In
photosynthesis, light energy is captured and converted into ATP and reducing power
(NADPH). During mosaic virus infection, the overall chlorophyll in the leaves gets
degraded due to the induction of chlorophyllase activity [122]. Also there is reduction in
leaf area followed by chlorotic spots which also correlate with the degradation of
chlorophyll. Protein complexes regulating photosynthesis have photosystems (PSI and
PSII) as functional and structural units. In photosynthesis, these photosystems help to
regulate the primary photochemistry of photosynthesis, absorption of light and energy
transfer. PSI and PSII absorb photons of a wavelength of 700 nm and 680 nm, respectively.
Electrons flow from PSII to PSI through cytochrome b6 (a membrane bound protein).
Genes related to PSI, PSII and cytochrome b6 were downregulated which indicates less
rate of photosynthesis during viral infection in J. curcas. Along with chlorophyll
degradation, there is also deficiency of light harvesting complex (LHC) [122]. Light-
harvesting complex (LHC) gathers light energy and transfer this energy to the
photosynthetic reaction centers [266]. LHC is composed of LHC proteins that bind light
harvesting pigments. During mosaic virus infection, less transcript abundance of light-
harvesting complex | chlorophyll a/b binding protein and light-harvesting complex Il
chlorophyll a/b binding protein genes was observed. Also it was observed that
downregulation of ferredoxin as this gene functions principally in photosynthesis.
Electrons are transferred from photoreduced PS | to ferredoxin NADP(+) reductase by
ferredoxin [267]. These results are in accordance with previous study on cassava where
the genes related to chlorophyll degradation were upregulated and genes encoding the
apoproteins in light-harvesting complex Il were downregulated in response to African
cassava mosaic virus [122]. Further repression of photosynthesis in virus infection
condition was correlated with the reduction in fruit size, seed yield and oil content as per
observations. ATP and NADPH, the photosynthesis products are utilized in CO; fixation
that provides carbon skeletons for all cellular reactions [268]. Light reactions in
photosynthetic reactions feed ATP, NADPH to carbon fixation. Since photosynthesis and
carbon fixation are repressed there is less partitioning of carbon towards lipid
accumulation which might be responsible for reduction in oil content during virus
infection. The reduction in fruit size and seed yield is due to the fact that regulation of
photosynthetic reactions is essential for the metabolic reactions. Further nitrogen can
improve photosynthetic parameters, increase maximal photochemical efficiency and

reduce fluorescent and non-photochemical quenching co-efficiency and as a result increase

123



fruit and seed yield with higher seed filling rate [269]. Also, solar radiation is a major
factor which affects the uptake of nutrient solution and growth processes during
photosynthesis.

5.4.10 Degradation of anthocyanin in viral infection

Anthocyanins (flavonoids) are water-soluble pigments which are synthesized in the
cytosol and localized in the vacuoles. During mosaic virus infection, the leaves get curled,
reduced in size and become chlorotic which lead to a significant degradation of
pigmentation. Genes, anthocyanidin 3-O-glucoside 2"-O-xylosyltransferase and
anthocyanidin  3-O-glucoside 5-O-glucosyltransferase involved in anthocyanin
biosynthesis showed less abundance supporting the degradation of anthocyanin during
infection. These observations are in accordance with previous studies for tobacco and
grapes [121, 270]. These results further supported the fact that anthocyanin also regulate

defense response in plants [271].

5.4.11 Repression of defense mechanisms during viral infection

Further it was observed that various pathways related to defense response were
significantly repressed during mosaic virus infection in J. curcas. Genes linked to ‘Plant-
pathogen interaction’, a process related to basal defense response, showed more
expression in healthy leaf tissue as compared to mosaic virus infected leaf tissue which
directed its repression during infection. The interaction between plants and pathogens is a
major factor towards understanding overall mechanisms associated with defense response.
Various genes in the ‘Plant-pathogen interaction’ pathway were down-regulated during
mosaic virus infection. Genes such as cyclic nucleotide gated ion channels (CNGCs),
calcium-binding proteins (CML), disease resistance proteins i.e. RPM1, RPS2, Kinases
and WRKY transcription factor genes were significantly repressed in viral infection, which
have been implicated in defense response and innate immunity in other plants [121].
Cyclic nucleotide gated ion channels (CNGCs) have been reported for their role in
immunity and has been characterized in plant species [272, 273, 274]. Calcium-binding
proteins (CML) are also involved in providing immunity against various biotic stresses
[275, 276]. Role of various kinases in providing innate immunity has also been described
in plants [277, 278, 279]. Also various reports exist for WRKY transcription factors

providing innate immunity against biotic stresses [31, 163]. Genes involved in calcium
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signaling pathway also showed low transcript abundance in response to infection clearly
indicating the role of calcium signaling in basal defense response [280]. Various genetic
and functional studies have shown the role of calcium signaling as positive regulator in the
establishment of defense response. Also calcium signaling could be controlled by other
signaling systems like ubiquitin-proteasome system to mark immunity in plants against
pathogens [281].

5.4.12 Host factors contributing towards replication and multiplication of virus

Plant viruses manipulate and use metabolites of the compatible host for translation and
replication of their genomes. In host cells, virus infection overexpress or repress various
pathways, which cause physiological and phenotypic changes in the host [282, 283, 284].
Disease formation is successful completion of genome replication of the viruses [284]. In
order to complete life cycle, viruses are evolutionarily able to capture and manipulate
cellular pathways and cellular components. The genes regulating auxins signaling like
SAUR protein and auxin responsive protein were induced and showed upregulation during
virus infection supported that fact that geminiviruses replicate in the apical leaves by
regulating auxin signaling pathway to create a favorable cellular environment for their
replication [285]. In addition, current observations about upregulation of genes linked to
auxin signaling also support the fact that auxin may stimulate virus entry into the S-phase,
geminiviruses operate the core cell cycle genes to provide an environment for efficient
replication [286]. Further on comparison of JV and JH derived transcriptomes, it was
found that genes like histone 3 K4-specific methyltransferase and putative transcriptional
activator with NAC domain were upregulated in response to viral infection as they interact
with proteins of monopartite geminivirus, TrAP/C2 and C3, respectively and thus promote
replication [285]. They are also associated with repression of systemic host defenses,
facilitating systemic accumulation of virus [287]. TIR-NBS-LRR proteins associated with
disease resistance were downregulated in JV and upregulated in JH which supports the
fact that mosaic virus suppresses these genes associated to disease resistance in order to
replicate and spread. More proportion of genes belonged to generation of energy process
in JH as compared to JV. The upregulation of genes involved in energy metabolism was
observed during virus infection. These results are in accordance with the fact that the
energy produced by host is being used by viruses for polymerization of their proteins and
n-RNA synthesis as nucleoside triphosphate. Further, more number of genes related to

transport mechanism were upregulated in JV as compared to JH which support the
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assumption that during local movement virus initially moves from one infected cell to
adjoining cells and move through vascular tissue to cause a systemic infection in the plant
[288]. On the basis of sub cellular location, it was observed that percent of genes associated
to membrane part was higher in JV as compared to JH. These observations are in line with
the fact that various viral encoded proteins are involved in membrane targeting of the
replication components during replication of viruses [289, 290].

5.4.13 Identification of transcription factors regulating genes associated with
biological processes

Transcriptional regulation is an integral component towards overall understanding of
disease response in plants. Immunity regulation and response to stresses are generally
driven by transcription factors. The current analysis indicated that along with genes, these
regulatory proteins are also activated in response to virus infection. There are many reports
describing the activation of various transcription factors in response to virus infection in
plants [121, 123]. During virus infection, the upregulation and downregulation of
transcription factors in ‘Plant hormone signal transduction’ and ‘Plant-pathogen
interaction, respectively was observed. Upregulation of transcription factors involved in
signaling of phytohormones during virus infection was observed. TF families i.e. MYC2,
TGA, ABA responsive element binding factor and ethylene-responsive transcription factor
were associated with hormone signaling in response to virus infection. In ‘Plant-pathogen
interaction’, transcription factors related to WRKY family were downregulated during

infection as those are involved in defense response mechanism [31].

5.4.14 Identification of SNPs in JV and JH transcriptomes of J. curcas

SNP markers are of wide choice for their application as they are abundant in genome,
ubiquitous, and amenable to high-throughput automation [291, 292]. In the present
analysis, many SNPs were identified in the loci of genes upregulated and downregulated
in response to mosaic virus infection. For example, the identified SNP markers associated
to different resistance genes have the potential to be used in the breeding programs for
developing resistant varieties in Jatropha [293, 294]. SNPs can occur in coding as well as
noncoding regions of genes and might be responsible for consequences in gene
transcription or function. These consequences are the biological reason for the association
of SNPs with various agronomic traits. On comparing, JH and JV, it was found that more

number of SNPs were present in the coding region in JH as compared to JV [295].

126



5.4.15 Identification of genes co-expressed with genes involved in ‘Plant hormone
signal transduction’ and ‘Plant-pathogen interaction’

Gene co-expression networks (GCNs) are graphic illustrations that represent the
synchronized transcription of genes in response to a particular stimuli. Gene co-expression
analysis revealed the presence of various genes which are co-expressed with the target or
reference genes. Few genes showed close association or interaction with the identified
reference gene. These genes can be primarily targeted with identified disease inducing or
resistance genes for understanding the molecular responses to develop resistant genotypes
in Jatropha. For example, it was observed that most of the co-expressed genes identified
with defense response pathways are involved in secretory pathways which are responsible
for providing immune response to plants [296]. It was inferred that the genes which are
co-expressed with the identified reference genes indicated that there is some degree of
conservation of their function. Similar approach of constructing gene co-expression
networks in response to disease resistance and immune responses have been applied for
immunity expression data of A. thaliana, rice, soybean, tomato and cassava which shed
light on global patterns of events activated throughout plant immune responses [297]. Co-
expression networks have also been developed for resistance genes identified from

transcriptome data in a number of plant species [298, 299].

5.4.16 Experimental validation of the transcriptome data

For experimental validation, selected genes and transcription factors on the basis of more
transcript abundance in virus infection from transcriptome data were examined using RT-
gPCR approach. The genes from ‘Plant hormone signal transduction’ were chosen for
experimental validation as most genes were associated to this process. Also the foremost
symptoms during mosaic virus infection are linked with changes in metabolism of major
plant hormones. Transcription factors showing upregulation and downregulation in
response to virus infection were also studied using RT-qPCR which showed results similar
to observed through FPKM expression.

Overall, the transcriptome based characterization and comparative analysis of healthy and
virus-infected leaves lead to new dimensions in understanding the molecular perspective

of plant-pathogen interaction in J. curcas.
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5.5 Identification of disease resistance (NBS-LRR) genes in J. curcas
Jatropha curcas mosaic disease caused by mosaic virus cannot be directly controlled by
the application of pesticides or chemicals. There are some alternative strategies for the

effective control of this disease such as

a) Biological or chemical control of the vector of this disease i.e. whitefly (Bemisia
tabaci)

b) Growing varieties with enhanced resistance

C) Use of virus free plant material

d) Exclusion (Prevention in those areas where disease has not yet appeared)

Out of the above listed alternative strategies, the development of J. curcas varieties with
resistance to virus infection is the appropriate alternative that has to be undertaken for the
effective management of J. curcas in field conditions. To achieve this goal, there is need
to identify molecular components associated with disease resistance or defense response

which can be used to develop disease resistant genotypes.

Since the previously predicted NBS-LRR genes in Jatropha are quite small in number in
comparison to other sequenced plant genomes with the same range of genome sizes (For
example, the genomes of A. thaliana and V. vinifera contain relatively higher number of
NBS-LRR genes (ranging from 174 to 535), even though their genome sizes are in the
order of 125 and 487 Mb, respectively [300]. 47 new NBS-LRR genes in J. curcas from
publicly available transcriptome were identified, while earlier identification of NBS-LRR
genes was done through genome mining which may contain pseudogenes [13]. The
identified NBS-LRR genes were mapped on to the genome sequence contigs to have a clue
about their physical location [301]. Some of the NBS-LRR genes can be frequently
clustered in the genome due to segmental and tandem duplication [157, 302]. Consistent
with these findings, presence of NBS-LRR genes in clusters have been identified. 16 genes
were found in clusters of two genes. The current results indicate that there is more
clustering in case of Jatropha which may support the concept of novel resistance
specificities through recombination or gene conversion and also rapid R gene evolution in
Jatropha [32]. Moreover the NBS-LRR genes present in clusters can be primarily targeted
for breeding to develop disease resistant varieties. Several NBS-LRR genes were mapped
with gaps which represent the presence of intronic region in these genes and is in

consonance with the fact that most of the eukaryotic genes comprised of introns [303].
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Further these intronic regions can be explored in spliced site studies for disease [304, 305,
306].

5.5.1 Characterization of identified NBS-LRR genes into TNLs and CNLs

The identified NBS-LRR genes were further characterized into TNLs and CNLs and the
number of TNLs were more compared to CNLs, as the TNLs were confined only to dicots
[159] which further supports the motifs prediction as J. curcas is a dicotyledonous species.
Further, these N terminal domains i.e. TIR (TNLs) and CC (CNLs) were responsible for
pathogen recognition which supports the resistance potential of the associated genes [150].

5.5.2 Identification of transcription factors related to defense response in J. curcas

From transcriptome mining, a total of 122 transcription factors related to defense response
in J. curcas were identified. These investigations are the first attempt to identify
transcription factors related to disease resistance or defense response in J. curcas. Many
of the transcription factors have been implicated in maintaining transcriptional
reprogramming linked with plant defense and resistance response. An association among
activating and repressing transcription factors from many families control the defense
response expression of the target genes [163]. Transcription factors such as WRKY, bZIP,
ERF, MYB and Whirly families bind to the promoters of resistance genes and regulate
expression level [31, 162, 165, 166, 307]. In comparison to conventional screening of
cDNA libraries or EST sequencing, the computational transcription factors discovery
approach provides fast, simple, consistent and precise methods to reveal the transcription
factor families specific to disease resistance and defense response at both the whole

genome and transcriptome levels.

In the past, many transgenic crop and model plants with improved disease resistance have
been developed [308] by over expressing the defense related transcription factors. Over
expression of WRKY and ERF transcription factors have resulted in developing disease
resistant varieties of many plants [174]. Over expression of the defense associated
transcription factors can provide resistance to many dissimilar pathogens also. Arabidopsis
transcription factor MYB30 over expression has resulted in enhanced resistance to
pathogenic bacteria and fungus in transgenic Arabidopsis and tobacco [309]. Identification
of transcription factors related to defense response or disease resistance is of great
significance in predicting the pathogen responsive promoter elements. Only a few

pathogen responsive elements in the promoter regions have been identified. One of the
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most cited example is the presence of W-box in the promoter region of various genes
activated by WRKY transcription factors [310, 311, 312]. Out of identified transcription
factors, some showed the higher transcript abundance which signifies their role as potential
targets for achieving or providing disease resistance. However, these observations need to
be fully validated through functional analysis.

5.5.3 Distribution of defense response related transcription factors into families

After the identification of transcription factors related to defense response, all transcription
factors were checked for their family distribution on the basis of similarity search with
BLASTN analysis. The identified 122 transcription factors were further distributed into
families and it was observed that the majority of identified transcription factors belong to
NAM, WRKY, MYB and Homeo-domain families followed by families like ERF-type/AP2-
EREBP, bZIP, TFIIA, CBF, SBP and Whirly. The major TF families identified here (i.e.
NAM, WRKY, MYB and Homeo-domain) have been previously characterized and validated
for providing resistance to various biotic stresses in many plant species [166, 307, 313,
314, 315].

