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Abstract Pongamia (Millettia pinnata) is a promis-
ing biofuel crop with multiple merits. Breeding of
ideal Pongamia germplasm for industrial application
demands substantial progress in molecular biology of
this legume species, which has been largely hampered
by the paucity of its genomic data. In this study, we
constructed and characterized a comprehensive seed
transcriptome by the high-throughput Illumina
sequencing technology. We obtained over 83 million
high-quality reads, which were processed and assem-
bled into 53,586 unigenes with a mean length of
787 bp. Among these unigenes, 39,602 (73.90 %) and
24,078 (44.93 %) showed significant similarity to
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proteins in the NCBI non-redundant and the Swiss-
Prot protein databases, respectively. Of the annotated
unigenes, 30,619 (57.14 %) were classified into 56
Gene Ontology categories. Furthermore, 21,905
(40.88 %) unigenes were assigned to 128 pathways
in the Kyoto Encyclopedia of Genes and Genomes
pathway database. A set of 364 unigenes involved in
five pathways closely related to oil biosynthesis and
accumulation were screened out as candidates for
future functional analyses. On the other hand, 5710
expressed sequence tag-simple sequence repeats
(EST-SSRs) were identified in 4951 unigenes with a
density of one SSR every 7.39-kb sequence. One
hundred EST-SSRs were randomly selected to vali-
date amplification and to assess polymorphism among
12 Pongamia individuals. Eighty-two primer pairs
successfully amplified DNA fragments and 17 of them
detected polymorphism, in which the polymorphism
information content values ranged from 0.14 to 0.57.
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This transcriptome dataset will serve as a valuable
basis for studies on functional genomics, molecular
genetics and molecular breeding of Pongamia.

Keywords Millettia pinnata - Transcriptome - EST-
SSRs - Biofuel crop - Breeding

Introduction

Pongamia (Millettia pinnata, formerly known as
Pongamia pinnata) is a fast-growing, medium-sized
tree that belongs to family Fabaceae, subfamily
Papilionoideae. This species is widely distributed
from the Indian subcontinent and southeast Asia, to
Polynesia and northern Australia (Scott et al. 2008;
Murphy et al. 2012). Traditionally, the Pongamia tree
has been mainly utilized for medicines, timber, fodder,
manure and landscaping (Chopade et al. 2008; Sang-
wan et al. 2010). In the past decade, it has received
increasing attention as a sustainable biofuel crop with
multiple advantages. First, the Pongamia trees are
capable of producing high yield of seeds with high
contents of non-edible oil, which can be readily
extracted and converted into biodiesel by transester-
ification (Karmee and Chadha 2005; Naik et al. 2008).
Second, the Pongamia seed oil possesses a high
proportion of monounsaturated oleic acid and a
relatively low amounts of saturated and polyunsatu-
rated fatty acids (Bala et al. 2011; Pavithra et al. 2012),
which may endow the biodiesel products with lower
cloud and pour points. Third, being a tree legume, the
Pongamia can undergo biological nitrogen fixation
and thus reduce the application of nitrogen fertilizers,
which may in turn mitigate the deleterious environ-
mental impacts of greenhouse gas emissions or water
pollution (Jensen et al. 2012; Biswas and Gresshoff
2014; Gresshoff et al. 2015). Fourth, with the ability to
tolerate a wide range of abiotic stresses and to improve
the soil nutrient status (Sangwan et al. 2010; Murphy
et al. 2012), the Pongamia trees can grow on and
ameliorate the marginal or degraded lands that are not
viable for food production.

A prerequisite for the successful establishment of
commercial Pongamia industry is the abundant supply
of seed oils derived from large-scale plantations.
Considering its outcrossing reproductive nature and
the resulting high variability among progeny plants, the
commercial plantations for Pongamia will first base on
breeding of germplasm with favorable traits followed
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by vegetative propagation of genetically uniform trees
(Kesari and Rangan 2010). In Pongamia, there might be
two major types of breeding programs, i.e., the selection
for elite germplasms from natural populations and the
genetic manipulation for improved germplasms, both
of which will benefit from a better understanding of the
genetic background for this species.

The early efforts on selection of Pongamia
germplasm primarily relied on the assessment of
phenotypic traits, such as plant height, size and weight
of pods and seeds, as well as oil content and
composition (Kaushik et al. 2007; Kesari et al. 2008;
Mukta et al. 2009; Sunil et al. 2009; Rao et al. 2011;
Sahoo et al. 2011). While some of these phenotypic
traits have been demonstrated to be with high broad-
sense heritability in Pongamia and thus reliable for
germplasm selection (Kaushik et al. 2007; Sunil et al.
2009; Rao et al. 2011), they are easily affected by
environmental factors and are only assayable when the
trees are mature. Molecular markers, on the other
hand, can provide more informative and reproducible
data for germplasm selection at a juvenile stage, and
they can also aid in evaluating genetic diversity of
extant populations and planning conservation actions
for the long-term variability of a plant species. Several
types of molecular markers have already been applied
in Pongamia, including inter simple sequence repeat
(ISSR) (Kesari et al. 2010; Sahoo et al. 2010; Sujatha
et al. 2010; Jiang et al. 2012), random amplified
polymorphic DNA (RAPD) (Kesari et al. 2010; Kesari
and Rangan 2011) and amplified fragment length
polymorphism (AFLP) (Kesari et al. 2010; Thudi et al.
2010; Sharma et al. 2011; Pavithra et al. 2014).
However, owing to the difficulty in marker develop-
ment using conventional methods, these studies only
employed a limited number of marker loci, most of
which were dominantly inherited and not feasible for
distinguishing between homozygotes and heterozy-
gotes. More numbers of genetic loci, especially those
from codominant markers, are needed for the marker-
assisted selection (MAS) and population genetics
study of this outcrossing species.

