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Abstract The large number of expressed sequence tags
(ESTs) now available has facilitated the development of
molecular markers in many plant species. In the present
study, primer pairs amplifying 133 ESTs containing simple
sequence repeats (EST-SSR) and 112 intron-length poly-
morphism (ILP) markers were designed from Jatropha
unigenes and unique transcripts from cassava, respectively.
Of the primers designed, 71 and 57 were polymorphic for
EST-SSR and ILP markers, respectively, in 59 Jatropha
accessions. A similar average polymorphism information
content (PIC) was observed for each marker system (0.37
for EST-SSR and 0.35 for ILP), suggesting that the two
marker systems were similarly effective in determining
polymorphisms in Jatropha. A comparison of PCR
amplification ability between the two types of markers and
cross species transferability indicated that ILP markers, for
which a large proportion (68.6 %) of both primers was
found in the coding sequence, were significantly more
transferable in J. gossypifolia, cassava, rubber tree, and
castor bean than EST-SSR markers, for which most
(789 %) of one or both primers were located in the
untranslated regions. This may be attributed to sequence
conservation at the primer binding sites in the protein
coding region. A comparison between two dendrograms
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constructed on the basis of EST-SSRs and ILPs revealed
that discrimination of same-species alleles by EST-SSRs is
clearer than that by ILPs, while ILPs seem to be more
reliable for identification between species. The EST-
derived markers developed in the present study should be
useful for genetic diversity and comparative mapping
across species in Euphorbiaceae.
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Introduction

Jatropha curcas, a member of the euphorbia family, is a
promising biofuel crop, which may emerge as a major
alternative to Diesel. Breeding of high yielding J. curcas
has therefore become a focus of attention within the
research community. The success of these programs lies in
the identification of genetically divergent material and
development of genetically superior stocks. Therefore,
information on the number of introductions and the genetic
diversity of J. curcas populations is critical to increasing
the efficiency of J. curcas improvement programs.

The recent rapid increase in the number of expressed
sequence tag (EST) sequences in the public database means
that the development of EST-containing simple sequence
repeats (EST-SSRs) is an attractive option for the devel-
opment of SSR markers. EST-SSRs have some advantages
over genomic SSRs. Since these markers are derived from
expressed genes, they are more conserved and have a better
potential for applications used for identifying conserved
genomic regions among species and genera, comparative
genomics, and evolutionary studies (Thiel et al. 2003;
Eujayl et al. 2004; Ukoskit et al. 2012). Because of the
above advantages, SSR markers have been developed from
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ESTs in various crops such as sugarcane (Ukoskit et al.
2012), Medicago truncatula (Eujayl et al. 2004), barley
(Thiel et al. 2003), rubber (Li et al. 2012), cotton (Han
et al. 2006), and Capsicum (Ince et al. 2010), and J. curcas
(Kumar et al. 2011; Wen et al. 2010).

Introns are noncoding sequences that are widespread
and abundant in eukaryotic genomes. Compared with
exons, introns are more variable because selective pressure
in intronic regions is much less strong than that in exonic
regions (Choi et al. 2004). Various types of polymorphisms
are seen in introns. For example, among eight varieties of
rice, the average number of single nucleotide polymor-
phisms (SNPs) per 1,000 bp in introns is over three times
higher than that in exons (Feltus et al. 2006). Among the
different types of polymorphism, length polymorphism is
the most sensitive type of variation in introns. Intron length
polymorphism (ILP) is a codominant marker, which is
conveniently detected by polymerase chain reaction (PCR),
and is relatively easy to interpret and record. ILPs are
comparable between different species (Feltus et al. 2006;
Wang et al. 2006) because the exon—intron structures of
genes are highly conserved across species, and often across
higher taxonomic ranks (Rogozin et al. 2003; Roy and
Gilbert 2005). A general method for identifying introns is
to compare cDNA/EST sequences with the genomic
sequences encoding them. Primers can be designed on
adjacent exon regions to prime amplification across the
intron by so-called exon-primed intron-crossing (EPIC)
markers (Bierne et al. 2000). ILP has been exploited as a
molecular marker in various plant species including rice
(Wang et al. 2006; Ming et al. 2010), conifers (Chen et al.
2010), ryegrass (Tamura et al. 2009), Rhododendron (Wei
et al. 2005), and rubber (Li et al. 2012).