5.5.4 Comparative analysis between Jatropha and castor bean identifies potential

NBS-LRR genes and transcription factors related to defense response

A comparative analysis between Jatropha and its closest family member, castor bean
showed common and unique NBS-LRR genes because these genes have been successfully
used in developing disease resistant plants within same family. It was found that 7 and 8
NBS-LRR genes were common between Jatropha and castor bean, respectively. In castor
bean, out of 8 genes, 6 showed identity to each specific gene from Jatropha whereas 2
genes from castor bean showed similarity to 1 common gene from Jatropha. The results
are in line with the previous analysis of NBS homolgues in two important members of
family solanaceae, tomato and potato which suggested the conservation of synteny
supporting the fact that these have earlier origin. Further, all syntenic tomato and potato
loci confer resistance to dissimilar disease, suggested different pathogen specialization of
NBS-LRR resistance genes [316]. Common transcripts/genes can be targeted in a cross
generic or cross specific manner for enhancing the disease resistance potential of Jatropha
and castor bean [32, 70, 269]. The common genes identified from both organisms implies
that these are conserved in nature and may be responsible for providing resistance to

general disease conditions not specific to any particular pathogen. The over-expression of
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an NBS-LRR gene, Bs2 from pepper conferred increased resistance against bacterial spot
disease in transgenic tomato [153]. The transcript abundancy was measured for newly
identified set of NBS-LRR genes with the help of in-silico expression analysis in order to
support the identification of transcripts and their expression levels. A high variation was
found in the expression values of identified genes. The genes showing higher values of
expression with more transcript abundance can be used to design and conduct experiments
for providing enhanced resistance to disease and pest conditions in J. curcas and other
economically important plants of same family such as castor bean, rubber tree, cassava,
etc. [32, 269]. Further, comparison between identified transcription factors was made
between Jatropha and castor bean in order to identify common and unique numbers of
transcription factors which showed that a large number of transcription factors [305] are
common between Jatropha and castor bean, thereby suggesting a conserved defense
response mechanism in Jatropha and castor bean [317, 318, 319].

Comparative study of varying expression profiles or variations in transcript abundance
measurements of NBS-LRR genes and transcription factors associated to disease
resistance between Jatropha and castor bean transcriptomes revealed that some NBS-LRR
genes and transcription factors can be good candidates for enhancing the resistance
potential. By using comparative analysis, the exploration of evolutionary fate of the NBS-
LRR genes and transcription factors in the euphorbiaceae family and the understanding of

disease resistance between the important family members is anticipated [320].

5.5.5 Comparative analysis between Jatropha and castor bean revealed the concept

of duplication and synteny

The comparative analysis of previously identified NBS-LRR genes in Jatropha [13] and
castor bean [321] revealed that 7 of the disease resistance genes present in castor bean
genome showed similarity to Jatropha genome, signifying that these genes emerged from
the recent duplication or have been conserved devoid of significant divergence, as was
found for NBS-LRR genes and RGASs in sweet potato and Arabidopsis earlier [322, 323].
Furthermore, 60 % gene clustering was observed in both these plant species and the genes
which were present in clusters consisted of same domains and motifs. Similar kind of motif
patterns were observed in both these plants which also corroborates the concept of synteny
[324], but certain differences with respect to the presence of conserved domains were also

observed between two plant species, which included presence of dirigent
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domain/superfamily along with protein kinase domain in castor bean genome, and RPW8
domain/superfamily in Jatropha genome.

5.5.6 Characterization of NBS-LRR genes predicted by Sato et al. [13] in J. curcas

A total of 92 NBS-LRR disease resistance genes were predicted in Jatropha genome by
Sato et al. [13]. Out of 92 genes, 54 genes have been predicted as TNLs and 28 as CNLs
whereas 10 genes did not fall into either class. Since the CNLs and TNLSs are both involved
in pathogen recognition [150], the prediction and classification of NBS-LRR proteins into
CNLs and TNLs further support the disease resistance potential. The presence of TNLs is
known exclusively only for dicots not for monocots [325] which further support the motifs
prediction as Jatropha is a dicotyledonous species. These results are in accordance with
the previous classification of TNLs and CNLs for the identified NBS-LRR genes. Also the
NBS-LRR genes represent ~0.3 % of all predicted ORFs.

Based on overall observations it is anticipated that NBS-LRR genes, the defense
related transcription factors predicted in this study and domain architecture of previously
identified NBS-LRR genes will supplement the disease resistance knowledge pool in J.
curcas so that better breeding and genomics-based interventions can be made for
developing disease resistant varieties. Further, the in-silico based analysis and comparison
of NBS-LRR genes and transcription factors between Jatropha and castor bean will reveal
specific insights on the function, organization, conservation and evolution of the NBS-
LRR resistance genes and defense response related transcription factors in related
members of family euphorbiaceae. However, the current observations need to be fully
authenticated through functional validation analysis of identified NBS-LRR genes and
defense related transcription factors in context of enhanced resistance to various biotic
stresses in J. curcas. Further, the identified NBS-LRR genes and transcription factors have

been made publicly available over the internet to be used by scientific community.
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SUMMARY



Current study has undertaken investigations on genomics-based understanding of seed oil
biosynthesis, disease response and disease resistance components in a biodiesel plant, J.
curcas. Due to economic importance of J. curcas as a potential biodiesel plant, there was
need to look into genetic differences contributing towards variation in oil content between
different genotypes and identifying key genes associated with oil biosynthesis. Also
understanding of molecular mechanisms underlying response to a viral disease and
repertoire of NBS-LRR genes and defense related transcription factors was carried out due
to vulnerability of Jatropha to various biotic stresses, which reduce seed yield and oil

content.

Oil content estimation among genotypes indicated that there is significant variation
for oil content in two genotypes i.e. 30% (low oil content) and 42% (high oil content) in
IC 561227 and IC 561235, respectively. As of today the expression of FA and TAG
biosynthetic pathway genes was studied and reported at different seed developmental
stages but not between genotypes varying in seed oil content. Genes ACCase, KASI, KASI|,
KASIII, from cluster 1 encoding enzymes involved in the formation of common
intermediates in FA biosynthesis pathway and genes SAD, OAD, FATA from cluster Il
encoding enzymes catalyzing formation of specific fatty acids and their precursors showed
higher expression (>10 fold) in high oil content genotype suggesting their role in more oil
content. From cluster 111, genes DGAT, LPAT and GPAT encoding enzymes catalyzing
formation of triacylglycerols showed higher expression (>10 fold) in high oil content
genotype, implying role of these genes also in contribution towards more oil content. Three
genes of rate limiting steps i.e. ACCase, SAD and DGAT showed higher expression in oil
accumulating stages of seeds collected from plants grown at low altitude suggesting that
oil content increases with decrease in altitude. As endosperm has more oil accumulation
(65-70%) as compared to embryo (8-10%), each gene of FA and TAG biosynthetic
pathway showed considerable fold increase in oil accumulating stages for endosperm to
embryo ratio. Further on comparing expression among endosperms of high and low oil
content genotypes, it was observed that except OCD, all genes showed more transcript
abundance in high oil content genotypes. Same observations were inferred for expression
comparison among embryos concluding role of these genes for more oil accumulation in
high oil content genotypes. PCA analysis proved useful in correlating FA and TAG
biosynthetic pathway genes and oil accumulating ripened and mature stages of endosperm

and embryo. The current study provided a repertoire of key genes encoding enzymes of
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FA and TAG biosynthesis which can be further considered as suitable candidates either
for engineering oil biosynthetic machinery and/or developing gene markers for seed oil
enhancement. In-silico analysis of promoter regions of oil biosynthesis genes revealed the
presence of putative regulatory elements associated with oil biosynthesis such as Dof, CBF
(LEC1), SORLIP, GATA, Skn-1_motif etc. Transcription factors regulating oil
biosynthesis i.e bZIP, Dof, MYB, bHLH, CBF and AP2 were identified and showed
positive correlation with mature stages of high oil content genotype. Overall, these
findings together with the previous information provided a more comprehensive

understanding of oil biosynthesis mechanisms in J. curcas.

Comparative transcriptome-based analysis of healthy versus virus-infected leaves
provided details on molecular components associated with plant-pathogen interaction in
Jatropha. The current study revealed that mosaic virus symptom expression in J. curcas is
a complex process due to up-regulation and down-regulation of genes and transcription
factors belonging to different biological processes. GO and KEGG based functional
annotation showed that processes like metabolism processes, oxidative phosphorylation,
endocytosis, terpenoid biosynthesis, hormone signal transduction were upregulated
whereas photosynthesis, anthocyanin biosynthesis, plant-pathogen interaction and calcium
signaling were downregulated in response to virus infection. Co-expression network
analysis identified genes which were co-expressed with reference genes and associated
with processes such as ‘Plant hormone signal transduction’ and ‘Plant-pathogen
interaction’. RT-qPCR analysis further validated the association of genes with ‘Plant

hormone signal transduction’.

The current study also led to the identification of 47 new, previously unidentified
NBS-LRR genes, in addition to 92 genes, and 122 defense response related transcription
factors which provided a rich resource of genes associated with disease resistance in J.
curcas. The identified NBS-LRR genes were further characterized into TNLs and CNLs
which showed that more number of genes belonged to TNLs class. The identified defense
response-related transcription factors were distributed into families such as NAM, WRKY,
MYB, Homeo-domain, ERF-type/AP2-EREBP and bZIP. This study also supplemented the
comparative analysis of identified NBS-LRR genes and transcription factors with its
closest family member, castor bean to identify common and unique genes and transcription
factors. The sequences of identified NBS-LRR genes and transcription factors has been

made publicly available (http://sites.google.com/site/combiogroup/datadownload).
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FUTURE
PROSPECTS



It is anticipated that the identified key genes associated with fatty acid (FA) and
triacylglycerol (TAG) biosynthesis and transcription factors regulating oil
biosynthesis and accumulation can be used in genetic improvement of oil content in

J. curcas.

Identified NBS-LRR genes and transcription factors related to defense response can
be further genetically analyzed to associate with resistance phenotypes in any disease
resistant variety or species of Jatropha.

Sequences of key genes of fatty acid (FA) and triacylglycerol (TAG) biosynthesis can
be used to scan for SNPs for developing gene markers associated with high seed oil

content in J. curcas

Functional validation of genes associated with molecular responses to viral infection
can help in understanding which particular biological processes are severely affected

in response to viral infection.
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Figure A2 Co-expression network analysis of gene CML41 in ‘Plant pathogen interaction’

139



ECH2

Figure A3 Co-expression network analysis of gene R/IN4 in ‘Plant pathogen interaction’
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Figure A4 Co-expression network analysis of gene ABFI in ‘Plant pathogen interaction’
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Figure A6 Co-expression network analysis of gene F'CA in ‘Plant hormone signal transduction’

141



MPK8

DUF2296 ENTH

f/_"\ f/’_\\
‘sBit| Rswe

", A

TN

i

'BON2|

| NADK1—CorA-like.

Figure A7 Co-expression network analysis of gene BES/ in ‘Plant hormone signal transduction’

Figure A8 Co-expression network analysis of gene /4413 in ‘Plant hormone signal transduction’
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Figure A10 Co-expression network analysis of gene CML42 in ‘Plant hormone signal transduction’
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Table Al Genes associated to ‘Oxidative phosphorylation’ upregulated in JV