As for the genetic improvement of Pongamia
germplasm, it is essential to identify candidate genes
that participate in certain biological processes relevant to
the quantity and quality of seed oils, and this serves as a
foundation to create improved germplasm through
genetic transformation. To date, dozens of Pongamia
genes or genomic regions have been sequenced for
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molecular phylogenetic analyses, such as the phy-
tochrome A gene (PHYA), the maturase R gene (matR),
the ribulose-1,5-bisphosphate carboxylase/oxygenase
large subunit gene (rbcL) and the internal transcribed
spacer (ITS) (Lavin et al. 1998; Hu et al. 2002; Shi et al.
2005; Arpiwi et al. 2013). In contrast, only less than ten
genes have been isolated and characterized for functional
study in Pongamia, including a chalcone isomerase
(MpCHI) gene conferring the transgenic yeast strains
with enhanced tolerance to salt stress (Wang et al. 2013),
a stearoyl—acyl-carrier-protein desaturase (MpSAD) gene
involved in the regulation of seed development (Ramesh
et al. 2014) and four circadian clock genes (MpELF4,
MpLCLI, MpPRR7 and MpTOCI) participating in
flowering control (Winarto et al. 2015). Such a lack of
gene resources will substantially hinder future applica-
tion of genetic manipulation in Pongamia.

The high-throughput next-generation sequencing
(NGS) technologies have provided an efficient way to
generate an abundance of transcriptome data for both
marker identification and gene discovery. In recent years,
the NGS-based transcriptome analyses have already been
applied in more than a dozen legume species (Garg et al.
2011; Zhang et al. 2012; Garg and Jain 2013; Liu et al.
2013; Hiz et al. 2014; Chen et al. 2015a, b; Souframanien
and Reddy 2015). In a previous study, we employed the
Mlumina sequencing platform to produce a large-scale
collection of Pongamia transcripts from root and leaf
tissues for studying their transcriptome changes under
salt treatments (Huang et al. 2012). In this study, a
comprehensive seed transcriptome was also constructed
for Pongamia by Illumina sequencing. We characterized
the whole transcriptome with a special interest in
screening functional genes associated with oil accumu-
lation and mining potential SSR motifs. The former could
serve as candidates for further functional research which
would aid in exploring the molecular basis of seed oil
accumulation and facilitate the genetic improvement of
important traits, while the latter might extend the
repertoire of molecular markers which would assist in
genetic diversity analysis and germplasm selection.

Materials and methods

Plant materials and RNA preparation

Three 10-year-old Pongamia trees growing at the Garden
Expo Park in Shenzhen, China, were used for seed

sampling. Flowers at the lower position of these three
trees were labeled with tags recording the first flowering
date for each of them. Pods were harvested at a series of
nine developmental stages from 12 weeks after flower-
ing (WAF) till 36 WAF with an interval of 3 weeks.
Meanwhile, the seeds were manually separated from
pods, washed with distilled water, immediately frozen in
liquid nitrogen and then stored at —80 °C before RNA
extraction. At each stage, two seeds from each of the
three trees were mixed together and subjected to RNA
isolation using a modified CTAB method. The resulting
RNA was further purified with the Qiagen RNeasy Plant
Mini Kit (Qiagen, Germany). The concentration and
quality of each RNA sample were determined by an
Agilent 2100 Bioanalyzer (Agilent Technologies, USA).
Equal amounts of total RN A from each stage were pooled
together for the following sequencing procedures.

Library construction and Illumina sequencing

A total of 20 pg of pooled RNA sample was used for
cDNA library construction. Poly(A) mRNA was
enriched from total RNA by Sera-mag Magnetic Oligo
(dT) Beads (Thermo Fisher Scientific, USA), and then,
the mRNA was digested into short fragments with
fragmentation buffer (Ambion, USA). Taking these
cleaved RNA fragments as templates, the first-strand
cDNA was generated using random hexamer primers.
Next, the second-strand cDNA was synthesized using
the SuperScript Double-Stranded cDNA Synthesis Kit
(Invitrogen, USA). The double-stranded cDNA frag-
ments were purified with the QiaQuick PCR Extraction
Kit (Qiagen, Germany) and resolved with EB buffer for
end repair and dA tailing. The resulting short fragments
were then ligated with sequencing adaptors and resolved
on agarose gel. The suitable fragments were selected as
templates for PCR amplification. Finally, the cDNA
library was sequenced on an Illumina Hiseq™ 2000
platform (Illumina, USA) at the Beijing Genomics
Institute (BGI, Shenzhen, China). Each sequencing pass
could yield two 90-bp independent reads from either end
of acDNA fragment. All raw sequencing data have been
deposited in NCBI Sequence Read Archive (SRA)
under the accession number SRX862816.

De novo assembly of Pongamia seed transcriptome

After sequencing, the raw reads were initially cleaned
by trimming adaptor sequences and removing reads
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with more than 10 % Q < 20 bases or reads with more
than 5 % ambiguous sequences ‘N.” Then, the clean
reads were assembled by the short-read assembly
program in the Trinity software (Grabherr et al. 2011).
Firstly, the clean reads were split into smaller pieces,
the k-mers, and were conjoined into contigs using the
de Bruijn graph. After a trial of different k-mer sizes,
25-mer were chosen for this study to achieve a balance
between the average sequence length, maximum
sequence length and total number of transcripts
(Table S1). Subsequently, the pair-end reads were
used to identify the contigs from the same transcript
and detect the distances between these contigs.
Accordingly, the contigs were connected to get
assembled sequences that could not be extended on
either end. These assembled sequences were further
processed by sequence splicing, redundancy removal
and clustering with the TGICL software (Pertea et al.
2003) to create non-redundant transcripts defined as
unigenes. This clustering step was based on terminal
region matching for at least 40-bp overlap and 90 %
identity. Moreover, to detect unigenes that might
belong to the different parts of the same gene or
represent the isoforms, a BLAST hit-based clustering
was performed following the method described in
Gahlan et al. (2012). The assembled sequence data
have been deposited in NCBI with the BioProject ID
PRINA323432.