With the recent progress made in large-scale plant
functional genome sequencing projects, a substantial
amount of EST and genomic sequence data are becoming
available. Among the Euphorbiaceae, Manihot esculenta
(cassava) has the largest database of EST and genomic
sequences, and this information has shown a considerable
degree of transferability to J. curcas (Wen et al. 2010).
This transferability should facilitate the development of
ILP markers in J. curcas, with primers designed in exons
flanking the target intron, based on M. esculenta sequence
data. In the present study, EST-SSRs were developed by
mining SSR data from J. curcas EST sequences, and ILPs
were developed by comparing EST sequences with the
genomic sequence of M. esculenta. EST-SSR and ILP
markers were compared for amplification and allelic vari-
ation among J. curcas accessions collected from different
geographic regions in Thailand and from those introduced
from other countries. Cross-species/genera transferability
of the two marker types was examined among four species
of the Euphorbiaceae family: J. gossypifolia, M. esculenta,
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Hevea brasiliensis (rubber tree), and Ricinus communis
(castor bean). Cross-species/genera transferable markers
will be valuable for comparative genome studies among
these five species. These two sets of markers will not only
increase the number of available markers in J. curcas, but
also in M. esculenta, H. brasiliensis, and R. communis,
serving to reduce the cost and time needed for marker
development in at least four genera of this family.

Materials and methods
Plant materials

J. curcas germplasm was used for comparison of amplifi-
cation and allelic variation determined by EST-SSRs and
ILPs comprising 59 accessions, which included 42 acces-
sions collected from four different geographic regions of
Thailand (15, 6, 17, and 4 accessions from Northern,
Northeastern, Central, and Southern Thailand, respec-
tively), and 17 accessions from eight countries representing
a wide geographic distribution (one accession each from
Vietnam, Laos, Sri Lanka, and Senegal, two accessions
each from USA and Mexico, three accessions from India,
and six accessions from Myanmar). The transferability of
EST-SSR and ILP markers for cross-species analysis
within Euphorbiaceae was evaluated using one accession
of J. gossypifolia and two accessions each of M. esculenta,
H. brasiliensis, and R. communis. To assess phylogenetic
relationships, five accessions of J. curcas representing
three accessions from Asia (Thailand, Laos, and India) and
one accession each from Mexico and Senegal were inclu-
ded in the analysis, in addition to the four species of Eu-
phorbiaceae used in the transferability study. Leaf material
from one individual per accession was collected and DNA
was extracted following the cetyltrimethylammonium
bromide (CTAB) method described by Gawel and Jarret
(1991).

Development of EST-SSR markers

A total of 6,996 PlantGDB-assembled Unique Transcript
(PUT) sequences from J. curcas were collected from
Jatropha_curcas/175a assembly results (assembled by
PlantGDB; http://www.plantgdb.org/), and screened for
mono- to hexamicrosatellite repeats containing more than
20 nucleotides using Websat (Martins et al. 2009). Orf-
Predictor (Min et al. 2005) was used to predict the most
probable untranslated region (5’-UTR), the protein-coding
region (open reading frame; ORF), and the 3'-UTR. Pri-
mer3 software (Rozen and Skaletsky 2000) was used to
design the primers to amplify the selected EST-SSRs based
on the following parameters: primer length from 18 to
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25 bp with 21 bp as the optimum; PCR product size from
100 to 400 bp; optimum annealing temperature of 59 °C;
and GC content between 45 and 65 %, with 50 % as the
optimum. PCR amplifications were carried out in 20-uL
reaction volumes containing 1x Buffer, 3.0 mM MgCl,,
400 uM dNTPs, 0.4 uM of each primer, 5 U Tag DNA
polymerase, and 50 ng DNA template, and were performed
in an MJ Thermal Cycler at 94 °C for 5 min, followed by
35 cycles of 30s at 94 °C, 30 s at the appropriate
annealing temperature (50-57 °C) for each primer pair, and
1 min at 72 °C, with a final extension of 7 min at 72 °C.
PCR products were run on 6 % denaturing polyacrylamide
gels and silver-stained as described by Benbouza et al.
(2006).