CDS CDS log2
Jatropha Start End JH JV Fold
Scaffold Ids | Position | Position | KO IDS Enzyme Name FPKM FPKM Change
K00411 UQCRFS1, | ubiquinol-cytochrome c reductase iron-sulfur subunit
Jcr4S01020 | 6283 13142 RIP1, petA [EC:1.10.2.2] 162.27 241.7 0.57
K02134 ATPeF1D,
Jcr4S10290 | 4401 4754 ATP5D, ATP16 F-type H+-transporting ATPase subunit delta 8.42 11.76 0.48
JcrdS01070 | 21212 21905 K02266 COX6A cytochrome c oxidase subunit 6a 20.67 31.36 0.6
K02155 ATPeVOC, | V-type H+-transporting ATPase 16kDa proteolipid
Jcr4S11126 | 850 3244 ATP6L subunit 26.02 48.34 0.89
NAD(P)H-quinone oxidoreductase subunit 5
Jer4s11198 |1 533 K05577 ndhF [EC:1.6.5.3] 851.91 5039.1 2.56
NAD(P)H-quinone oxidoreductase subunit 2
Jcr4S11344 | 4035 4358 K05573 ndhB [EC:1.6.5.3] 773.07 3861.96 | 2.32
JcrdS11884 | 4457 8515 K02258 COX11 cytochrome ¢ oxidase assembly protein subunit 11 120.17 159.39 0.41
K00417 QCRY7,
JcrdS01215 | 55453 57814 UQCRB ubiquinol-cytochrome c reductase subunit 7 35.21 47.03 0.42
NADH dehydrogenase (ubiquinone) 1 alpha/beta
JcrdS01232 | 54663 57773 K03955 NDUFAB1 | subcomplex 1 141.6 257.38 0.86
K02155 ATPeVOC, | V-type H+-transporting ATPase 16kDa proteolipid
JcraS12411 | 687 1204 ATP6L subunit 5.36 10.45 0.96
JcrdS12718 | 2684 3081 K02261 COX2 cytochrome c oxidase subunit 2 357.45 16986.89 | 5.57
NADH dehydrogenase (ubiquinone) 1 alpha
JcrdS12859 | 1066 2492 K03950 NDUFA6 subcomplex subunit 6 28.32 28.74 0.02
K00413 CYCL, ubiquinol-cytochrome c reductase cytochrome cl
JcrdS01331 | 10546 12857 CYTL, petC subunit 33.68 67.94 1.01
K02111 ATPF1A, F-type H+-transporting ATPase subunit alpha
Jcr4S01338 | 783 1106 atpA [EC:3.6.3.14] 2232.71 | 2709.64 | 0.28
K00419 QCR9,
JcrdS01351 | 25928 26083 UCRC ubiquinol-cytochrome c reductase subunit 9 1.53 3.92 1.36
JcrdS14025 | 744 3159 K02257 COX10 protoheme IX farnesyltransferase [EC:2.5.1.-] 40.57 64.02 0.66
NAD(P)H-quinone oxidoreductase subunit 4
Jcr4S15558 | 3065 3199 K05575 ndhD [EC:1.6.5.3] 318.41 2185.75 | 2.78
JcrdS01673 | 1992 8832 K01535 E3.6.3.6 H+-transporting ATPase [EC:3.6.3.6] 181.4 232.55 0.36
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Jcr4S00169 | 55484 58425 K03937 NDUFS4 NADH dehydrogenase (ubiquinone) Fe-S protein 4 54.34 83.61 0.62
K02152 ATPeV1G,
JcrdS17248 | 9217 10815 ATP6G V-type H+-transporting ATPase subunit G 39.8 54.87 0.46
NADH dehydrogenase (ubiquinone) Fe-S protein 2
Jer4S17345 | 1112 1261 K03935 NDUFS?2 [EC:1.6.5.31.6.99.3] 141.6 4212.1 4.89
NADH-ubiquinone oxidoreductase chain 2
Jer4S17940 | 1131 1437 K03879 ND2 [EC:1.6.5.3] 385 12265.26 | 4.99
NADH-ubiquinone oxidoreductase chain 2
Jer4S17940 | 132 749 K03879 ND2 [EC:1.6.5.3] 299.28 18515.47 | 5.95
NADH dehydrogenase (ubiquinone) Fe-S protein 8
Jcr4S00198 | 61057 62917 K03941 NDUFS8 [EC:1.6.5.31.6.99.3] 47.46 78.39 0.72
K02138 ATPeF0D,
Jcr4sS01979 | 16250 18492 ATP5H, ATP7 F-type H+-transporting ATPase subunit d 54.34 120.2 1.15
Jcr4S00202 | 25627 27992 K03938 NDUFS5 NADH dehydrogenase (ubiquinone) Fe-S protein 5 64.29 84.92 0.4
K02149 ATPeV1D,
JcrdaS02130 | 14194 14979 ATP6M V-type H+-transporting ATPase subunit D 26.02 31.36 0.27
NADH dehydrogenase (ubiquinone) 1 alpha
JcrdS02245 | 18324 18515 K03952 NDUFA8 subcomplex subunit 8 3.06 9.15 1.58
NADH dehydrogenase (ubiquinone) 1 alpha
JcrdS02414 | 15412 18266 K11353 NDUFA13 | subcomplex subunit 13 54.34 54.87 0.01
K02128 ATPeF0C,
JcrdS24336 | 58 312 ATP5G, ATP9 F-type H+-transporting ATPase subunit ¢ 339.84 22018.15 | 6.02
K02140 ATPeFG,
JcrdS02623 | 1849 2366 ATP5L, ATP20 F-type H+-transporting ATPase subunit g 32.91 33.97 0.05
K02111 ATPF1A, F-type H+-transporting ATPase subunit alpha
JcrdS25955 | 1003 1398 atpA [EC:3.6.3.14] 189.82 2477.09 | 3.71
JcrdS02700 | 14652 17508 K01507 ppa inorganic pyrophosphatase [EC:3.6.1.1] 91.85 165.92 0.85
K02151 ATPeV1F,
JcrdS02815 | 2246 4034 ATP6S14 V-type H+-transporting ATPase subunit F 65.83 95.37 0.53
NAD(P)H-quinone oxidoreductase subunit |
JcrdS27284 | 1789 2278 K05580 ndhl [EC:1.6.5.3] 531.96 5271.66 | 3.31
K02109 ATPFOB,
JcrdS27322 | 264 760 atpF F-type H+-transporting ATPase subunit b 1880.62 | 3777.04 | 1.01
NADH dehydrogenase (ubiquinone) Fe-S protein 7
JerdS27372 | 213 447 K03940 NDUFS7 [EC:1.6.5.3 1.6.99.3] 1.53 2.61 0.77
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K02154 ATPeVOA,
JcrdS02850 | 26970 37194 ATP6N V-type H+-transporting ATPase subunit a 383.47 1030.81 | 1.43
K02110 ATPFOC,
JcrdS28292 | 4140 4382 atpE F-type H+-transporting ATPase subunit ¢ 438.58 2538.5 2.53
K02138 ATPeFOD,
JcrdS03174 | 4431 8177 ATP5H, ATP7 F-type H+-transporting ATPase subunit d 91.08 105.83 0.22
NADH dehydrogenase (ubiquinone) 1 beta
Jcr4S03476 | 27428 27870 K03966 NDUFB10 | subcomplex subunit 10 8.42 18.29 1.12
K02154 ATPeVOA,
Jcr4S00377 | 43141 49642 ATP6N V-type H+-transporting ATPase subunit a 147.72 222.1 0.59
Jcr4S03949 | 27465 33601 K02144 ATPeV1H V-type H+-transporting ATPase subunit H 204.37 218.18 0.09
K02155 ATPeVOC, | V-type H+-transporting ATPase 16kDa proteolipid
Jcr4sS04308 | 1727 3368 ATP6L subunit 42.1 61.4 0.54
K02155 ATPeVOC, | V-type H+-transporting ATPase 16kDa proteolipid
Jcr4S04398 | 14373 15942 ATP6L subunit 114.81 209.04 0.86
K02153 ATPeVOE,
JcrdS00045 | 47945 49777 ATP6H V-type H+-transporting ATPase subunit e 28.32 43.11 0.61
NADH dehydrogenase (ubiquinone) 1 beta
JcrdS04536 | 15700 18333 K03965 NDUFB9 subcomplex subunit 9 38.27 94.07 1.3
K02145 ATPeV1A, | V-type H+-transporting ATPase subunit A
JcrdS00049 | 59951 67112 ATP6A [EC:3.6.3.14] 121.7 212.96 0.81
K02154 ATPeVOA,
JcrdS05002 | 1090 7914 ATP6N V-type H+-transporting ATPase subunit a 153.08 206.42 0.43
JcrdS05047 | 1210 2581 K02267 COX6B cytochrome c oxidase subunit 6b 39.04 62.71 0.68
K02146 ATPeVOD,
JcrdS05057 | 4436 8808 ATP6D V-type H+-transporting ATPase subunit d 161.5 182.91 0.18
K02112 ATPF1B, F-type H+-transporting ATPase subunit beta
JcrdS00559 | 5842 7233 atpD [EC:3.6.3.14] 2530.46 | 10999.28 | 2.12
K02149 ATPeV1D,
JcrdS05584 | 12588 13370 ATP6M V-type H+-transporting ATPase subunit D 26.02 28.74 0.14
JcrdS05696 | 15521 20426 K01507 ppa inorganic pyrophosphatase [EC:3.6.1.1] 117.11 155.47 0.41
NADH dehydrogenase (ubiquinone) 1 alpha
JerdS05712 | 6721 10114 K11352 NDUFA12 | subcomplex subunit 12 96.44 126.73 0.39
JerdS05722 | 1717 5810 K01535 E3.6.3.6 H+-transporting ATPase [EC:3.6.3.6] 74.25 131.95 0.83
K02155 ATPeVOC, | V-type H+-transporting ATPase 16kDa proteolipid
JcrdS05733 | 8334 8791 ATP6L subunit 6.12 16.98 1.47
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K02135 ATPeF1E,

Jcr4S00580 | 39568 41310 ATPSE, ATP15 F-type H+-transporting ATPase subunit epsilon 63.53 75.78 0.25
K02134 ATPeF1D,
JcrdS00059 | 85242 85580 ATP5D, ATP16 F-type H+-transporting ATPase subunit delta 12.25 13.06 0.09
K02152 ATPeV1G,
Jcr4S00588 | 31441 32325 ATP6G V-type H+-transporting ATPase subunit G 93.38 97.99 0.07
JcrdS00609 | 17304 25164 K02267 COX6B cytochrome c oxidase subunit 6b 275.55 3178.67 | 3.53
NAD(P)H-quinone oxidoreductase subunit 5
Jcr4S00626 | 18589 18963 K05577 ndhF [EC:1.6.5.3] 322.24 1508.99 | 2.23
NADH-ubiquinone oxidoreductase chain 2
Jcr4S06338 | 7171 7509 K03879 ND2 [EC:1.6.5.3] 108.69 7829.75 | 6.17
K02155 ATPeVOC, | V-type H+-transporting ATPase 16kDa proteolipid
Jcr4S06447 | 14461 16855 ATP6L subunit 27.55 40.5 0.56
Jcr4S00067 | 40117 42797 K03937 NDUFS4 NADH dehydrogenase (ubiquinone) Fe-S protein 4 76.54 82.31 0.1
K02140 ATPeFG,
JcrdS00752 | 66768 68242 ATP5L, ATP20 F-type H+-transporting ATPase subunit g 41.33 66.63 0.69
NADH dehydrogenase (ubiquinone) 1 alpha
JcrdS00770 | 45323 47044 K03949 NDUFA5 subcomplex subunit 5 62.76 95.37 0.6
K02147 ATPeV1B,
JcrdS07738 | 12924 16221 ATP6B V-type H+-transporting ATPase subunit B 274.78 312.25 0.18
JcrdS00785 | 3706 10081 K01535 E3.6.3.6 H+-transporting ATPase [EC:3.6.3.6] 146.19 207.73 0.51
NADH dehydrogenase (ubiquinone) Fe-S protein 2
JcrdS07846 | 3156 3549 K03935 NDUFS2 [EC:1.6.5.31.6.99.3] 150.02 11538.85 | 6.27
K02140 ATPeFG,
Jcr4S00087 | 83282 84277 ATP5L, ATP20 F-type H+-transporting ATPase subunit g 39.04 49.65 0.35
NADH dehydrogenase (ubiquinone) Fe-S protein 7
Jcr4S00087 | 92804 94332 K03940 NDUFS7 [EC:1.6.5.3 1.6.99.3] 39.8 54.87 0.46
K02136 ATPeF1G,
JcrdS00868 | 4940 10137 ATP5C1, ATP3 F-type H+-transporting ATPase subunit gamma 133.95 169.84 0.34
NAD(P)H-quinone oxidoreductase subunit 2
JcrdS08734 | 53 196 K05573 ndhB [EC:1.6.5.3] 557.22 2034.19 | 1.87
K02150 ATPeVL1E,
JcrdS00914 | 32001 34845 ATP6E V-type H+-transporting ATPase subunit E 108.69 125.42 0.21
NADH dehydrogenase (ubiquinone) 1 beta
JcrdS00095 | 68085 68393 K03963 NDUFB7 subcomplex subunit 7 6.89 11.76 0.77
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NAD(P)H-quinone oxidoreductase subunit 4L
Jcr4U28949 | 2104 2406 K05576 ndhE [EC:1.6.5.3] 907.02 3935.13 | 2.12
K02111 ATPF1A, F-type H+-transporting ATPase subunit alpha
Jer4U30797 | 1358 1756 atpA [EC:3.6.3.14] 65.06 1601.75 | 4.62
NADH dehydrogenase (ubiquinone) 1 alpha
Jer4u30977 | 1 2899 K11353 NDUFA13 | subcomplex subunit 13 52.05 75.78 0.54
Jcr4U39226 | 332 558 K02256 COX1 cytochrome c oxidase subunit 1 [EC:1.9.3.1] 34.44 8178.58 | 7.89
Table A2 Genes associated to ‘Endocytosis’ upregulated in JV
Jatropha CDS CDS log2
Scaffold Start End JH JVv Fold
Ids Position | Position | KO IDS Enzyme Name FPKM | FPKM | Change
Jcr4S01057 | 14583 14945 K12198 CHMP5, VPS60 | charged multivesicular body protein 5 10.72 27.44 | 1.36
golgi-specific brefeldin A-resistance guanine nucleotide
Jcr4S00110 | 58633 63582 K18443 GBF1 exchange factor 1 149.26 | 156.78 | 0.07
K11866 STAMBP,
JcrdS00112 | 15877 21031 AMSH STAM-binding protein [EC:3.1.2.15] 105.63 | 158.08 | 0.58
JcrdS01124 | 7520 9148 K07904 RAB11A Ras-related protein Rab-11A 35.97 47.03 | 0.39
JcrdS01302 | 24626 27410 K15053 CHMP7 charged multivesicular body protein 7 60.47 88.84 | 0.56
JcrdS01365 | 103 7280 K11824 AP2A AP-2 complex subunit alpha 103.33 | 159.39 | 0.63
Arf-GAP with coiled-coil, ANK repeat and PH domain-
JcrdS01429 | 37996 45174 K12489 ACAP containing protein 133.95 | 228.63 | 0.77
JcrdS01456 | 24965 26546 K07937 ARF1 ADP-ribosylation factor 1 32.15 37.89 | 0.24
JcrdS01468 | 20501 21788 K07904 RAB11A Ras-related protein Rab-11A 19.14 66.63 1.8
JcrdS01631 | 30938 32787 K07904 RAB11A Ras-related protein Rab-11A 52.81 71.86 | 0.44
JcrdS01751 | 3754 14019 K04646 CLTC clathrin heavy chain 200.54 | 276.97 | 0.47
Arf-GAP with coiled-coil, ANK repeat and PH domain-
JcrdS00192 | 29777 38100 K12489 ACAP containing protein 258.71 | 262.6 | 0.02
JcrdS01932 | 13198 15133 K07904 RAB11A Ras-related protein Rab-11A 28.32 75.78 1.42
JcrdS19808 | 2796 4554 K07897 RAB7A Ras-related protein Rab-7A 40.57 48.34 | 0.25
Jcr4S00021 | 77270 77844 K07897 RAB7A Ras-related protein Rab-7A 13.01 13.06 | 0.01
Jcr4S02074 | 11582 20042 K12471 EPN epsin 294.68 | 296.57 | 0.01
Jcr4S02087 | 27483 27824 K07904 RAB11A Ras-related protein Rab-11A 22.2 2744 | 0.31
JcrdS21368 | 6908 13879 K11826 AP2M1 AP-2 complex subunit mu-1 140.07 | 248.23 | 0.83
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Jcr4S02307 | 314 2324 K07904 RAB11A Ras-related protein Rab-11A 65.06 70.55 |0.12
Jcr4S02696 | 13212 15253 K07937 ARF1 ADP-ribosylation factor 1 35.21 3528 |0
JcrdS00272 | 13993 14438 K12198 CHMP5, VPS60 | charged multivesicular body protein 5 36.74 100.6 | 1.45
K12197 CHMP1, VPS46,
Jcr4S00287 | 42639 43696 DID2 charged multivesicular body protein 1 26.79 43.11 | 0.69
Jcr4S02870 | 10151 21020 K01528 DNM dynamin GTPase [EC:3.6.5.5] 332.96 | 397.17 | 0.25
Jcr4S00291 | 45398 46027 K12184 VPS28 ESCRT-1 complex subunit VVPS28 13.78 2221 | 0.69
Arf-GAP with coiled-coil, ANK repeat and PH domain-
JcrdS00365 | 39866 50592 K12489 ACAP containing protein 309.23 | 423.3 | 0.45
K12200 PDCD6IP,
Jcr4S04380 | 23630 31290 ALIX, RIM20 programmed cell death 6-interacting protein 260.24 | 275.67 | 0.08
JcrdS04837 | 2656 10302 K12479 VPS45 vacuolar protein sorting-associated protein 45 283.2 506.92 | 0.84
Jcr4S00549 | 5033 6157 K12198 CHMP5, VPS60 | charged multivesicular body protein 5 30.62 79.7 1.38
Jcr4S00057 | 154545 156700 K07904 RAB11A Ras-related protein Rab-11A 46.69 7055 | 0.6
Jcr4S00562 | 45303 46896 K07904 RAB11A Ras-related protein Rab-11A 52.05 60.1 0.21
JcrdS05672 | 7961 11926 K12192 CHMP2B charged multivesicular body protein 2B 88.02 159.39 | 0.86
JcrdS05717 | 4429 6968 K07904 RAB11A Ras-related protein Rab-11A 41.33 83.61 1.02
K11866 STAMBP,
JcrdS00587 | 42257 49580 AMSH STAM-binding protein [EC:3.1.2.15] 175.28 | 207.73 | 0.25
K12194 CHMP4, SNF7,
JcrdS08055 | 5746 7319 VPS32 charged multivesicular body protein 4 37.51 44,42 | 0.24
Jcr4S00822 | 32187 40609 K01528 DNM dynamin GTPase [EC:3.6.5.5] 198.24 | 357.98 | 0.85
JcrdS00832 | 40545 42818 K07937 ARF1 ADP-ribosylation factor 1 57.41 77.08 | 0.43
JcrdsS08472 | 1117 3434 K07904 RAB11A Ras-related protein Rab-11A 60.47 551.34 | 3.19
Jcr4S00087 | 1099 5003 K12471 EPN epsin 86.49 406.32 | 2.23
JcrdS00962 | 24440 29973 K12196 VPS4 vacuolar protein-sorting-associated protein 4 251.06 | 2822 |0.17
3404.6
JcrdS09961 | 409 5596 K09526 DNAJC6 DnaJ homolog subfamily C member 6 156.14 |9 4.45
Table A3 Genes associated to ‘Arginine and proline metabolism’ upregulated in JV
log2
Jatropha CDS start CDS End JH JVv Fold
Scaffold Ids Position Position KO IDS Enzyme Name FPKM FPKM Change
JcrdS01015 7237 12088 K13427 NOAl nitric-oxide synthase, plant [EC:1.14.13.39] 103.33 193.36 0.9
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K00472