Sequence annotation and functional classification

All unigenes were annotated by BLAST against the
publicly available databases including the NCBI
(http://www.ncbi.nlm.nih.gov/) non-redundant pro-
tein (Nr) databases, the Swiss-Prot protein database
(http://www.expasy.org/sprot/), the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway
database (http://www.genome.jp/kegg/) and the
Cluster of Orthologous Groups (COG) database
(http://www.ncbi.nlm.nih.gov/COG/) with an E-
value cutoff of 1.0e—5. The best alignments were
extracted and used to predict the sequence orienta-
tions and the coding regions of the assembled
transcripts. The incongruent results from different
databases were settled under a priority order of Nr,
Swiss-Prot, KEGG and COG. For the rest unigenes
that were unaligned to the above databases, ESTS-
can was used to predict their sequence orientations
(Iseli et al. 1999). Based on their Nr annotations, the
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unigenes were assigned Gene Ontology (GO)
annotations using the Blast2GO program (Conesa
et al. 2005), followed by GO functional classifica-
tion to plot the distribution of gene functions using
the WEGO software (Ye et al. 2006).

Gene validation by T—-A cloning and sequencing

Nine unigenes with potential roles in fatty acid and
glycerolipid metabolism were chosen for validation by
Sanger sequencing to check the quality of sequence
assembly and annotation from the Illumina sequenc-
ing. All these nine assembled unigenes were predicted
to contain the complete ORF. Specific PCR primers
were designed with sequences from the 5 and 3’
untranslated regions. PCR was performed in a total
volume of 25 pL containing 2.0 mM Mg, 0.15 mM
dNTPs, 0.4 mM of each primer, 0.6 U Taq DNA
polymerase and 15 ng cDNA under the reaction
conditions as follows: an initial denaturation step at
95 °C for 1 min, 35 cycles at 94 °C for 45 s, 56 °C for
45 s,and 72 °C for 80 s, a final extension step at 72 °C
for 10 min and hold at 4 °C. The PCR products were
separated and ligated into the pMDI18-T vector
(Takara Bio Inc, China) and then transformed into
E. coli DH5a. Positive clones were sequenced with
ABI 3730 (Applied Biosystems, USA).

EST-SSR detection and primer design

The perl script program MISA (Thiel et al. 2003) was
employed to detect and locate SSRs in the assembled
transcripts. The searching criteria were set as follows:
at least six contiguous repeats for di-, five repeats for
tri- and tetra- and four repeats for penta- and hexa-
nucleotide motifs. Considering the difficulties of
distinguishing genuine mononucleotide repeats from
polyadenylation products or single nucleotide stretch
errors generated by sequencing, this type of repeats
was excluded from the searching process. The max-
imal number of bases interrupting two SSRs in a
compound microsatellite was 100. Based on MISA
results, primer pairs flanking each SSR locus were
designed using Primer3 (Rozen and Skaletsky 2000)
with the core criteria of the predicted product size
ranging from 80 to 200 bp, the GC percentage
between 40 and 60 %, the optimum primer length of
22 bp and the melting temperature between 50 and
60 °C.
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Survey of EST-SSR polymorphism

Twelve Pongamia individuals from four populations
located along the seashore of South China were
selected for polymorphism investigation with 100
randomly chosen EST-SSR loci. Genomic DNA was
isolated from the leaves of each individual using the
Wolact Plant Genomic DNA Purification Kit (Vicband
Life Sciences, Hongkong, China) following the man-
ufacturer’s instructions. PCR amplification was also
conducted in a 25-pL reaction mixture under the
reaction cycling profile as described above. The
annealing temperature differed according to the T,
value of each primer set. The PCR products were first
electrophoresed on agarose gel. Then, those amplified
products with expected fragment sizes were further
separated on a Fragment Analyzer Automated CE
System (Advanced Analytical Technologies, USA).
The number of alleles (N,), observed heterozygosity
(H,), expected heterozygosity (H.) and Shannon’s
information index (/) at each locus were calculated
using the GenAlEx software version 6.4 (Peakall and
Smouse 2006). The polymorphic information content
(PIC) values were obtained with the program Pow-
erMarker version 3.25 (Liu and Muse 2005).

Results

Sequencing and de novo assembly of Pongamia
seed transcriptome

To achieve a comprehensive overview of the Ponga-
mia seed transcriptome, a cDNA library constructed
with pooled RNA samples from nine stages after
flowering was subjected to pair-end sequencing on the
Illumina platform. These nine stages have covered the
cell division phase, the cell expansion phase and the
desiccation phase of seed development. A total of
83,890,994 raw reads were yielded. After filtration of
adaptor-containing and low-quality sequences,
80,212,402 clean reads consisting of 7,219,116,180
nucleotides were obtained. The average Q20 percent-
age and GC percentage of these clean reads were 99.20
and 44.77 %, respectively. These clean reads were
first assembled into 108,731 contigs with an average
length of 365 bp (Table S2). Then, the contigs were
subjected to pair-end joining and gap filling steps
which resulted in 60, 235 assembled sequences. These

assembled sequences were further processed by
sequence splicing, redundancy removal and similar-
ity-based clustering to yield 53,586 unigenes. These
unigenes ranged in length from 200 to 6401 bp, with
an average length of 787 bp and a total length of about
42.2 Mb (Table S2). Among them, there were 27,226
(50.81 %) unigenes more than 500 bp long (Fig. 1).
The sequencing depth for each unigene ranged from
0.38- to 517,623-fold, with an average of 130.7-fold
(Table S3).