Development of ILP markers

The genome sequence data for cassava were downloaded
from Phytozome V5.0 (http://www.phytozome.net/). A
total of 30,401 PUT sequences from cassava were down-
loaded from PlantGDB (http://www.plantgdb.org). Cassava
was chosen for the study because it is phylogenetically
closely related to J. curcas, and at the time of this study
had the largest number of assembled EST sequences and
was the most intensively studied species within Euphor-
biaceae. The prediction of intron lengths and the positions
and the design of ILP primers were performed following
the method of Yang et al. (2007). The procedure was as
follows: the coding sequences of cassava were aligned with
their corresponding genome sequences using GeneSeqer
(Brendel et al. 2004) to acquire information on intron
positions and lengths in this species. A pair of specific
primers flanking each of the predicted intron positions was
designed using the Primer3 program. Since large intron
fragments can be scored inaccurately for small differences
in fragment size, only introns smaller than 1,000 bp were
selected for primer synthesis and evaluation of length
polymorphism. Amplification by PCR was performed in a
20-pl reaction mixture containing 50 ng template DNA,
1 x PCR buffer (20 mM Tris pH 9.0, 100 mM KClI,
3.0 mM MgCl2), 400 uM of each of the four dNTPs,
0.4 uM of each of the forward and reverse primers, and one
unit of Taq DNA polymerase. The following PCR condi-
tions were used: 94 °C for 1 min, followed by 35 cycles of
94 °C for 30 s, the appropriate annealing temperature
(45-57 °C) for each primer pair for 30 s, 72 °C for 1 min,
and 5 min at 72 °C for the final extension. PCR products
were separated on a 2 % agarose gel, or 6 % on denaturing
polyacrylamide gels and silver-stained as described by
Benbouza et al. (2006). The PCR products, amplified from
a highly polymorphic marker, were purified using QIA-
quick spin columns (QIAGEN USA, CA, USA) and
directly sequenced from both directions using the dideoxy

method to confirm that they originated from the target
genes. The obtained genomic sequences were aligned with
the corresponding cassava EST sequences using Clustal W
(Larkin et al. 2007) to assess the PCR amplification spec-
ificity and determine the exon/intron structure.

Data analysis

The genotypic profiles generated by each set of markers
were used to determine the genetic diversity parameters
using PowerMarker (Liu and Muse 2004). Two matrices,
one for each type of marker data set, were generated.
Various parameters were calculated, including the number
of genotypes (NG), the number of alleles (NA), gene
diversity (GD), heterozygosity (H), and polymorphism
information content (PIC). Pairwise genetic distances
between accessions were calculated based on similarity
coefficients following Nei and Li (1979). The resulting
similarity matrices for each marker system were used to
construct dendrograms using the Unweighted Pair Group
Method with Arithmetic Averages (UPGMA). Comparison
between EST-SSR and ILP data was performed by calcu-
lating the correlation between the two data sets using the
mantel test with 1,000 permutations. All procedures were
performed using the computer package, NTSYS-PC 1.8
(Rohlf 1998).

Results
Type and frequency of EST-SSRs

In the present study, 6,996 non-redundant sequences were
searched for ESTs containing SSR motifs. A search using
the default parameters of the Websat program for ESTs
found 203 ESTs containing repeat motifs accounting for
approximately 2.9 % of the total sequences searched. As a
result, 251 SSR motifs were obtained. Analysis of SSR
motifs revealed that mononucleotide motifs (79) were the
most abundant type of SSRs, followed by tri- (66), and an
equal number of hexa- and dinucleotide motifs (47 each)
(Fig. 1). The tetra- and pentanucleotide motif sequences
were much rarer (4 and 8, respectively). For the dinucle-
otide motif sequences, the TC motif was the most common
(13) followed by CT (12) and AT (8) motifs, whereas the
AC motif was the least common (1). Among the trinu-
cleotide motif sequences, the CAG motif was the most
common (7) followed by ATT (6). Of all of the EST-SSRs
identified, 133 loci, accounting for 175 SSR motifs, had
long enough flanking sequences for primer design and were
selected for further study. Primer pairs for this complete set
of EST-SSRs were compared for redundancy with those
from other EST-SSR data mining research (Wen et al.
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2010) and are shown in Supplementary Table 1. The SSRs
comprised 57, 40, 49, 4, 7, and 18 mono-, di-, tri-, tetra-,
penta-, and hexanucleotide motifs, respectively.