Jcr4S01142 13334 15557 E1.14.11.2 prolyl 4-hydroxylase [EC:1.14.11.2] 92.62 563.09 2.6
K13366 MPAO,

Jcr4S01861 20045 27028 PAO1 polyamine oxidase [EC:1.5.3.14 1.5.3.16 1.5.3.-] | 158.44 239.09 0.59

Jcr4S00221 23448 24704 K00318 PRODH | proline dehydrogenase [EC:1.5.-.-] 19.9 27.44 0.46
K00819

Jcr4S00225 2644 9744 E2.6.1.13, rocD ornithine--oxo-acid transaminase [EC:2.6.1.13] 246.46 295.27 0.26
K00472

Jcr4S00004 28579 30944 E1.14.11.2 prolyl 4-hydroxylase [EC:1.14.11.2] 54.34 70.55 0.38
K01581
E4.1.1.17, ODCL,

Jcr4S00004 63856 65103 speC, speF ornithine decarboxylase [EC:4.1.1.17] 28.32 35.28 0.32
K01581
E4.1.1.17, ODCL,

Jcr4S04145 3259 4347 speC, speF ornithine decarboxylase [EC:4.1.1.17] 44.39 57.49 0.37

Jcr4S00056 67627 73486 K01259 pip proline iminopeptidase [EC:3.4.11.5] 195.18 206.42 0.08
K00472

Jcr4S00007 180442 183801 E1.14.11.2 prolyl 4-hydroxylase [EC:1.14.11.2] 172.22 3228.32 | 4.23
K13366 MPAO,

JcrdS06167 12417 14677 PAO1 polyamine oxidase [EC:1.5.3.14 1.5.3.16 1.5.3.-] | 51.28 88.84 0.79
K17839 PAO4,

JerdS07719 7885 9448 PAO3, PAO2 polyamine oxidase [EC:1.5.3.17 1.5.3.-] 44.39 56.18 0.34
K12259 SMOX,

JcrdS00799 21523 23199 PAO5 spermine oxidase [EC:1.5.3.16 1.5.3.-] 38.27 45.73 0.26
K13366 MPAO,

Jcr4S00089 1021 2931 PAO1 polyamine oxidase [EC:1.5.3.14 1.5.3.16 1.5.3.-] | 52.05 56.18 0.11

Table A4 Genes associated to ‘Ascorbate metabolism’ upregulated in JV
log2
Jatropha CDS Start | CDS End JH JV Fold
Scaffold Ids Position Position KO IDS Enzyme Name FPKM FPKM Change
L-galactono-1,4-lactone dehydrogenase
Jcr4S00174 77934 80615 K00225 GLDH [EC:1.3.2.3] 106.39 881.88 3.05
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inositol-phosphate phosphatase / L-galactose 1-
Jcr4S02228 3656 8958 K10047 VTC4 phosphate phosphatase [EC:3.1.3.25 3.1.3.93] 137.01 253.46 0.89
K14190
JcrdaS02264 23502 25224 VTC2_ 5 GDP-L-galactose phosphorylase [EC:2.7.7.69] 33.68 74.47 1.14
JcrdS02642 5021 7928 K00469 MIOX inositol oxygenase [EC:1.13.99.1] 86.49 96.68 0.16
Jcr4S03260 1821 5025 K17744 GalDH L-galactose dehydrogenase [EC:1.1.1.316] 95.68 118.89 0.31
K00434
Jer4S00512 17499 21740 E1.11.1.11 L-ascorbate peroxidase [EC:1.11.1.11] 103.33 114.97 0.15
monodehydroascorbate reductase (NADH)
Jcr4S00535 38221 47325 K08232 E1.6.5.4 | [EC:1.6.5.4] 271.72 420.69 0.63
K00434
Jcr4S00609 32873 35567 E1.11.1.11 L-ascorbate peroxidase [EC:1.11.1.11] 50.52 60.1 0.25
K00434
Jcr4S06417 4626 7354 E1.11.1.11 L-ascorbate peroxidase [EC:1.11.1.11] 75.01 146.33 0.96
K00434
Jcr4S00717 47054 48241 E1.11.1.11 L-ascorbate peroxidase [EC:1.11.1.11] 23.73 361.9 3.93
monodehydroascorbate reductase (NADH)
Jcr4S00820 14045 18639 K08232 E1.6.5.4 | [EC:1.6.5.4] 116.34 156.78 0.43
Table A5 Genes associated to ‘Lipid metabolism” upregulated in JV
Jatropha CDS CDS log2
Scaffold Start End JH JVv Fold
Ids Position | Position | KO IDS Enzyme Name FPKM | FPKM | Change
1,2-diacylglycerol 3-beta-galactosyltransferase
Jcr4S01030 | 59212 64955 K03715 E2.4.1.46 [EC:2.4.1.46] 163.03 | 455.96 | 1.48
K13506 GPAT3_4,
JcrdS10925 | 4226 12780 AGPAT9, AGPAT6 glycerol-3-phosphate O-acyltransferase 3/4 [EC:2.3.1.15] 267.13 | 330.54 | 0.31
JcrdS01121 | 45761 48621 K06130 LYPLA2 lysophospholipase Il [EC:3.1.1.5] 4286 | 7055 | 0.72
JcrdS11690 | 331 1626 K16818 K16818, DAD1 | phospholipase Al [EC:3.1.1.32] 20.67 | 49.65 | 1.26
JcrdS00118 | 76399 78520 K01634 E4.1.2.27 sphinganine-1-phosphate aldolase [EC:4.1.2.27] 52.81 | 67.94 | 0.36
JerdS12073 | 2975 5640 K14156 CHK choline/ethanolamine kinase [EC:2.7.1.32 2.7.1.82] 79.6 108.44 | 0.45
JcrdS01215 | 16690 20063 K06130 LYPLA? lysophospholipase Il [EC:3.1.1.5] 64.29 | 99.29 | 0.63
K00981 E2.7.7.41,
JcrdS12284 | 1345 4502 CDS1, CDS2, cdsA phosphatidate cytidylyltransferase [EC:2.7.7.41] 78.84 | 112.36 | 0.51
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Jcr4S12769 | 2581 4051 K01094 GEP4 phosphatidylglycerophosphatase GEP4 [EC:3.1.3.27] 62 70.55 | 0.19
Jcrd4S13939 | 246 741 K01047 PLA2G, SPLA2 | secretory phospholipase A2 [EC:3.1.1.4] 19.14 | 20.9 0.13
JerdS14422 | 3030 5950 K01613 psd, PISD phosphatidylserine decarboxylase [EC:4.1.1.65] 74.25 | 94.07 |0.34
Jcr4S01662 | 7436 13190 K00894 ETNK, EKI ethanolamine kinase [EC:2.7.1.82] 109.45 | 226.02 | 1.05
Jcr4S17175 | 6201 6929 K04713 SUR2 sphinganine C4-monooxygenase [EC:1.14.13.169] 6.89 11.76 | 0.77
Jcr4S00177 | 95013 97540 K01115 PLD1_2 phospholipase D1/2 [EC:3.1.4.4] 98.74 | 165.92 | 0.75
lysophosphatidylcholine acyltransferase / lyso-PAF
Jcr4S00184 | 67119 73293 K13510 LPCAT1 2 acetyltransferase [EC:2.3.1.23 2.3.1.67] 206.66 | 235.17 | 0.19
K00901 E2.7.1.107,
Jcr4S00189 | 50559 53589 DGK, dgkA diacylglycerol kinase (ATP dependent) [EC:2.7.1.107] 93.38 | 128.04 | 0.46
JcrdS01903 | 29748 34049 K00993 EPT1 ethanolaminephosphotransferase [EC:2.7.8.1] 98.74 | 165.92 | 0.75
JcrdaS01943 | 12234 17460 K00654 E2.3.1.50 serine palmitoyltransferase [EC:2.3.1.50] 172.98 | 182.91 | 0.08
JcraS20593 | 471 2555 K00968 PCYT1 choline-phosphate cytidylyltransferase [EC:2.7.7.15] 58.17 | 99.29 | 0.77
JcrdS20632 | 3240 9620 K00967 PCYT?2 ethanolamine-phosphate cytidylyltransferase [EC:2.7.7.14] 90.32 101.91 | 0.17
lysophospholipid acyltransferase [EC:2.3.1.51 2.3.1.23
Jcr4S02133 | 6334 10258 K13519 LPT1, ALE1 2.3.1.-] 120.17 | 126.73 | 0.08
JcrdS02216 | 30955 36521 K01115 PLD1 2 phospholipase D1/2 [EC:3.1.4.4] 155.38 | 198.59 | 0.35
K00981 E2.7.7.41,
JcrdS00233 | 118697 122835 CDS1, CDS2, cdsA phosphatidate cytidylyltransferase [EC:2.7.7.41] 75.78 104.52 | 0.46
JcrdS26021 | 1798 4201 K13508 GPAT glycerol-3-phosphate acyltransferase [EC:2.3.1.15] 47.46 | 69.24 | 0.55
JcrdS02881 | 17539 19802 K09480 E2.4.1.241 digalactosyldiacylglycerol synthase [EC:2.4.1.241] 52.81 | 73.16 | 0.47
JcrdS00290 | 63689 66955 K01115 PLD1 2 phospholipase D1/2 [EC:3.1.4.4] 76.54 | 95.37 | 0.32
JcrdS00291 | 60983 66313 K04718 SPHK sphingosine kinase [EC:2.7.1.91] 115.58 | 155.47 | 0.43
JcrdS03010 | 7498 10828 K13508 GPAT glycerol-3-phosphate acyltransferase [EC:2.3.1.15] 95.68 143.71 | 0.59
K00901 E2.7.1.107,
JcrdS03186 | 28430 32705 DGK, dgkA diacylglycerol kinase (ATP dependent) [EC:2.7.1.107] 143.9 158.08 | 0.14
1-acyl-sn-glycerol-3-phosphate acyltransferase
JcrdS00343 | 7094 8164 K00655 plsC [EC:2.3.1.51] 18.37 | 4181 | 1.19
JcrdS00359 | 37760 39143 K06129 LYPLA3 lysophospholipase Ill [EC:3.1.1.5] 25.26 | 36.58 | 0.53
JcrdS03605 | 38885 43543 K06130 LYPLA2 lysophospholipase Il [EC:3.1.1.5] 160.74 | 188.13 | 0.23
JcrdS03642 | 12560 14150 K13508 GPAT glycerol-3-phosphate acyltransferase [EC:2.3.1.15] 55.11 | 65.32 | 0.25
K05929 E2.1.1.103,
JcrdS03882 | 265 4382 NMT phosphoethanolamine N-methyltransferase [EC:2.1.1.103] 114.05 | 152.86 | 0.42
K04715 E2.7.1.138,
JcrdS00441 | 18008 23994 CERK ceramide kinase [EC:2.7.1.138] 149.26 | 158.08 | 0.08
JerdS04717 | 5181 12114 K01115 PLD1 2 phospholipase D1/2 [EC:3.1.4.4] 143.13 | 189.44 | 0.4
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JcrdS00489 | 40622 46111 K01613 psd, PISD phosphatidylserine decarboxylase [EC:4.1.1.65] 287.8 296.57 | 0.04

Jcr4S00052 | 54013 57136 K16860 PLD3 4 phospholipase D3/4 [EC:3.1.4.4] 132.42 | 743.39 | 2.49

Jcr4S05261 | 10800 12193 K13508 GPAT glycerol-3-phosphate acyltransferase [EC:2.3.1.15] 58.17 | 6271 | 0.11

Jcr4S00537 | 26857 28360 K00550 OPI3 methylene-fatty-acyl-phospholipid synthase [EC:2.1.1.16] 18.37 | 26.13 | 0.51

Jcr4S05451 | 8483 10956 K08744 CRLS cardiolipin synthase [EC:2.7.8.-] 92.62 | 96.68 | 0.06

Jcr4S00594 | 46937 48574 K04711 YDC1 dihydroceramidase [EC:3.5.1.-] 23.73 | 35.28 | 0.57
K00981 E2.7.7.41,

Jcr4S05976 | 11031 11962 CDS1, CDS2, cdsA phosphatidate cytidylyltransferase [EC:2.7.7.41] 63.53 | 343.6 | 244

Jcr4S05976 | 8471 9933 K04711 YDC1 dihydroceramidase [EC:3.5.1.-] 19.9 37.89 | 0.93
K05929 E2.1.1.103,

Jcr4S05986 | 25313 30274 NMT phosphoethanolamine N-methyltransferase [EC:2.1.1.103] 137.01 | 222.1 | 0.7

JcrdaS06277 | 24699 25232 K04713 SUR2 sphinganine C4-monooxygenase [EC:1.14.13.169] 3.06 6.53 1.09
K05929 E2.1.1.103,

JcrdaS06284 | 21175 25072 NMT phosphoethanolamine N-methyltransferase [EC:2.1.1.103] 79.6 103.21 | 0.37

Jcr4S00065 | 3640 10149 K15728 LPIN phosphatidate phosphatase LPIN [EC:3.1.3.4] 173.75 | 192.05 | 0.14

Jcr4S06785 | 20881 22767 K04710 CERS ceramide synthetase [EC:2.3.1.24] 4439 | 58.79 | 0.41

JcrdS06819 | 14718 19714 K04713 SUR2 sphinganine C4-monooxygenase [EC:1.14.13.169] 88.79 120.2 | 0.44

JcrdS07665 | 4960 9019 K00630 ATS1 glycerol-3-phosphate O-acyltransferase [EC:2.3.1.15] 98.74 | 180.29 | 0.87

JcrdS00843 | 20132 26425 K00654 E2.3.1.50 serine palmitoyltransferase [EC:2.3.1.50] 78.84 | 176.38 | 1.16

JcrdS00866 | 23556 27785 K01115 PLD1 2 phospholipase D1/2 [EC:3.1.4.4] 111.75 | 194.67 | 0.8
K01126 E3.1.4.46, glpQ,

JcrdS00868 | 43509 47405 ugpQ glycerophosphoryl diester phosphodiesterase [EC:3.1.4.46] | 104.1 134.57 | 0.37

JcrdaS08851 | 2590 5721 K00679 E2.3.1.158 phospholipid:diacylglycerol acyltransferase [EC:2.3.1.158] | 78.84 | 91.45 | 0.21

Jer4u3098

5 4353 6038 K06130 LYPLA2 lysophospholipase Il [EC:3.1.1.5] 7.65 15.68 | 1.03

Table A6 Genes associated to ‘Fatty acid metabolism’ upregulated in JV
CDSs CDSs log2