Functional annotation and classification
of the unigenes

To assign putative functions to the unigenes in this
transcriptome, we conducted a sequence similarity
search against the public databases. A BLASTx of
53,586 unigenes with an E-value threshold of 1.0e—5
against the Nr protein database and the Swiss-Prot
protein database retrieved 39,602 (73.90 %) and
24,078 (44.93 %) matches, respectively. Only
54.77 % of the unigenes shorter than 500 bp had
significant BLAST hits in the Nr database. In contrast,
the proportion of unigenes with significant hits
increased sharply to 98.24 % for those with a size
over 1000 bp (Fig. S1). The longer unigenes were
more likely to have BLAST matches in the protein
databases. The E-value distribution revealed that over
60 % of the top hits in the Nr database showed strong
homology with the E-value <1.0e—45 (Fig. S2a).
Meanwhile, the identity distribution indicated that
nearly 60 % of the matched sequences had a similarity
higher than 80 % (Fig. S2b). Based on their BLAST
hits, another sequence clustering step was carried out
to identify unigenes probably representing isoforms or
different parts of the same gene. This step reduced the
total number of transcripts from 53,586 to 43,122,
which might be more close to the number of actual
unique genes.

In terms of species distribution, the top hits for
those annotated unigenes came from 208 species
(Table S4). The majority of unigenes were annotated
by protein accessions from plants (39,515 unigenes;
99.78 %), while the remaining less than one percent-
age of unigenes received annotations from algae (62
unigenes; 0.16 %) and fungi (25 unigenes; 0.06 %).
All the top three species with BLAST hits, i.e., Glycine
max, Medicago truncatula and Lotus corniculatus,
belonged to the Fabaceae family. There were also 70

@ Springer



75 Page 6 of 15

Mol Breeding (2016) 36:75

Fig. 1 Length distribution
of assembled unigenes
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unigenes with matched sequences from Pongamia
protein accessions, which had already been character-
ized by a handful of previous studies. Taken together,
more than 90 % of the annotated unigenes (36,601 out
of 39,602) had BLAST hits from legume species.
These results reflected that the sequences of the
Pongamia transcripts were properly assembled and
annotated in the current study.

To categorize the functions of the Pongamia
unigenes, GO assignments were performed following
their Nr annotations. Out of the 53,586 assembled
unigenes, 30,619 (57.14 %) were assigned at least one
GO term within 56 functional groups (Fig. 2). Among
these unigenes, 23,811 were assigned with terms from
the Biological Process category, 23,489 were assigned
with terms from the Molecular Function category,
24,052 were assigned with terms from the Cellular
Component category, and 16,196 unigenes had an
assignment in all three categories. The remaining
unigenes with Nr annotations failed to obtain a GO
term, largely due to their uninformative descriptions
(e.g., unknown or hypothetical proteins). In the
Biological Process category, the two most abundantly
represented groups were cellular process (19,276
unigenes) and metabolic process (18,895 unigenes).
The unigenes involved in response to stimulus (9207
unigenes) and biological regulation (7950 unigenes)
were also well represented. Within the Molecular
Function category, most of the unigenes were func-
tionally correlated with binding (15,464 unigenes) and
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catalytic activity (15,431 unigenes). As for the Cellu-
lar Component category, most of the unigenes pro-
duced gene products located in cell (22,576 unigenes)
and organelle (18,267 unigenes).

For further functional prediction and classification,
all the assembled unigenes were subjected to a search
against the COG database. In total, 13,147 of 53,586
(24.53 %) unigenes were assigned into 25 COG
categories (Fig. S3). The largest number of unigenes
were classified into the group of ‘General function
prediction only’ (4390 unigenes), followed by ‘Tran-
scription’ (2639 unigenes), ‘Replication, recombina-
tion and repair’ (2366 unigenes), ‘Posttranslational
modification, protein turnover, chaperones’ (1960
unigenes), ‘Signal transduction mechanisms’ (1833
unigenes) and ‘Translation, ribosomal structure and
biogenesis’ (1562 unigenes). The predominance of
unigenes in these functional categories is typical in
plants. Besides, a set of 1088 unigenes with putative
involvement in ‘Cell cycle control, cell division,
chromosome partitioning’ were also of particular
interest for further research on seed development.
On the other hand, only a few unigenes were classified
into ‘Nuclear structure’ and ‘Extracellular structures’
(21 and 7 unigenes, respectively).

Metabolic pathway assignment by KEGG analysis

To gain insights into the biological pathways activated
in Pongamia seed, we mapped all the assembled
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Fig. 2 Gene Ontology classifications of assembled unigenes

unigenes to the reference pathways in the KEGG
database. As a whole, 21,905 out of 53,586 (40.88 %)
unigenes were assigned to 128 pathways. The number of
unigenes in each pathway ranged from 1 to 4731
(Table S5). The categories of metabolic pathways (4731
unigenes), biosynthesis of secondary metabolites (2179
unigenes), plant hormone signal transduction (1219
unigenes) and plant—pathogen interaction (1169 unige-
nes) were well represented in this transcriptome. It was
worth noting that glycerophospholipid metabolism (691
unigenes) and ether lipid metabolism (538 unigenes)
were also among the ten most abundantly represented
pathways, which indicated that lipid metabolism was
particularly active in Pongamia seed tissues.