Jatropha Start End JH JV Fold

Scaffold Ids | Position Position | KO IDS Enzyme Name FPKM FPKM Change

JcrdS01110 | 19435 25174 K01897 ACSL, fadD | long-chain acyl-CoA synthetase [EC:6.2.1.3] 227.33 246.93 0.12

omega-6 fatty acid desaturase (delta-12 desaturase)
JcrdS11223 | 1987 3150 K10256 FAD2 [EC:1.14.19.-] 28.32 49.65 0.81
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K00232 E1.3.3.6,

Jcr4S01280 | 48335 49353 ACOX1, ACOX3 acyl-CoA oxidase [EC:1.3.3.6] 13.01 16.98 0.38

Jcr4S01370 | 14660 16448 K03921 DESA1 acyl-[acyl-carrier-protein] desaturase [EC:1.14.19.2] | 44.39 78.39 0.82

Jcr4S15816 | 3772 6990 K07513 ACAA1l acetyl-CoA acyltransferase 1 [EC:2.3.1.16] 62.76 137.18 1.13
enoyl-[acyl-carrier protein] reductase | [EC:1.3.1.9

Jcr4S01960 | 13949 17954 K00208 fabl 1.3.1.10] 142.37 145.02 0.03
omega-3 fatty acid desaturase (delta-15 desaturase)

Jcr4S19645 | 6999 9238 K10257 FADS, desB | [EC:1.14.19.-] 26.02 36.58 0.49
acetyl-CoA carboxylase / biotin carboxylase

Jcr4S02200 | 26764 39836 K11262 ACAC [EC:6.4.1.2 6.3.4.14] 440.11 441.59 0

Jcr4S00244 | 25069 29600 K01074 PPT palmitoyl-protein thioesterase [EC:3.1.2.22] 88.02 210.34 1.26
3-oxoacyl-[acyl-carrier protein] reductase

Jcr4S00031 | 117994 118812 K00059 fabG [EC:1.1.1.100] 30.62 36.58 0.26

JcrdaS03143 | 20868 22845 K01074 PPT palmitoyl-protein thioesterase [EC:3.1.2.22] 50.52 58.79 0.22
enoyl-[acyl-carrier protein] reductase | [EC:1.3.1.9

Jcr4S03253 | 3672 8413 K00208 fabl 1.3.1.10] 172.22 182.91 0.09
3-hydroxyacyl-[acyl-carrier-protein] dehydratase

Jcr4S03305 | 1811 2059 K02372 fabz [EC:4.2.1.59] 10.72 14.37 0.42
omega-3 fatty acid desaturase (delta-15 desaturase)

Jcr4S03307 | 3328 5378 K10257 FADS, desB | [EC:1.14.19.-] 48.22 67.94 0.49
omega-6 fatty acid desaturase (delta-12 desaturase)

JcrdS03452 | 2436 7410 K10255 FADSG, desA | [EC:1.14.19.-] 127.06 160.7 0.34

JcrdS03522 | 4345 6148 K03921 DESAl acyl-[acyl-carrier-protein] desaturase [EC:1.14.19.2] | 52.05 101.91 0.97

JcrdS03974 | 4354 8026 K10781 FATB fatty acyl-ACP thioesterase B [EC:3.1.2.14 3.1.2.21] | 132.42 155.47 0.23
omega-3 fatty acid desaturase (delta-15 desaturase)

JcrdS04095 | 21673 23912 K10257 FADS, desB | [EC:1.14.19.-] 22.2 30.05 0.44

K07512 MECR, mitochondrial trans-2-enoyl-CoA reductase

JcrdS04503 | 16425 20639 NRBF1 [EC:1.3.1.38] 129.35 509.53 1.98
3-oxoacyl-[acyl-carrier-protein] synthase Il

JcrdS04875 | 19590 24384 K09458 fabF [EC:2.3.1.179] 138.54 176.38 0.35

K10258 TER,

JcrdS00505 | 3451 4473 TSC13, CER10 very-long-chain enoyl-CoA reductase [EC:1.3.1.93] | 68.89 176.38 1.36

JcrdS05261 | 14446 18185 K01897 ACSL, fadD | long-chain acyl-CoA synthetase [EC:6.2.1.3] 63.53 81 0.35
enoyl-CoA hydratase/3-hydroxyacyl-CoA

JcrdS00616 | 35175 40805 K10527 MFP2 dehydrogenase [EC:4.2.1.17 1.1.1.35 1.1.1.211] 183.7 199.89 0.12
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17beta-estradiol 17-dehydrogenase / very-long-
K10251 HSD17B12, | chain 3-oxoacyl-CoA reductase [EC:1.1.1.62
Jcr4S00066 | 127095 128235 KAR, IFA38 1.1.1.330] 15.31 26.13 0.77
Jcr4S00733 | 19113 23630 K01897 ACSL, fadD | long-chain acyl-CoA synthetase [EC:6.2.1.3] 85.73 163.31 0.93
Jcr4S00893 | 35578 43224 K01897 ACSL, fadD | long-chain acyl-CoA synthetase [EC:6.2.1.3] 163.8 334.46 1.03
3-oxoacyl-[acyl-carrier protein] reductase
Jcr4S00100 | 80695 83102 K00059 fabG [EC:1.1.1.100] 78.84 120.2 0.61
Table A7 Genes associated to ‘Amino sugar and nucleotide sugar metabolism’ upregulated in JV
log2
Jatropha CDS Start CDS End JH JV Fold
Scaffold Ids Position Position KO IDS Enzyme Name FPKM FPKM Change
Jcr4S00001 90127 91017 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 8.42 22.21 1.4
Jcr4S00001 92393 93286 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 16.84 18.29 0.12
K01209 E3.2.1.55,
JcrdS11439 60 4275 abfA alpha-N-arabinofuranosidase [EC:3.2.1.55] 52.81 64.02 0.28
JcraS01202 7216 8755 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 12.25 32.66 1.42
UDP-N-acetylglucosamine/UDP-N-
acetylgalactosamine diphosphorylase
Jcr4S01297 25691 34587 K00972 UAP1 [EC:2.7.7.23 2.7.7.83] 287.03 313.56 0.13
Jcr4S13269 73 479 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 3.83 7.84 1.03
JcrdS01670 17946 20004 K12450 RHM UDP-glucose 4,6-dehydratase [EC:4.2.1.76] 80.37 314.86 1.97
Jcr4S19079 21 312 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 0.77 5.23 2.77
JcrdS00208 29077 39805 K12446 E2.7.1.46 L-arabinokinase [EC:2.7.1.46] 196.71 252.15 0.36
Jcr4S00022 23878 24768 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 13.01 16.98 0.38
Jcr4S02113 8316 9413 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 22.96 43.11 0.91
JcrdS25840 267 4300 K12446 E2.7.1.46 L-arabinokinase [EC:2.7.1.46] 81.13 111.05 0.45
JcrdS26960 3518 5056 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 20.67 40.5 0.97
JcrdS03110 10440 13334 K12448 UXE UDP-arabinose 4-epimerase [EC:5.1.3.5] 43.63 134.57 1.62
JcrdS00405 22605 30394 K12373 HEXA B | hexosaminidase [EC:3.2.1.52] 618.45 1297.34 | 1.07
JcrdS04076 24545 28310 K01836 E5.4.2.3 phosphoacetylglucosamine mutase [EC:5.4.2.3] | 123.23 129.34 0.07
K01209 E3.2.1.55,
JcrdS00428 9376 13290 abfA alpha-N-arabinofuranosidase [EC:3.2.1.55] 71.18 117.58 0.72
JcrdS04441 576 5026 K12448 UXE UDP-arabinose 4-epimerase [EC:5.1.3.5] 113.28 3253.14 | 4.84
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Jcr4S04532 4926 9340 K12373 HEXA_B | hexosaminidase [EC:3.2.1.52] 78.07 189.44 1.28
Jcr4S00622 6407 7627 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 17.6 36.58 1.06
Jcr4S06366 14816 15656 K12449 AXS UDP-apiose/xylose synthase 21.43 28.74 0.42
Jcr4S07028 1878 3590 K12451 UER1 3,5-epimerase/4-reductase [EC:5.1.3.- 1.1.1.-] 30.62 86.23 1.49
Jcr4S07198 18189 19783 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 32.15 50.95 0.66
Jcr4S07468 2158 5587 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 496.75 751.23 0.6
Jer4S09708 4204 6964 K18677 GALAK galacturonokinase [EC:2.7.1.44] 49.75 92.76 0.9
Jcr4S00975 35345 36959 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 75.01 152.86 1.03
Jer4S09881 626 1032 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 0.77 13.06 4.09
Jer4U35651 4217 5107 K01183 E3.2.1.14 | chitinase [EC:3.2.1.14] 4.59 5.23 0.19
Table A8 Genes associated to ‘Terpenoid biosynthesis’ upregulated in JV
log2
Jatropha CDS Start CDS End JH JV Fold
Scaffold Ids Position Position KO IDS Enzyme Name FPKM FPKM Change
JcrdS10676 1279 3486 | K15813 LUP4 beta-amyrin synthase [EC:5.4.99.39] 35.21 83.61 1.25
JcrdS01327 18126 20561 | K15086 TPS14 (3S)-linalool synthase [EC:4.2.3.25] 19.9 121.5 2.61
JcrdS14240 142 1362 | K07385 TPS-Cin 1,8-cineole synthase [EC:4.2.3.108] 23.73 39.19 0.72
K17982 TPS04,
JerdS01621 23594 28560 | GES geranyllinalool synthase [EC:4.2.3.144] 116.34 162 0.48
JcrdS17398 2304 3425 | K04123 KAO ent-kaurenoic acid hydroxylase [EC:1.14.13.79] 22.2 40.5 0.87
JcrdS01951 1086 5370 | K15813 LUP4 beta-amyrin synthase [EC:5.4.99.39] 406.43 523.9 0.37
K04125
JcrdS22350 4503 5946 | E1.14.11.13 gibberellin 2-oxidase [EC:1.14.11.13] 13.78 31.36 1.19
JcrdS02602 10015 12814 | K18108 E4.2.3.111 | (-)-alpha-terpineol synthase [EC:4.2.3.111] 133.18 190.75 0.52
K04122 GA3,
Jcr4S00030 25404 28246 | CYP701 ent-kaurene oxidase [EC:1.14.13.78] 75.01 92.76 0.31
(-)-germacrene D synthase [EC:4.2.3.22
Jcr4S03333 6165 7831 | K15803 GERD 4.2.3.75] 68.89 142.41 1.05
K04124
Jcr4S03817 23506 25538 | E1.14.11.15 gibberellin 3-beta-dioxygenase [EC:1.14.11.15] 31.38 81 1.37
(-)-germacrene D synthase [EC:4.2.3.22
Jcr4S03853 509 3341 | K15803 GERD 4.2.3.75] 97.97 231.25 1.24
JcrdS00574 28574 33679 | K04120 E5.5.1.13 ent-copalyl diphosphate synthase [EC:5.5.1.13] 97.21 231.25 1.25
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K05282
Jcr4S06166 7879 9178 | E1.14.11.12 gibberellin 20-oxidase [EC:1.14.11.12] 13.78 77.08 2.48
Jcr4S06457 4841 8995 | K04121 E4.2.3.19 ent-kaurene synthase [EC:4.2.3.19] 75.78 121.5 0.68
Jcr4S00075 23895 34277 | K15095 E1.1.1.208 | (+)-neomenthol dehydrogenase [EC:1.1.1.208] 547.27 | 1502.45 1.46
Jcr4S00092 37049 39293 | K15095 E1.1.1.208 | (+)-neomenthol dehydrogenase [EC:1.1.1.208] 30.62 78.39 1.36
Table A9 Genes associated to ‘Plant hormone signal transduction’ upregulated in JV

CDS CDS log2
Jatropha Start End JV JH Fold
Scaffold Ids | Position | Position | KO IDS Enzyme Name FPKM | FPKM | Change
Jcr4S00002 | 192943 193347 K14488 SAUR SAUR family protein 18.37 | 11.76 | 0.64
Jcr4S00105 | 47941 52341 K14485 TIR1 transport inhibitor response 1 150.79 | 111.05 | 0.44
Jcr4aS10927 | 12900 14690 K14484 1AA auxin-responsive protein IAA 81.13 35.28 1.2
Jcrd4S11683 | 4775 6022 K14490 AHP histidine-containing phosphotransfer protein 35.21 19.6 0.85
Jcr4S01181 | 8805 10040 K14484 1AA auxin-responsive protein IAA 57.41 |52.26 | 0.14
JcrdS01183 | 2107 2925 K13463 COI-1 coronatine-insensitive protein 1 58.17 | 26.13 1.15
JcrdS11945 | 8454 8819 K14488 SAUR SAUR family protein 3.06 1.31 1.23
JcrdS13192 | 8754 11388 K14496 PYL abscisic acid receptor PYR/PYL family 189.06 | 40.5 2.22
JcrdS13195 | 35137 40366 K14506 JAR1 jasmonic acid-amino synthetase 133.95 | 126.73 | 0.08
JcrdS01346 | 18442 18744 K14488 SAUR SAUR family protein 13.01 | 6.53 0.99
JcrdS01346 | 24098 24406 K14488 SAUR SAUR family protein 13.78 | 6.53 1.08
JcrdS00136 | 46109 46627 K14488 SAUR SAUR family protein 23.73 | 6.53 1.86
JcrdS01352 | 4239 5938 K14497 PP2C protein phosphatase 2C [EC:3.1.3.16] 69.65 | 32.66 1.09
JcrdS13611 | 405 1388 K14490 AHP histidine-containing phosphotransfer peotein 48.99 |41.81 |0.23
JcrdS14162 | 1718 2158 K14488 SAUR SAUR family protein 24.49 15.68 | 0.64
JcrdS01426 | 36407 36982 K14496 PYL abscisic acid receptor PYR/PYL family 16.07 | 6.53 1.3
JcrdS01477 | 53915 55411 K14503 BZR1 2 brassinosteroid resistant 1/2 159.21 | 47.03 1.76
JcrdS01542 | 3778 7695 K14491 ARR-B two-component response regulator ARR-B family 129.35 | 109.74 | 0.24

K13946 AUX1,

JcrdS01562 | 33606 36118 LAX auxin influx carrier (AUX1 LAX family) 30.05 19.14 | 0.65
JcrdS00167 | 113458 113775 K14488 SAUR SAUR family protein 13.01 | 11.76 | 0.15
JcrdS01667 | 10448 10876 K14488 SAUR SAUR family protein 19.14 | 7.84 1.29
JcrdS00168 | 90949 91494 K13464 JAZ jasmonate ZIM domain-containing protein 13.83 | 3.06 1.77
JcrdS00174 | 67604 70052 K14508 NPR1 regulatory protein NPR1 178.34 | 91.45 | 0.96
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Jcr4S01759 | 11162 18682 K14509 ETR, ERS ethylene receptor [EC:2.7.13.-] 395.72 | 254.76 | 0.64
Jcr4S00177 | 36655 37526 K14484 1AA auxin-responsive protein IAA 18.37 16.98 | 0.11
Jcr4S00177 | 82998 86435 K14515 EBF1 2 EIN3-binding F-box protein 131.65 | 101.91 | 0.37
arabidopsis histidine kinase 2/3/4 (cytokinin receptor)
Jcr4S00179 | 67930 77140 K14489 AHK2 3 4 | [EC:2.7.13.3] 385 333.15 | 0.21
Jcr4S00208 | 51596 52102 K14488 SAUR SAUR family protein 1531 | 13.06 | 0.23
arabidopsis histidine kinase 2/3/4 (cytokinin receptor)
Jcr4S00216 | 17036 22561 K14489 AHK2 3 4 | [EC:2.7.13.3] 182.93 | 154.16 | 0.25
Jcr4S02294 | 15966 19115 K14497 PP2C protein phosphatase 2C [EC:3.1.3.16] 127.06 | 88.84 | 0.52
K14486 K14486,