There were approximately 2100 unigenes partici-
pating in 14 cellular activities of lipid metabolism
(Fig. S4). Specifically, a set of 364 unigenes were
found to be homologous to previously identified genes
involved in five KEGG pathways that were most
closely related to oil accumulation. In most cases,
more than one unigene was annotated as encoding the
same enzyme. Such unigenes might represent different
regions of the same transcript or different members of
a gene family. Hence, there were 58 unigenes encod-
ing 13 enzymes in fatty acid biosynthesis, 36 unigenes
encoding 7 enzymes in fatty acid elongation, 57
unigenes encoding 11 enzymes in biosynthesis of
unsaturated fatty acids, 128 unigenes encoding 8

cellular_component

molecular_function

enzymes in fatty acid degradation and 145 unigenes
encoding 17 enzymes in glycerolipid metabolism.
Among them, 60 unigenes encoding nine enzymes
were shared by two different pathways. For example,
there were 11 unigenes coding for 3-oxoacyl-[acyl-
carrier-protein] reductase (fabG) that was involved in
both fatty acid biosynthesis and biosynthesis of
unsaturated fatty acids. We combined the pathways
of fatty acid biosynthesis, fatty acid elongation and
biosynthesis of unsaturated fatty acids into one
category and listed all the enzymes under three
categories (Table 1).

For these 364 unigenes, 329 (90.38 %) were
annotated with protein accessions from legume
species. Furthermore, 107 out of these 364 assembled
unigenes were predicted to contain the complete ORF.
From them, we selected nine unigenes to check the
quality of sequence assembly by cloning and sequenc-
ing the full-length cDNA with the Sanger method. The
sequencing results showed that all these nine assem-
bled unigenes had covered the complete ORF of the
corresponding genes (Table S6).

Identification and characterization of EST-SSR
markers

In order to develop SSR markers in Pongamia, we
screened all the 53,586 unigenes in this transcriptome

@ Springer
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Table 1 Enzymes related to oil accumulation and metabolism in Pongamia seeds

Pathway Symbol Full name of enzyme Unigenes
Fatty acid biosynthesis accC Acetyl-CoA carboxylase, biotin carboxylase subunit 16
ACOX Acyl-CoA oxidase 15
fabG 3-Oxoacyl-[acyl-carrier-protein] reductase 11
PPT Palmitoyl-protein thioesterase 11
KCS 3-Ketoacyl-CoA synthase 10
accB Acetyl-CoA carboxylase biotin carboxyl carrier protein 8
FAD2 Omega-6 fatty acid desaturase 7
FAD3 Omega-3 fatty acid desaturase 5
fabF 3-Oxoacyl-[acyl-carrier-protein] synthase II 5
ACOT Acyl-coenzyme A thioesterase 4
PAS2 Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 4
accD Acetyl-CoA carboxylase carboxyl transferase subunit beta 3
CER10 Very-long-chain enoyl-CoA reductase 3
fabH 3-Oxoacyl-[acyl-carrier-protein] synthase III 3
ACAA1 Acetyl-CoA acyltransferase 1 2
DESALl Acyl-[acyl-carrier-protein] desaturase 2
fabl Enoyl-[acyl-carrier-protein] reductase 1 2
fabZ 3-Hydroxyacyl-[acyl-carrier-protein] dehydratase 2
FADS Stearoyl-CoA desaturase 2
FatA Fatty acyl-ACP thioesterase A 2
FatB Fatty acyl-ACP thioesterase B 2
KCR1 Very-long-chain 3-oxoacyl-CoA reductase 2
MECR Mitochondrial trans-2-enoyl-CoA reductase 2
accA Acetyl-CoA carboxylase carboxyl transferase subunit alpha 1
fabD [Acyl-carrier-protein]S-malonyltransferase 1
Fatty acid degradation ADH Alcohol dehydrogenase 55
ACSL Long-chain acyl-CoA synthetase 26
ALDH Aldehyde dehydrogenase 17
ACOX Acyl-CoA oxidase 15
ACADM Acyl-CoA dehydrogenase 5
MFP2 3-Hydroxyacyl-CoA dehydrogenase 5
ATOB Acetyl-CoA C-acetyltransferase 3
ACAAL Acetyl-CoA acyltransferase 1 2
Glycerolipid metabolism DGK Diacylglycerol kinase (ATP dependent) 21
AKRI1 Aldehyde reductase 19
ALDH Aldehyde dehydrogenase 17
DGATI1 Diacylglycerol O-acyltransferase 1 15
GPAT Glycerol-3-phosphate acyltransferase 10
PDAT Phospholipid/diacylglycerol acyltransferase 9
LPAT 1-Acyl-sn-glycerol-3-phosphate acyltransferase 8
SDP1 TAG lipase 8
AGAL Alpha-galactosidase 7
PAH2 Phosphatidate phosphatase 6
SQD2 Sulfoquinovosyltransferase 5
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Table 1 continued