Jcr4S02314 | 11018 17172 ARF auxin response factor 229.62 | 141.1 0.7

JcrdaS02323 | 6624 8483 K14514 EIN3 ethylene-insensitive protein 3 180.64 | 62.71 1.53
Jcr4S00235 | 29197 30457 K14493 GID1 gibberellin receptor GID1 [EC:3.-.-.-] 4592 |31.36 | 0.55
JcrdaS02357 | 942 3048 K14487 GH3 auxin responsive GH3 gene family 86.63 | 28.32 1.23
Jcr4S02550 | 1115 4019 K14497 PP2C protein phosphatase 2C [EC:3.1.3.16] 62.76 | 39.19 | 0.68
Jcr4S00256 | 18847 20755 K14484 1AA auxin-responsive protein IAA 110.99 | 58.79 0.92
JcrdS00260 | 2871 6315 K14485 TIR1 transport inhibitor response 1 133.95 | 104.52 | 0.36
JcrdS02762 | 33868 34206 K14488 SAUR SAUR family protein 21.43 | 5.23 2.04
JcrdS00299 | 24169 25017 K14484 1AA auxin-responsive protein IAA 45.16 | 44.42 | 0.02
JcrdS03127 | 3745 7782 K14508 NPR1 regulatory protein NPR1 108.69 | 107.13 | 0.02
JcrdS03391 | 19543 24227 K14491 ARR-B two-component response regulator ARR-B family 146.19 | 133.26 | 0.13
Jcr4S00036 | 96162 98037 K14487 GH3 auxin responsive GH3 gene family 78.84 | 52.26 | 0.59
JcrdS00036 | 123748 126386 K14490 AHP histidine-containing phosphotransfer peotein 105.63 | 69.24 | 0.61
JcrdS03535 | 199 468 K14488 SAUR SAUR family protein 13.78 | 6.53 1.08
JcrdS03599 | 20390 26310 K14513 EIN2 ethylene-insensitive protein 2 144.66 | 111.05 | 0.38
JcrdS03691 | 22349 22847 K14488 SAUR SAUR family protein 24.49 13.06 | 0.91
JcrdS03704 | 890 2365 K14506 JAR1 jasmonic acid-amino synthetase 10.72 10.45 | 0.04
Jcr4S00005 | 128307 130238 K14497 PP2C protein phosphatase 2C [EC:3.1.3.16] 68.89 | 33.97 1.02
JcrdS00409 | 31399 31893 K14488 SAUR SAUR family protein 6.12 5.23 0.23
JcrdS04185 | 13121 13489 K14488 SAUR SAUR family protein 35.97 |2221 |07

JcrdS00458 | 50619 53558 K14484 1AA auxin-responsive protein IAA 259.54 | 84.2 1.57

K14486 K14486,

JcrdS00497 | 63734 67994 ARF auxin response factor 257.18 | 122.81 | 1.07
JcrdS05248 | 12359 12964 K14496 PYL abscisic acid receptor PYR/PYL family 26.89 | 6.13 1.92
JcrdS05493 | 10994 12797 K14514 EIN3 ethylene-insensitive protein 3 65.06 | 44.42 | 0.55
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Jcr4S00007 | 186049 187501 K14490 AHP histidine-containing phosphotransfer peotein 79.6 75.78 | 0.07
Jcr4S00615 | 32965 34015 K14488 SAUR SAUR family protein 46.69 |24.82 |0.91
Jcr4S06304 | 5727 6023 K14488 SAUR SAUR family protein 9.18 6.53 0.49
Jcr4S06403 | 1897 2651 K14510 CTR1 serine/threonine-protein kinase CTR1 [EC:2.7.11.1] 39.04 | 20.9 0.9
Jcr4S00649 | 22766 25885 K13464 JAZ jasmonate ZIM domain-containing protein 177.58 | 133.26 | 0.41
Jcr4S00066 | 166630 168832 K14491 ARR-B two-component response regulator ARR-B family 167.63 | 99.29 | 0.76
Jcr4S06653 | 27541 28435 K14484 1AA auxin-responsive protein IAA 18.37 | 2.61 2.81
Jcr4S06840 | 11939 13656 K14493 GID1 gibberellin receptor GID1 [EC:3.-.-.-] 49.75 |37.89 |0.39
K14486 K14486,
JcrdS00712 | 6555 13008 ARF auxin response factor 292.39 | 253.46 | 0.21
Jcr4S07198 | 384 1978 K14491 ARR-B two-component response regulator ARR-B family 16.98 | 3.06 2.47
Jcr4S00074 | 3733 4638 K14484 1AA auxin-responsive protein IAA 3751 | 26.13 | 0.52
Jcr4S07634 | 15017 16619 K14497 PP2C protein phosphatase 2C [EC:3.1.3.16] 116.34 | 32.66 | 1.83
K14486 K14486,
Jcr4S00768 | 42788 45503 ARF auxin response factor 88.02 70.55 0.32
Jcr4S08276 | 13861 14166 K14488 SAUR SAUR family protein 10.45 | 1.53 2.77
JcrdS00865 | 13209 14328 K14503 BZR1 2 brassinosteroid resistant 1/2 233.45 | 50.95 | 2.2
JcrdS00867 | 39217 42121 K14497 PP2C protein phosphatase 2C [EC:3.1.3.16] 71.18 | 64.02 | 0.15
JcrdS00872 | 4092 10968 K14497 PP2C protein phosphatase 2C [EC:3.1.3.16] 242.64 | 232.55 | 0.06
JcrdS09250 | 5011 6286 K14484 1AA auxin-responsive protein IAA 4439 |41.81 | 0.09
K13946 AUX1,
JcrdS09423 | 1048 3561 LAX auxin influx carrier (AUX1 LAX family) 52.05 | 40.5 0.36
JcrdS00944 | 381 6059 K14512 MPK6 mitogen-activated protein kinase 6 [EC:2.7.11.24] 203.6 181.6 | 0.16
JcrdS09468 | 3632 7007 K14509 ETR, ERS ethylene receptor [EC:2.7.13.-] 192.12 | 79.7 1.27
JcrdS00096 | 63904 66483 K14496 PYL abscisic acid receptor PYR/PYL family 114.05 | 105.83 | 0.11
JcrdS00096 | 92641 94097 K14497 PP2C protein phosphatase 2C [EC:3.1.3.16] 135.48 | 33.97 |2
JcrdS01003 | 6958 8406 K13422 MYC2 transcription factor MYC2 39.8 23.52 | 0.76
JcrdS01122 | 4162 5610 K13422 MYC2 transcription factor MYC2 33.68 |35.28 | -0.07
JcrdS01136 | 46674 49869 K14431 TGA transcription factor TGA 89.55 109.74 | -0.29
JcrdS00121 | 67036 70857 K14431 TGA transcription factor TGA 84.2 150.25 | -0.84
JcrdS00121 | 79733 80997 K14432 ABF ABA responsive element binding factor 42.1 47.03 | -0.16
JcrdS01221 | 63527 66553 K14431 TGA transcription factor TGA 122.47 | 266.52 | -1.12
JcrdS00145 | 8269 11499 K14431 TGA transcription factor TGA 566.41 | 489.93 | 0.21
JcrdS14409 | 6054 7588 K14432 ABF ABA responsive element binding factor 67.36 | 39.19 | 0.78
JcrdS00146 | 93078 95162 K14432 ABF ABA responsive element binding factor 124.76 | 67.94 | 0.88
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Jcr4S00154 | 64235 64879 K14516 ERF1 ethylene-responsive transcription factor 1 29.09 14.37 1.02
Jcr4S15311 | 6364 7453 K14432 ABF ABA responsive element binding factor 38.27 11.76 1.7
Jcr4S02741 | 20442 26799 K14431 TGA transcription factor TGA 212.02 | 205.12 | 0.05
Jcr4S03002 | 5880 6984 K14432 ABF ABA responsive element binding factor 65.83 | 5749 |0.2
Jcr4S03023 | 22492 23151 K14516 ERF1 ethylene-responsive transcription factor 1 30.62 18.29 | 0.74
Jcr4S03571 | 6568 8595 K13422 MYC2 transcription factor MYC2 147.72 | 49.65 1.57
Jcr4S04929 | 9847 12712 K14431 TGA transcription factor TGA 45.92 | 116.28 | -1.34
Jcr4S05391 | 3741 4631 K14432 ABF ABA responsive element binding factor 63.53 | 4181 | 0.6
Jcr4S05882 | 6152 7347 K14432 ABF ABA responsive element binding factor 51.28 |27.44 | 0.9
Jcr4S06409 | 7418 9034 K14432 ABF ABA responsive element binding factor 26.02 | 78.39 |-1.59
JcrdS08050 | 93 4590 K14431 TGA transcription factor TGA 76.54 | 91.45 | -0.26
Jcr4U29916 | 5286 6396 K14432 ABF ABA responsive element binding factor 61.23 | 22.21 1.46
Table A10 Genes associated with ‘Photosynthesis’ downregulated in JV
log2
Jatropha CDS Start CDS End JVv JH Fold
Scaffold Ids Position Position KO IDS Enzyme Name FPKM FPKM Change
light-harvesting complex Il chlorophyll a/b
Jcr4S00002 84410 87459 K14172 LHCB7 | binding protein 7 56.64 84.92 -0.58
photosystem Il oxygen-evolving enhancer protein
Jcr4S00013 121663 122920 K02716 pshO 1 23.73 32.66 -0.46
light-harvesting complex | chlorophyll a/b binding
Jcr4S00132 96270 97760 K08908 LHCA2 | protein 2 23.73 39.19 -0.72
JcrdS01334 19013 19681 K02693 psakE photosystem | subunit 1V 13.78 32.66 -1.25
JcrdS13852 2500 2970 K02721 psbw photosystem Il PsbW protein 4.59 13.06 -1.51
light-harvesting complex Il chlorophyll a/b
JcrdS14329 6495 7338 K08917 LHCB6 | binding protein 6 11.48 13.06 -0.19
JcrdS14384 3851 4790 K14332 psaO photosystem | subunit PsaO 19.9 27.44 -0.46
JcrdS01478 30103 31246 K02695 psaH photosystem | subunit VI 26.79 32.66 -0.29
light-harvesting complex 11 chlorophyll a/b
Jcr4S00152 27207 28163 K08915 LHCB4 | binding protein 4 20.67 28.74 -0.48
Jcr4S15558 2673 2915 K02691 psaC photosystem | subunit VII 328.36 3323.69 | -3.34
JerdS16042 1 493 K02705 pshC photosystem Il CP43 chlorophyll apoprotein 2874.89 | 8390.23 | -1.55
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cytochrome b6-f complex iron-sulfur subunit

Jer4S17180 1394 3298 K02636 petC [EC:1.10.9.1] 24.49 88.84 -1.86
photosystem Il oxygen-evolving enhancer protein

Jerd4S17467 6002 8224 K02717 psbP 2 30.62 66.63 -1.12
light-harvesting complex 11 chlorophyll a/b

Jcr4S01794 19047 20251 K08914 LHCB3 | hinding protein 3 21.43 43.11 -1.01
light-harvesting complex I chlorophyll a/b binding

Jcr4S01878 4131 5206 K08907 LHCAL | protein 1 38.27 48.34 -0.34

Jcrd4S19524 587 931 K02634 petA apocytochrome f 56.64 57.49 -0.02

JcrdS20322 1 350 K02705 pshC photosystem I CP43 chlorophyll apoprotein 512.06 2680.9 -2.39
light-harvesting complex I chlorophyll a/b binding

Jcr4s00217 73371 74542 K08909 LHCA3 | protein 3 21.43 27.44 -0.36

JcrdS22203 875 1174 K02639 petF ferredoxin 3.83 26.13 -2.77

Jcr4S26036 1238 2201 K08906 petJ cytochrome c6 25.26 52.26 -1.05
light-harvesting complex 11 chlorophyll a/b

JcrdS26836 123 2347 K08913 LHCB2 | binding protein 2 22.2 65.32 -1.56

JcrdS02812 132 9944 K02712 psbK photosystem Il PsbK protein 580.95 2403.93 | -2.05

JcrdS28596 451 826 K02689 psaA photosystem | P700 chlorophyll a apoprotein Al 841.19 8382.39 | -3.32

Jcr4S00004 59679 60185 K02638 petE plastocyanin 7.65 31.36 -2.03
light-harvesting complex | chlorophyll a/b binding

Jcr4S00313 61165 62078 K08910 LHCA4 | protein 4 15.31 33.97 -1.15

Jcr4S00033 37885 38319 K02639 petF ferredoxin 13.01 13.06 -0.01

Jcr4S03380 9268 13828 K02639 petF ferredoxin 391.89 476.87 -0.28

JcrdaS03698 1040 2765 K03542 psbS photosystem Il 22kDa protein 58.94 94.07 -0.67

JerdS04672 11961 14176 K03541 psbR photosystem Il 10kDa protein 69.65 113.66 -0.71

Jcr4S00006 31263 33359 K02641 petH ferredoxin--NADP+ reductase [EC:1.18.1.2] 54.34 91.45 -0.75
photosystem Il oxygen-evolving enhancer protein

Jcr4S05338 5245 8028 K02717 psbP 2 39.04 88.84 -1.19

JcrdS05614 8793 9507 K02701 psaN photosystem | subunit PsaN 9.95 22.21 -1.16
light-harvesting complex 11 chlorophyll a/b

Jcr4S05689 1097 2882 K08915 LHCB4 | binding protein 4 23.73 58.79 -1.31

Jer4S00600 39881 40402 K08902 psh27 photosystem Il Psh27 protein 11.48 11.76 -0.03

Jer4S00072 51797 52989 K02698 psaK photosystem | subunit X 17.6 57.49 -1.71
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Jer4S07335 4710 8417 K02641 petH ferredoxin--NADP+ reductase [EC:1.18.1.2] 114.05 125.42 -0.14
JerdS07377 23712 24402 K02721 psbwW photosystem Il PsbW protein 15.31 20.9 -0.45
light-harvesting complex 11 chlorophyll a/b
Jcr4S07828 13202 15418 K08913 LHCB2 | binding protein 2 38.27 62.71 -0.71
JcrdaS08028 3523 4270 K02721 psbwW photosystem Il PsbW protein 30.62 57.49 -0.91
Jcr4S00866 40924 41361 K02639 petF ferredoxin 9.18 22.21 -1.27
cytochrome b6-f complex iron-sulfur subunit
Jcr4S09374 3850 5346 K02636 petC [EC:1.10.9.1] 176.05 224.71 -0.35
Jcr4S09385 6575 6685 K02696 psal photosystem | subunit V111 96.44 174154 | -4.17
Jcr4S09385 9252 9483 K02634 petA apocytochrome f 515.12 2471.86 | -2.26
Jcrau29440 6161 7100 K14332 psaO photosystem | subunit PsaO 18.37 23.52 -0.36
Jerau29703 360 626 K02635 petB cytochrome b6 623.81 1988.47 | -1.67
Jerau30584 53 526 K08905 psaG photosystem | subunit V 3.83 15.68 -2.03
Jer4U31389 1974 2360 K02635 petB cytochrome b6 1491.03 | 2970.94 | -0.99
Jcr4u31990 869 1291 K02704 pshB photosystem Il CP47 chlorophyll apoprotein 3046.35 | 3215.25 | -0.08
Jerau33013 640 849 K02637 petD cytochrome b6-f complex subunit 4 261.01 2586.84 | -3.31
Jerau38315 390 1280 K02704 psbB photosystem Il CP47 chlorophyll apoprotein 1697.69 | 2534.58 | -0.58
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Table A1l Genes associated with ‘Anthocyanin biosynthesis’ downregulated in JV

log2

Jatropha CDS Start CDS End JV JH Fold
Scaffold Ids Position Position KO IDS Enzyme Name FPKM FPKM Change