Pathway Symbol Full name of enzyme Unigenes
DAK Dihydroxyacetone kinase 4
GK Glycerol kinase 4
MGD 1,2-Diacylglycerol 3-beta-galactosyltransferase 4
GLYK D-Glycerate 3-kinase 3
SQD1 UDP-sulfoquinovose synthase 3
DGD Digalactosyldiacylglycerol synthase 2
Fig. 3 Frequency 0.35 4
distribution of SSRs based
on motif types 0.3 -
- 0.25 -
£
o 0.2+
fed
s
o 0.15 -
s
L
0.4
0.05
04
ANRAIIR SIS APL ITL S TIC A S I A B A NP LIS s S
(AR C AP @) AN X Y O AP 67 O &
A O AW V0N (O B P 07 07 O (P 07
Lo S A VN N g L L g C S Vg P
P&"P}P'S p.?‘P.O PO ?QGOO PC:
Motif

to mine EST-derived SSR motifs. In total, 5710
putative EST-SSRs were detected in 4951 unigenes,
including 4335 and 616 unigenes with one and more
than one SSR, respectively. 352 EST-SSRs were
present in compound formation. On average, one EST-
SSR could be found every 7.39 kb in the unigenes.
The major repeat types of the identified EST-SSRs
were dinucleotide (2715; 47.55 %) and trinucleotide
(2400; 42.03 %). Within these EST-SSRs, 177 motif
sequence types were identified, of which di-, tri-, tetra-
, penta- and hexa-nucleotide repeats had 4, 10, 16, 47
and 100 types, respectively. The most abundant motif
of dinucleotide repeat was AG/CT (1913; 33.50 %),
followed by AC/GT (495; 8.67 %) and AT/AT (302;
5.29 %). As for the trinucleotide repeats, AAG/CTT
(715; 12.52 %) was the most common motif, followed
by AAC/GTT (366; 6.41 %) and ATC/ATG (349;

6.11 %). The remaining 171 types of motifs accounted
for 27.50 % in total (Fig. 3). EST-SSRs with six
tandem repeats (1640; 28.72 %) were the most
frequently observed, followed by those with five
tandem repeats (1408; 24.66 %), seven tandem repeats
(985; 17.25 %) and eight tandem repeats (484;
8.48 %) (Table S7). Approximately 85 % of the
identified EST-SSRs were 12-20 bp in length, while
there were only 19 EST-SSRs longer than 24 bp.

Validation and polymorphism of EST-SSR
markers

Among the 5710 putative EST-SSRs, 1071 had
sufficient flanking sequence to allow for PCR primer
design, which mostly contained dinucleotide (326;
30.44 %) and trinucleotide (621; 57.98 %) motifs.
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From these candidates, 100 primer pairs were ran-
domly chosen and synthesized for a preliminary
polymorphism assay across 12 Pongamia individuals
from natural populations in South China (Table S8).
Eighty-two of the 100 primer pairs successfully
amplified fragments, while 18 did not yield amplified
products under different reaction conditions. Among
the 82 working primer pairs, 13 generated multiple
bands and 16 resulted in weak amplifications or bands
with unexpected size. The remaining 53 primer pairs
could produce distinct bands with expected size. Only
17 microsatellite loci, covering di-, tri-, tetra-, penta-
and hexa-nucleotide repeat motifs, showed polymor-
phic allelic patterns among 12 individuals (Table 2).
For these 17 polymorphic loci, the number of different
alleles ranged from 2 to 4 with an average of 2.47
alleles per locus, the H, values varied from 0 to 1.00
with an average of 0.40, and the H,, values varied from
0.16 to 0.67 with an average of 0.38. Besides, the
Shannon’s information index for these loci ranged
from 0.29 to 1.14 with an average of 0.61, while the
PIC values ranged from 0.14 to 0.57 with an average of
0.31. Out of these 17 loci, 15 were located in unigenes
with BLAST hits in the Nr database, including seven
loci in the 5"UTR, four loci in the CDS region and four
loci in the 3'UTR. Three of these polymorphic loci
(MPM4, MPM10 and MPM73) were located in
unigenes encoding enzymes in relation to fatty acid
and glycerolipid metabolism.

Discussion

Pongamia is an adaptable legume crop whose seed oil
has been recognized as a desirable source for sustain-
able biodiesel production (Karmee and Chadha 2005;
Scott et al. 2008). Despite the interest in this crop, little
is known on the molecular biology of Pongamia. For
such a woody tree species with around 1300 Mb per
haploid genome (Choudhury et al. 2014), it is still
difficult to perform the whole genome sequencing.
Alternatively, the NGS-based transcriptome sequenc-
ing provides a quick and cost-effective approach for
generating a wealth of molecular data. In this study,
we made use of the pooled RNA samples from various
developmental stages to exploit the transcriptomic
sequence resource of Pongamia seed.

Transcriptome sequencing and de novo assembly
resulted in 53,586 Pongamia unigenes with a mean
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length of 787 bp. Compared with the results from
other legume species generated by the Illumina
sequencing platform, the mean length of unigenes
for Pongamia was longer than those for chickpea
(523 bp) (Garg et al. 2011), peanut (619 bp) (Zhang
et al. 2012), common bean (777 bp) (Wu et al. 2014)
and black gram (443 bp) (Souframanien and Reddy
2015), but shorter than those for alfalfa (803 bp) (Liu
etal. 2013), adzuki bean (1213 bp) (Chen et al. 2015a)
and mung bean (874 bp) (Chen et al. 2015b). More-
over, the average sequencing depth of all unigenes was
up to 130.7-fold. Both the mean length and the
sequencing depth of unigenes in this transcriptome
showed significant enhancements relative to those in
the transcriptome constructed from leaf and root
tissues as reported in our previous study (Huang
et al. 2012).

For gene annotation, the sequence similarity search
was performed against the public databases including
Nr, Swiss-Prot, GO, COG and KEGG. In total, 42,932
unigenes (80.11 %) had at least one hit in these
databases. The percentage of annotated unigenes in
this transcriptome was also much higher than that in
the transcriptome of leaf and root tissues, largely
owing to the general increase in sequence length and
the explosive growth of sequence information in the
above databases. With regard to Nr annotation, it was
not surprising that more than 90 % of the annotated
unigenes matched protein accessions from legume
species, especially from the three legumes with the
earliest complete genome sequences, i.e., G. max, M.
truncatula and L. corniculatus (Sato et al. 2008;
Schmutz et al. 2010; Young et al. 2011). More
specifically, the number of unigenes with hits from
soybean (31,249) was far more than that from M.
truncatula (3715) or L. corniculatus (914). This
observation could most possibly be explained by a
closer phylogenetic relationship between Pongamia
and soybean, both of which belonged to the Millet-
tioids within the subfamily Papilionoideae, in com-
parison with M. truncatula and L. corniculatus that
belonged to the Hologalegina (Wojciechowski et al.
2004).

KEGG analysis revealed that 21,905 unigenes were
involved in 128 pathways. Similar to other plant
transcriptomes, metabolic pathways, biosynthesis of
secondary metabolites, plant hormone signal trans-
duction and plant—pathogen interaction were well
represented in this transcriptome. Notably, there were
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Table 2 Polymorphism information of 17 polymorphic EST-SSR markers in Pongamia

Locus ID  Primer sequence Repeat motif  Size range (bp) N, H. H, PIC I Locus
location

MPM4 CTGTTATTGTTGGGGATGATTGT (GCT)s 140-146 3 030 0.00 027 057 CDS
TGCAGCAACATCAGTAAGAGAAA

MPM6 TTGCCAGCACTAGAGTTGTGTTA (ATA)g 137-143 2 046 0.67 035 0.64 CDS
TCACCTGGACTAGAGATTTTCCA

MPM9 CGGTGTCATTTCTGATCTCATTT (TGCAAT), 111-123 2 025 027 021 040 5UTR
AAGAAGCAATGGAGGAAGCTACT

MPM10 CGAAGGAGTGAAGAAACCAGAT (ACA); 80-98 2 031 0.18 025 047 5UTR
CGAAGGTGTTCCACACATACTTT

MPMI11  CTCATCAAACAGTAGCACCAAAA (TA)qo 147-153 3 045 027 039 0.77 3'UTR
TCTCTGCTCATTAAGCATCCAAT

MPM12  CTTCTTCTTTGCACTGCTTTTTC (TC)g 144-156 3 042 025 037 0.74 NA
TAATAGTGGTCCAAACCCTTGAA

MPM15 TTGGTGATCTATGCACATATAATTT (TATT)s 159-163 2 051 083 037 0.68 3'UTR
CTTCCTCCCACTCTCTCATCTCT

MPM46  AACAACAGTGGAAGCAGACTCTC (AGA)q 98-107 3 056 1.00 043 0.84 CDS
TCGAAGTTTGCATCTTTTCTTTC

MPM50  ACCTGAAGGTCTTTACCTCCATC (CA), 144-150 2 052 075 037 0.69 5'UTR
GGAAGCAAAGTAGGTGAAGGTTT

MPM51  CTGACACAGCCTCTTCTTCATTT (GAATT), 144-154 3 047 042 040 0.78 5UTR
ACCAAACTCCATTCTTCAATCAA

MPM61  TTCTTCAACCCATCAACAACAGT (GA)o 123-133 2 025 027 021 040 5'UTR
CAGAGACCCATGTGAAGAAGAAA

MPM68  TTCTTGAAGTTGAATCGAATCGT (GA)o 148-156 4 067 1.00 057 1.14 5UTR
CGTCATCTTTTCCCTATCAACAC

MPM69  TGCTAGCGCATTTAGTTGTTCTT (AG);o 98-104 2 016 0.17 0.14 0.29 3'UTR
ACCCGATCCAACTACTATGACCT

MPM71 ATCTACGCATAAACGAACGAGAA (AGA)g 185-197 2 0.16 0.17 0.14 029 NA
CGTCAACATCATCACCATGTAGT

MPM72  GAGTCGTAAGGAAAGAAGGAAGG (GA); 133-135 2 023 025 0.19 038 5UTR
TGCTCAATTTGAAGGATGAAAAT

MPM73  TGAGGCATTGAACGTCAAGTAGT (TG)o 144-154 2 029 033 024 045 3'UTR
CAACTTACATGTTAAGCACGCAT

MPM81  TAACGTCCTGAGAGGGTTAACAG (CD)yo 124-142 3 051 0.00 042 0.82 CDS

ATTGAGATTGGAAATAATTGGGG

N,, number of alleles; H. and H,, expected and observed heterozygosity; PIC, polymorphic information content; /, Shannon’s
information index; NA, not available

nearly 2100 unigenes (9.6 %) belonging to 14 cellular
activities under the category of lipid metabolism. This
percentage was much higher than that in the tran-
scriptome of leaf and root tissues (6.8 %) (Huang et al.
2012), suggesting that lipid metabolism was more

active in the oil-bearing seed than in other tissues of
Pongamia. Similarly, the unigenes involved in lipid
metabolism were abundant in the seed transcriptome
of peanut (Yin et al. 2013). Nevertheless, lipid
metabolism was not well represented by unigenes in
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the seed transcriptome of black gram, another legume
species not rich in seed oil (Souframanien and Reddy
2015).