K17193 anthocyanidin 3-O-glucoside 2"'-O-
JcrdS13230 4929 6311 UGT79B1 xylosyltransferase [EC:2.4.2.51] 43.63 56.18 -0.36

K12338 anthocyanidin 3-O-glucoside 5-O-
Jcr4S16590 4007 5374 UGT75C1 glucosyltransferase [EC:2.4.1.298] 22.2 137.18 -2.63

K12338 anthocyanidin 3-O-glucoside 5-O-
Jer4S19550 3735 5102 UGT75C1 glucosyltransferase [EC:2.4.1.298] 19.14 147.63 -2.95

Table A12 Genes associated to ‘Plant-pathogen interaction” downregulated in JV

Jatropha scaffold | CDS start CDSend Name JHFPKM | JV FPKM | Log2 fold
Id position position change
Jcr4S00002 157545 158126 calcium-binding protein CML 18.37 10.45 -0.81
JcrdS00101 58922 59497 calcium-binding protein CML 15.31 3.92 -1.97
JcrdS10091 1 2205 cyclic nucleotide gated channel, other eukaryote 39.8 31.36 -0.34
JcrdS01083 7460 10267 disease resistance protein RPS2 151.55 100.6 -0.59
JerdS00111 47202 47627 calcium-binding protein CML 32.15 24.82 -0.37
JerdS11691 2676 3317 calcium-binding protein CML 22.2 11.76 -0.92
JcrdS01180 24764 27674 calcium-dependent protein kinase [EC:2.7.11.1] 119.4 101.91 -0.23
JcrdS01203 15702 16127 calcium-binding protein CML 55.11 26.13 -1.08
JcrdS12069 183 1699 disease resistance protein RPS2 111.75 73.16 -0.61
JcrdS01285 38654 39229 calcium-binding protein CML 36.74 9.15 -2.01
JcrdS14092 12433 15033 cyclic nucleotide gated channel, other eukaryote 80.37 74.47 -0.11
JcrdS01445 7158 8903 calcium-dependent protein kinase [EC:2.7.11.1] 117.87 54.87 -1.1
JcrdS01640 8133 11755 cyclic nucleotide gated channel, other eukaryote 130.89 91.45 -0.52
JerdS00171 75142 76959 disease resistance protein RPS2 83.43 53.57 -0.64
JerdS17275 189 2686 chitin elicitor receptor kinase 1 68.12 67.94 0
JcrdS00174 26608 27267 calcium-binding protein CML 29.85 14.37 -1.05
JcrdS01747 996 1550 calcium-binding protein CML 27.55 10.45 -1.4
Jcr4S00003 194254 198274 calcium-dependent protein kinase [EC:2.7.11.1] 159.21 108.44 -0.55
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JcrdaS02024 mitogen-activated protein kinase kinase kinase 1, 24.49 15.68 -0.64
5487 6712 plant [EC:2.7.11.25]
JcrdS21798 64 2275 disease resistance protein RPS2 91.85 60.1 -0.61
JerdS02271 serine/threonine-protein kinase PBS1 39.8 15.68 -1.34
7258 8883 [EC:2.7.11.1]
JcrdS22561 416 3262 disease resistance protein RPM1 67.36 40.5 -0.73
JcrdS02470 40255 43035 disease resistance protein RPM1 122.47 88.84 -0.46
JcrdaS02486 serine/threonine-protein kinase PBS1 10.72 3.92 -1.45
15611 17230 [EC:2.7.11.1]
Jcr4S02582 22199 25829 calcium-dependent protein kinase [EC:2.7.11.1] 135.48 103.21 -0.39
JcrdS27090 4320 7166 disease resistance protein RPM1 53.58 48.34 -0.15
JcrdS03361 11574 14429 disease resistance protein RPS2 157.68 95.37 -0.73
Jcr4S03605 17984 18614 RPM1-interacting protein 4 49.75 16.98 -1.55
Jcr4S00005 46802 49042 disease resistance protein RPS2 127.06 104.52 -0.43
JcrdS00433 525 1151 chitin elicitor receptor kinase 1 13.01 6.53 -0.99
Jcr4S04750 7258 7812 calcium-binding protein CML 26.02 16.98 -0.62
JcrdS04907 27089 31426 calcium-dependent protein kinase [EC:2.7.11.1] 171.45 150.25 -0.19
Jcrd4S00578 mitogen-activated protein kinase kinase kinase 1, 270.96 244.31 -0.15
57 6985 plant [EC:2.7.11.25]
JcrdS06013 1409 10232 calcium-dependent protein kinase [EC:2.7.11.1] 352.09 314.86 -0.16
JcrdS00670 2683 6338 cyclic nucleotide gated channel, other eukaryote 133.95 92.76 -0.53
JcrdS07200 289 5187 calcium-dependent protein kinase [EC:2.7.11.1] 117.11 66.63 -0.81
JcrdS07424 13716 13970 calcium-binding protein CML 15.31 10.45 -0.55
JcrdS08110 15382 18387 disease resistance protein RPM1 38.27 31.36 -0.29
Jcr4S00083 41069 41512 calcium-binding protein CML 26.02 7.84 -1.73
JcrdS09427 5674 9961 cyclic nucleotide gated channel, other eukaryote 173.75 164.62 -0.08
JcrdS09723 4570 5211 calcium-binding protein CML 26.79 13.06 -1.04
JcrdS01613 1080 1829 WRKY transcription factor 29 167.63 28.74 -2.54
JcrdS04113 4066 6404 WRKY transcription factor 33 104.52 78.84 -0.41
JcrdS04574 11524 11940 WRKY transcription factor 22 9.18 5.23 -0.81
JcrdS00770 50527 51950 WRKY transcription factor 22 91.08 56.18 -0.7
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Table A13 Genes associated to ‘Calcium signaling pathway’ downregulated in JV

log2
Jatropha CDS Start CDS End JV JH Fold
Scaffold Ids Position Position KO IDS Enzyme Name FPKM FPKM Change
K05863 solute carrier family 25 (mitochondrial adenine
Jcr4S00017 84189 85385 SLC25A4S, ANT | nucleotide translocator), member 4/5/6/31 3.83 31.36 -3.03
Jcr4S03161 17843 19209 K15040 VDAC?2 | voltage-dependent anion channel protein 2 37.51 45.73 -0.29
K05863 solute carrier family 25 (mitochondrial adenine
JcrdS00335 36801 37409 SLC25A4S, ANT | nucleotide translocator), member 4/5/6/31 14.54 19.6 -0.43
JcrdS03986 1858 5130 K15040 VDAC?2 | voltage-dependent anion channel protein 2 100.6 104.86 -0.06
Jcr4S05688 1177 4787 K15040 VDAC?2 | voltage-dependent anion channel protein 2 80.37 103.21 -0.36
Jcr4S07364 12688 15415 K15040 VDAC?2 | voltage-dependent anion channel protein 2 64.02 64.29 -0.01
Jcr4S00084 62244 65279 K15040 VDAC?2 | voltage-dependent anion channel protein 2 122.47 147.63 -0.27

Table Al4 In-silico (RSEM based) transcript abundance of identified NBS-LRR genes of J. curcas

IsoPct_from_ | TPM_ci_lower_ | TPM_ci_upper_

Gene _id Length | Effective _length | pme_ TPM | pme_TPM bound bound

JCNL 14680 length=307_numreads=5 307 10.54 133.54 100 0.00580055 403.791
JCNL 14712 length=310 numreads=19 310 10.95 128.5 100 0.0105725 382.973
JCNL_14601 length=324 numreads=13 324 13.06 107.75 100 0.00129076 323.54

JCNL 13997 length=393 numreads=7 393 29.65 47.46 100 0.00508882 142.696
JCNL 13460 _length=441 numreads=3 441 50.89 27.65 100 2.91818e-05 82.0624
JCNL 12889 length=460 numreads=4 460 62.23 22.61 100 2.03423e-05 67.7356
JCNL 12635 length=472_numreads=5 472 70.23 20.04 100 0.000377925 59.8527
JCNL 11632 length=505 numreads=4 505 95.5 14.73 100 0.000319989 44,3365
JCNL 11173 length=519 numreads=5 519 107.6 13.08 100 0.000162594 39.6457
JCNL 10695 length=539 numreads=7 539 125.92 11.17 100 2.00393e-05 34.0056
JcNL_10302_length=553 numreads=17 553 139.19 10.11 100 7.09448e-05 30.4698
JCcNL 10121 length=566 numreads=12 566 151.67 9.28 100 5.57474e-05 27.5898
JcNL_10049 length=568 numreads=7 568 153.6 9.16 100 4.94181e-05 27.6008
JcNL_09636 _length=587 numreads=8 587 172.04 8.18 100 0.00013121 24.692

JcNL_09428 length=596 numreads=5 596 180.81 7.78 100 1.69391e-05 23.1942
JcNL_09317_length=603 numreads=9 603 187.65 7.5 100 2.31247e-06 22.442
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JcNL_09160_length=612_numreads=24 612 196.46 7.16 100 2.08537e-05 21.5462
JcNL_08981_length=627_numreads=17 627 211.19 6.66 100 0.000118978 19.9194
JcNL_07289_length=754_numreads=11 754 337.12 4.17 100 0.00011408 12.3718
JcNL_06992_length=777_numreads=5 777 360.07 3.91 100 0.000157816 11.7091
JCcNL 06396 length=846 numreads=8 846 428.98 3.28 100 1.23318e-05 9.79747
JcNL_04926_length=1050_numreads=9 1050 632.95 2.22 100 6.58012e-05 6.67745
JcNL_04778_length=1073_numreads=22 1073 655.95 2.15 100 1.74392e-05 6.38345
JcNL_04766_length=1079_numreads=68 1079 661.95 2.13 100 2.4907e-05 6.38538
JcNL_04489 length=1129 numreads=16 1129 711.95 1.98 100 8.75788e-06 5.95732
JcNL_04456_length=1133_numreads=19 1133 715.95 1.97 100 4.57821e-08 5.90379
JCNL_04261_length=1181 numreads=47 1181 763.95 1.84 100 2.12905e-05 5.50927
JcNL_03152_length=1472_numreads=26 1472 1054.95 1.33 100 4.63661e-05 4.04954
JcNL_03063_length=1508 numreads=19 1508 1090.95 1.29 100 1.44142e-05 3.9085
JcNL_00587_length=2840_numreads=69 2840 2422.95 1.16 100 0.0369321 2.7684
JcNL_02545_length=1691_numreads=26 1691 1273.95 1.1 100 1.64358e-05 3.30141
JcNL_02388_length=1752_numreads=76 1752 1334.95 1.05 100 2.86513e-05 3.14167
JCNL_01427 length=2172 numreads=25 2172 1754.95 0.8 100 2.59394e-05 2.39852
JCNL_01339 length=2256 numreads=36 2256 1838.95 0.77 100 7.22727¢-06 2.28769
JCcNL_00860_length=2564 numreads=35 2564 2146.95 0.66 100 3.82679e-05 1.96691
JcNL_00810_length=2620_numreads=86 2620 2202.95 0.64 100 1.98976e-05 1.88884
JCcNL_00618 length=2812 numreads=39 2812 2394.95 0.59 100 9.2815e-07 1.76707
JCNL_00553 length=2890 numreads=173 2890 2472.95 0.57 100 1.98547e-06 1.70797
JCcNL_00565 length=2878 numreads=61 2878 2460.95 0.57 100 6.56487¢e-05 1.73699
JCcNL_00259 length=3355_numreads=62 3355 2937.95 0.48 100 7.96725e-07 1.43408
JcNL_00134_length=3683_numreads=98 3683 3265.95 0.43 100 2.45022e-06 1.29085
JCcNL_00090_length=3850_numreads=68 3850 3432.95 0.41 100 6.80228e-07 1.23454
JCNL_00096 length=3826 numreads=144 3826 3408.95 0.41 100 1.65211e-05 1.2473
JCcNL_00073 length=3933 numreads=192 3933 3515.95 0.4 100 1.32675e-05 1.20332
JCNL 16532 length=155 numreads=6 155 0 0 0 0 0

JCcNL_16899 length=125 numreads=11 125 0 0 0 0 0

JCcNL 17188 length=117 numreads=11 117 0 0 0 0 0
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Table A15 In-silico (RSEM based) transcript abundance of identified defense response related transcription factors of J. curcas

TF_ id Length Effective_length pme_TPM IsoPct_from_pme_TPM
JcTF_00115_length=3742_numreads=67 3742 3324.95 0.42 100
JCcTF_00439_length=3045_numreads=90 3045 2627.95 0.54 100
JCTF_00764 length=2650 numreads=47 2650 2232.95 1.26 100
JCcTF_00785_length=2637_numreads=70 2637 2219.95 0.63 100
JcTF_00880_length=2558 numreads=51 2558 2140.95 0.66 100
JCcTF_00918_length=2534 numreads=95 2534 2116.95 1.33 100
JCTF_00925_length=2522 numreads=67 2522 2104.95 0.67 100
JCcTF_00978_length=2480_numreads=29 2480 2062.95 0.68 100
JCTF_01151 length=2360 numreads=44 2360 1942.95 1.45 100
JCTF_01250_length=2304_numreads=46 2304 1886.95 0.75 100
JCTF_01393 length=2210 numreads=25 2210 1792.95 0.78 100
JCTF_01461 length=2167 numreads=46 2167 1749.95 0.8 100
JCTF_01506_length=2144 numreads=31 2144 1726.95 0.81 100
JCTF_01687_length=2044 numreads=35 2044 1626.95 0.86 100
JCTF_01737_length=2020 numreads=65 2020 1602.95 0.88 100
JCTF_01778_length=2000_numreads=72 2000 1582.95 1.78 100
JCTF_01856 length=1963 numreads=62 1963 1545.95 0.91 100
JCTF_01981_length=1907 numreads=35 1907 1489.95 0.94 100
JCTF_01982_length=1914 numreads=70 1914 1496.95 0.94 100
JCTF_02046 length=1878 numreads=42 1878 1460.95 0.96 100
JCTF_02082_length=1857 numreads=38 1857 1439.95 0.98 100
JCTF 02191 length=1823 numreads=34 1823 1405.95 1 100
JCTF 02233 length=1806 numreads=24 1806 1388.95 1.01 100
JCTF 02341 length=1761 numreads=29 1761 1343.95 1.05 100
JCTF 02499 length=1707 numreads=31 1707 1289.95 1.09 100
JCTF 02772 length=1615 numreads=46 1615 1197.95 1.17 100
JCTF 02905 length=1561 numreads=26 1561 1143.95 1.23 100
JCTF_02936_length=1548 numreads=68 1548 1130.95 2.49 100
JcTF_03033_length=1520_numreads=45 1520 1102.95 1.28 100
JcTF_03086_length=1501_numreads=51 1501 1083.95 1.3 100
JCTF_03225_length=1458 numreads=48 1458 1040.95 1.35 100
JCTF_03268_length=1445 numreads=22 1445 1027.95 1.37 100