Based on KEGG assignments, we further singled
out 364 unigenes within five pathways associated with
fatty acid and glycerolipid metabolism. These unige-
nes have covered all essential enzymes responsible for
oil biosynthesis and accumulation according to the
lipid gene catalog of Arabidopsis (Beisson et al. 2003).
The oil biosynthesis was proposed to be limited by the
supply of fatty acids (Bao and Ohlrogge 1999), and the
most committed step in fatty acid biosynthesis was
catalyzed by acetyl-CoA carboxylase (ACC). Reduc-
ing ACC activity could to some extent lower the fatty
acid content in transgenic seeds (Thelen and Ohlrogge
2002). In this study, 28 unigenes were found to code
for all the four ACC subunits, among which accC was
matched by the largest number of unigenes. Compar-
atively, the transcripts encoding accD were absent in
the seed transcriptome of peanut (Yin et al. 2013),
while the transcripts encoding accB were most abun-
dant in the seed transcriptome of Jatropha (King et al.
2011). Oleoyl desaturase (FAD2) and linoleate desat-
urase (FAD3) were two key enzymes controlling the
conversion of oleic acid to polyunsaturated fatty acids.
Combinations of mutant FAD2 and FAD3 genes could
produce high oleic acid and low linolenic acid soybean
oil (Pham et al. 2012). In this transcriptome, seven and
five unigenes were found to code for FAD2 and FAD3,
respectively. Diacylglycerol acyltransferase (DGAT)
played a vital role in the formation of triacylglycerol
(TAG). Previous studies showed that ectopic expres-
sion of DGAT could enhance seed oil content in
Arabidopsis (Jako et al. 2001) and soybean (Lardiz-
abal et al. 2008). Although the lack of DGAT
transcripts was observed in the developing seeds of
castor bean (Lu et al. 2007) and Jatropha (King et al.
2011), unigenes coding for DGAT were well repre-
sented in Pongamia seeds. Taken together, the above
examples suggested that the seed transcriptome of
Pongamia would provide substantial candidate genes
for further functional studies aiming at improving oil
content and composition in plants.

Molecular markers have been widely and effec-
tively applied in plants for genetic diversity and
association analysis. Prior to this study, the genotyping
of Pongamia germplasm has been restricted to ISSR,
RAPD and AFLP markers (Kesari et al. 2010; Sahoo
et al. 2010; Sujatha et al. 2010; Thudi et al. 2010;
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Kesari and Rangan 2011; Sharma et al. 2011; Jiang
et al. 2012; Pavithra et al. 2014). No codominant SSR
markers have been developed for this outcrossing
species. In the present study, 5710 putative EST-SSRs
were identified from the transcriptome dataset. The
distribution density of one SSR per 7.39 kb was higher
than those reported for alfalfa (1/12.06 kb) (Liu et al.
2013) and black gram (1/11.90 kb) (Souframanien and
Reddy 2015), but was lower than those in chickpea (1/
5.80 kb) (Garg et al. 2011) and common bean (1/
4.70 kb) (Wu et al. 2014). Though the transcriptomes
of these legume species were all generated by Illumina
sequencing, the differences in SSR abundance might
still be caused by inconsistency in genome structure or
composition, dataset size, search method and criteria.
Likewise, the dominant repeat type and motif type of
EST-SSRs also varied among these legume
transcriptomes.

To assess the quality of the newly developed EST-
SSR markers, 100 primer pairs were randomly chosen
for amplification. Eighty-two of them successfully
yielded amplicons from the target genomic DNA.
Such high rate of successful amplification (82 %)
again proved that the majority of unigenes were
accurately assembled. The failure of the remaining
primer pairs to generate amplicons might mainly be
attributed to the long introns preventing genomic
amplification or the location of primers across splice
sites. For those EST-SSR markers with amplified
products, only 17 exhibited polymorphism among 12
Pongamia germplasms. The polymorphic ratio of
these markers was relatively low, yet it was still
comparable to the ratios for some EST-SSR markers
and genomic-SSR markers in legumes (Liu et al. 2013;
Chen et al. 2015a; Wang et al. 2015). Besides, the
polymorphic ratio of SSR markers might also enhance
with the number of germplasms tested. The PIC values
for these 17 EST-SSR markers were generally higher
than those for AFLP markers (Thudi et al. 2010;
Pavithra et al. 2014), but lower than those for RAPD
and ISSR markers applied in Pongamia (Kesari et al.
2010; Kesari and Rangan 2011). Most of the 17
polymorphic EST-SSRs were located in 5UTR or
3'UTR. Interestingly, three polymorphic EST-SSRs
were located in those among the set of 364 unigenes
related to oil accumulation. MPM4 was located in
unigene encoding dihydroxyacetone kinase (DAK) for
glycerolipid metabolism, while MPM10 and MPM73
were in unigenes encoding 3-oxoacyl-ACP synthase
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(fabH) and 3-oxoacyl-ACP reductase (fabG) for fatty
acid biosynthesis, respectively. Previously, two stud-
ies have demonstrated that SSRs in FAD2 or FADS
gene could contribute to variations in oleic acid or
stearic acid content in soybean (Spencer et al. 2003;
Bachlava et al. 2008). In this sense, the EST-SSR
markers validated in this transcriptome would provide
useful targets for seed oil quantitative trait loci (QTL)
mapping and association analysis.

In summary, we employed the Illumina sequencing
platform to generate a seed transcriptome of Pongamia
with a large number of unigenes. A high proportion of
unigenes were annotated by similarity search against
the commonly used public databases. The annotated
unigenes offered enough coverage to allow for the
discovery of almost all genes involved in the pathways
related to oil biosynthesis and accumulation. In
addition, we identified an abundance of SSR markers
from the transcriptome dataset, which were tightly
linked with functional genes and held tremendous
potential for future genetic research and molecular
breeding of Pongamia germplasm.
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