167




JcTF_03301_length=1434 numreads=20 1434 1016.95 1.38 100
JCTF_03314 length=1432_numreads=23 1432 1014.95 1.39 100
JCTF_03326_length=1427 numreads=31 1427 1009.95 1.39 100
JCTF_03366_length=1415 numreads=22 1415 997.95 1.41 100
JcTF_03375_length=1415 numreads=32 1415 997.95 1.41 100
JCcTF_03662_length=1331_numreads=13 1331 913.95 1.54 100
JcTF_03682_length=1313 numreads=21 1313 895.95 1.57 100
JCcTF_03739_length=1303_numreads=24 1303 885.95 1.59 100
JCTF 04051 length=1227 numreads=14 1227 809.95 1.74 100
JCTF 04119 length=1213 numreads=47 1213 795.95 1.77 100
JCTF 04123 length=1209 numreads=21 1209 791.95 1.78 100
JCTF_04163_length=1201 numreads=18 1201 783.95 1.79 100
JCTF_04169 length=1196 numreads=23 1196 778.95 1.81 100
JCTF_04237 length=1188 numreads=17 1188 770.95 1.83 100
JCTF 04311 length=1170 numreads=20 1170 752.95 1.87 100
JCTF 04330 length=1164 numreads=43 1164 746.95 1.88 100
JCTF_04381_length=1155 numreads=15 1155 737.95 1.91 100
JCTF_04386_length=1155 numreads=18 1155 737.95 1.91 100
JCTF_04420 length=1148 numreads=20 1148 730.95 1.93 100
JCTF_04429 length=1142 numreads=15 1142 724.95 1.94 100
JCTF_04493 length=1127 numreads=21 1127 709.95 1.98 100
JCTF_04559 length=1114 numreads=23 1114 696.95 2.02 100
JCTF_04744 length=1076_numreads=14 1076 658.95 2.14 100
JCTF_04775_length=1076_numreads=19 1076 658.95 2.14 100
JCTF_04781_length=1072_numreads=13 1072 654.95 2.15 100
JCTF_04854 length=1066_numreads=19 1066 648.95 2.17 100
JCTF_05008_length=1037 numreads=15 1037 619.95 2.27 100
JCTF_05024 length=1035 numreads=9 1035 617.95 2.28 100
JCTF_05026 length=1036_numreads=14 1036 618.95 2.27 100
JCTF_05149 length=1017 numreads=27 1017 599.95 2.35 100
JCTF_05255 length=997 numreads=16 997 579.95 2.43 100
JcTF_05708_length=929 numreads=17 929 511.95 2.75 100
JCTF_05776_length=921 numreads=28 921 503.95 2.79 100
JcTF_05837_length=914 numreads=10 914 496.95 2.83 100
JCTF_ 05940 length=898 numreads=24 898 480.96 2.93 100
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JCcTF_05953_length=897_numreads=21 897 479.96 2.93 100
JCTF_06110 length=874 numreads=15 874 456.96 3.08 100
JCTF_06232_length=862_numreads=9 862 444.97 3.16 100
JCTF_06247 length=859 numreads=9 859 441.97 3.18 100
JCTF_06299 length=855 numreads=15 855 437.97 3.21 100
JcTF_06326_length=852_numreads=8 852 434.97 3.23 100
JCTF_06488_length=840 numreads=18 840 422.98 3.33 100
JCTF_06682 length=817 numreads=16 817 400.01 3.52 100
JCTF_06768_length=810 numreads=8 810 393.02 3.58 100
JCTF_06868_length=797 numreads=12 797 380.03 3.7 100
JCTF_ 06920 length=791 numreads=9 791 374.04 3.76 100
JCTF_07041_length=780_numreads=11 780 363.06 3.88 100
JCTF_07136_length=771 numreads=9 771 354.08 3.97 100
JCTF_07165_length=769 numreads=16 769 352.08 4 100
JCTF_07449 length=743 numreads=9 743 326.15 4.31 100
JCTF_07616_length=725 numreads=9 725 308.22 4.57 100
JCTF_07950 length=685 numreads=5 685 268.47 5.24 100
JCTF_08075_length=689 numreads=9 689 272.43 5.16 100
JCTF_08297 length=670_numreads=8 670 253.61 5.55 100
JCTF_08498 length=649 numreads=6 649 232.85 6.04 100
JCTF_08810 length=637 numreads=6 637 221.02 6.37 100
JCTF_08950 length=623 numreads=5 623 207.26 6.79 100
JCTF_09148 length=613 numreads=11 613 197.44 7.13 100
JCTF_09242 length=608 numreads=5 608 192.54 7.31 100
JCTF_09345 length=605 numreads=13 605 189.61 7.42 100
JCTF_09429 length=598 numreads=6 598 182.76 7.7 100
JCTF_09745_length=582_numreads=10 582 167.18 8.42 100
JCTF_09830_length=578 numreads=6 578 163.29 8.62 100
JCTF_10040 length=569 numreads=9 569 154.56 9.1 100
JCTF_10318_length=554 numreads=10 554 140.14 10.04 100
JCTF_10466_length=544 numreads=4 544 130.63 10.77 100
JcTF 10501 _length=548 numreads=10 548 134.42 10.47 100
JcTF_10538_length=543 numreads=11 543 129.69 10.85 100
JCTF 10663 _length=539 numreads=11 539 125.92 11.17 100
JCTF 11285 length=515 numreads=9 515 104.07 13.52 100
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JcTF_11470 length=509 numreads=11 509 98.88 14.23 100
JCTF_11496 length=509 numreads=8 509 98.88 14.23 100
JCTF_11596_length=504_numreads=4 504 94.67 14.86 100
JcTF_11676_length=500_numreads=3 500 91.37 15.4 100
JcTF_11993 length=491 numreads=5 491 84.19 16.71 100
JCTF_12223_length=484_numreads=5 484 78.86 17.84 100
JcTF_12401_length=480_numreads=5 480 75.91 18.54 100
JCTF_12486_length=477_numreads=6 477 73.75 19.08 100
JcTF_12555_length=474_numreads=3 474 71.63 19.64 100
JCTF_12662_length=472_numreads=10 472 70.23 20.04 100
JCTF_12677_length=461_numreads=5 461 62.87 22.38 100
JCTF_12728_length=468 numreads=5 468 67.49 20.85 100
JCTF_12732_length=468_numreads=4 468 67.49 20.85 100
JCTF 13181 length=453 numreads=10 453 57.87 24.31 100
JCTF_13463_length=442_numreads=7 442 51.45 27.35 100
JCTF_13501_length=439_numreads=4 439 49.79 28.26 100
JCTF_14789 length=302_numreads=3 302 9.88 142.48 100
JCTF_14930 length=290 numreads=4 290 8.42 167.1 100
JCTF_15218 length=263 numreads=12 263 5.79 243.07 100
JCTF_15319 length=251 numreads=3 251 4.86 289.67 100
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Table A16 Position of disease resistance genes in contigs of J .curcas

Accession no. Gene length Contig Contig length Identity Subgroup Domains
JHLO6P13.14 6835 JcCB0017361 6974 2968/2968 (100%) | CNL RPWS8/ LRRs/ NB-
JHLO6P13.15 3140 JcCBO017361 6974 314073140 (100%) | TNL ARC/ P-loop
JHL25H03.3 3264 JcCA0063341 5033 3209/3271 (98%) CNL NTPase/ TIRs
JHL25H03.4 2429 JCCAO0009611 6833 192671926 (100%) CNL

JHL25H03.6 959 JcCB0795021 2325 920/929 (99%) CNL

JHL25P11.3 2832 JcCA0312791 12484 255372558 (99%) TNL

JHL25P11.7 2557 JcCA0312791 12484 253972557 (99%) TNL

JMSI0CO05.7 2422 JCCAO0I50781 13611 242272422 (100%) CNL

JHS03AI0.7 3688 JcCAO0076681 8352 3669/3689 (99%) TNL

XP 002867519.1 2868 JcCB0142551 3139 217271 (100%) TNL RPWS8/ LRRs/ NB-
XP 002865044.1 2433 JcCB0496021 2792 21721 (100%) CNL ARC/ P-loop
XP 0028717781 3846 JCCAD021521 5947 25725 (100%) TNL NTPase/ TIRS/ RT-
BAB08845.1 2703 JcCAO0009611 6833 35740 (87%) TNL LTRs/ +/
NP 192816.1 2679 JcCB0139241 7305 217271 (100%) TNL SI AAA
AAKI6709.1 2670 JCCA0079961 14578 21721 (100%) TNL NACHT/

XP 002884622.1 2736 JcCB0095731 3289 20720 (100%) TNL AMN1
AAC31552.1*

CAJ26369.1 2817 JcCB0059401 7830 24725 (96%) TNL

ACP30565.1 3030 JcCB0094831 4421 22122 (100%) TNL

ACP30573.1 3117 JcCB0521921 4485 20720 (100%) CNL

ACP30609.1 8181 JcCA0046251 20074 44751 (86%) TNL

ACP30637.1 2667 JcCB0182971 4157 23724 (95%) TNL

ACP30557.1 2661 JcCB0048231 3367 21721 (100%) TNL

ACP30621.1 2442 JcCB0078131 3735 21721 (100%) TNL

AACY9466.1 2781 JcCB0000491 19087 22122 (100%) TNL

AANGZ2353.1 2673 JcCB0123681 3177 22122 (100%) TNL

AANG2350.1 2670 JCCA0153621 8895 24724 (100%) TNL

AAO45748.1 3279 JcCA0312851 8889 30732 (93%) TNL

ACN7/8965.1 9168 JCCAO030091 10362 25/25 (100%) TNL

ACMB9637.1 2805 JcCA0312791 12484 50/59 (84%) TNL

ACJ37419.1 2730 JCCAO315571 9082 30/32 (93%) CNL

AAB969/6.1*

CAD45036.1 2824 JCCA0306451 7583 23724 (95%) CNL

ABO15685.1 2667 JcCB0078311 5034 20/20 (100%) CNL

AADO03671.1 5474 JcCB0064381 6817 63/65 (96%) CNL

AAK?Z28803.1 3603 JcCB0087091 4092 217728 (96%) TNL

ACG70794.1 2442 JcCB0005211 7867 24725 (96%) TNL

ADL36726.1 2730 JCCAO0152071 8836 28/30 (93%) TNL

CAJ44364.1 2079 JcCB0228541 3269 32/35 (91%) CNL

ABD32877.1%

AANG2/760.1 2115 JCCA0006542 5033 20720 (100%) TNL
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http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0142551&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0021521&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0009611&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0139241&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0079961&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0095731&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0059401&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0521921&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0046251&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0312851&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0312791&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0315571&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/blast.cgi%23JcCB0064381
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0087091&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/blast.cgi%23JcCB0005211
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0152071&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0228541&db=jatropha.fas

ABN05946.1 3693 JcCB0495471 7361 33/37 (89%) CNL
ABD32335.1 2421 JcCB0048231 3367 277129 (93%) TNL
ABN08495.1 2562 JcCAQ0300101 5605 24725 (96%) TNL
AAY546006.1 2553 JcCB0423811 3013 21721 (100%) CNL
EAY80918.1*

EAY76104.1%

EEEG9427.1*

NP 001045443.2 3021 JcCA0044491 14390 25726 (96%) CNL
NP 001061834.1 2724 JcCB0483581 3402 20720 (100%) TNL
EEEG8711.1*

EEEG8252.1*

ABHO07384.1 3402 JcCB00396/1 8353 39744 (88%) TNL
ADB85254.1 2544 JcCB0001/91 16667 23/24 (95%) CNL
ACN40007.1 2181 JcCAQ0063341 5033 24725 (96%) CNL
XP 002332952.1 3948 JcCAQ0136661 5709 35/39 (89%) CNL
XP 002310744.1 2415 JcCB0033951 7029 25726 (96%) CNL
XP 002329169.1 3378 JcCB0495471 7361 377139 (94%) TNL
XP 002298700.1 2643 JcCB0182971 4157 217728 (96%) CNL
XP 002318943.1 2463 JcCAQ0063341 5033 24725 (96%) CNL
XP 002326562.1 2847 JcCA0028981 11361 32735 (91%) TNL
XP 002333530.1 2526 JcCB0113161 6841 33/36 (91%) CNL
AAT09451.1 2754 JcCA0312791 12484 23723 (100%) TNL
ACR19031.1 3162 JcCA0288161 5378 32735 (91%) TNL
XP 002517608.1** 4977 JcCB0055521 5952 21/21 (100%) TNL
XP 002517607.1** 2421 JcCB0028271 8578 28730 (93% TNL
XP 002518711.1** 3330 JcCA0267961 6949 27128 (96% TNL
XP 002517572.1** 2439 JcCAQ0076691 3941 21721 (100%) TNL
XP 002517594.1** 2733 JcCA0009611 6833 31/34 (91%) TNL
XP 002521805.1** 2832 JcCA0317171 12462 20720 (100%) TNL
XP 002529624.1** 2583 JcCB0008231 9369 28/30 (93% TNL
ABM30222.2 2661 JcCA0312791 12484 25/26 (96% TNL
AAP44390.1 3411 JcCB0039671 8353 23723 (100%) CNL
AAP45164.2 2823 JcCA0020751 7774 2177128 (96%) TNL
XP 002458619.1 2724 JCPRO3ENPTZ 2924 21/21 (100% TNL
XP 002442418.1 2616 JcCB0033951 7029 20720 (100% CNL
XP 002448182.1 2841 JcCAO0/7731 14390 20/20 (100% TNL
XP 002437863.1 2865 JcCB0144411 3416 20720 (100% TNL
XP 002438943.1 2790 JcCB0138841 4395 31/34 (91%) TNL
XP 002438921.1 2493 JcCB0083141 5901 22722 (100% TNL
AAK20742.1 2781 JcCB0025091 7569 21/21 (100% CNL
CAN83232.1 o085 JcCA0133581 5304 22/22 (100% CNL
XP 002276590.1 2472 JcCB0017361 6974 28/30 (93% TNL
XP 002264046.1 9463 JcCB0039671 8353 39/41 (95% CNL
XP 002263674.1 2712 JcCB0142741 4257 21/21 (100%) TNL
XP 002281592.1 2682 JcCA0009611 6833 39/44 (88%) TNL
CAN74463.1 2796 JcCB0059401 7830 36/41 (87%) TNL
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http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0495471&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0048231&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0300101&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0423811&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/blast.cgi%23JcCA0044491
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0039671&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0001791&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0063341&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0136661&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0033951&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0495471&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0182971&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0063341&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0028981&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0113161&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0312791&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0288161&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0055521&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0028271&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0267961&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0076691&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0009611&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0317171&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0008231&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0312791&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0039671&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0020751&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcPR03ENPT2&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0033951&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0077731&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0144411&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0138841&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0083141&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0025091&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0133581&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0017361&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0039671&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0142741&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0009611&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0059401&db=jatropha.fas

XP 002278041.1 2550 JcCB00867/51 4747 35/39 (89%) TNL
AAX31149.1 2718 JcCA0213171 3666 21/21 (100%) TNL
NP 001105809.1 2730 JcCAQ312791 12484 25726 (96%) CNL

*No significant hits; **Similarity to castor bean disease resistance genes
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http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCB0086751&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0213171&db=jatropha.fas
http://www.kazusa.or.jp/jatropha/cgi-bin/contig.cgi?id=JcCA0312791&db=jatropha.fas
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