ExPASy was used to compare the distribution of the 133
EST-SSR markers in putative genic regions to determine
whether the priming sites and repeat motifs were located in
protein-coding sequences or in UTRs. Of the 133 markers,
28 had both of the primer sites (and thus the associated
repeat motifs) located within coding sequence, whereas
both primers (along with the associated repeat motifs) were
located in a presumed UTR in nine of the markers
(Table 1). The remaining 96 markers had one primer in a
coding sequence and one primer in a UTR sequence. The
SSRs themselves were located in a coding sequence in 97
markers and in an UTR in 36 markers; more frequently in
the 5 UTRs than in the 3’ UTRs (Larkin et al. 2007). Of the
total SSR motifs, trinucleotide motifs (36.4 %) represented
the most common type of motif in exons.

Introns predicted in J. curcas

The program GeneSeqer was used to align each PUT
sequence with the genomic sequence of cassava to examine
gene structure (number of introns and positions of splice
sites) and putative ILPs. By aligning 17,021,699 bp of
30,401 PUT sequences from cassava with 386,403 bp of
cassava genomic sequence, 99 PUTs were mapped to the
cassava genome. Of these, 153 introns and 262 exons were
identified, averaging 2.5 exons per PUT. The length of
candidate ILP markers on the genomic sequences ranged
from 47 to 9,369 bp, with an average of 614 bp. The dis-
tribution of intron lengths is shown in Fig. 2. Of the total
predicted introns, 133 had long enough flanking exon
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Fig. 1 Frequency of repeat motif types, number of selected SSR
motifs with long enough flanking sequences for primer design, and
number of discarded SSR motifs
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Table 1 Distribution of the priming sites for 133 EST-SSR and 112
ILP markers in putative genic regions

Forverse primer Reverse primer Number
EST-SSR ILP

5 UTR 5" UTR 8 0
5" UTR Coding sequence 18 0
5" UTR Coding sequence 44 23
Coding sequence Coding sequence 28 77
Coding sequence 3’ UTR 25 12
Coding sequence 3’ UTR 9 0
3’ UTR 3’ UTR 1 0

sequences to successfully design ILP primers. Since large
intron fragments can be scored inaccurately on the basis of
small differences in fragment size, only introns smaller
than 1,000 bp were selected for primer synthesis and for
evaluation of length polymorphism. Of 133 designed ILP
primers, 112 were synthesized and used to perform PCR on
the genomic DNA of 59 J. curcas accessions. The char-
acteristics of all of the ILP primer pairs are shown in
Supplementary Table 2. For 77 markers, the priming sites
of both primers appeared to be located within coding
sequence, while the remaining 35 markers had one primer
each in coding and UTR sequence (Table 1).

In the present study, J. curcas ILP primers were
designed according to the exon/intron junction site infor-
mation obtained by aligning cassava ESTs with the corre-
sponding genomic sequences. To test the specificity of the
genomic PCR in this study, the PCR products generated by
the highest polymorphic primer (IF7; PIC = 0.58), which
amplified three variant alleles, were sequenced. Sequenc-
ing of the selected genomic PCR bands indicated precise
sizes of 425, 543, and 581 bp (Fig. 3). The gel-based size
estimation of the PCR bands was comparable with that
derived from sequencing analysis (data not shown).
Sequence alignments showed that priming sites were con-
served, and revealed the presence of variable-size indels
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Fig. 2 Distribution of lengths (bp) for the 153 introns identified
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Table 2 Percentage rates of PCR amplification for 133 EST-SSR and
112 ILP primers as determined from 59 J. curcas accessions

EST-SSR ILP
PCR success rate 97.7 67.0
PCR failure rate 23 33.0
Scorable PCR product 60.9 63.4
Multiple band PCR product 36.8 3.6
Polymorphism rate 53.4 50.9

and several point mutations in the intron. This result con-
firmed that the ESTs were indeed derived from the
amplified genomic sequences, and that the PCR specificity
was satisfactory.

Amplification of EST-SSRs and ILPs

All 133 EST-SSR primer pairs were determined using
genomic DNA from 59 J. curcas accessions to assess their
amplification and polymorphism in different J. curcas
genotypes. Amplification of expected-size, scorable PCR
products (one or two clear bands) was observed with
60.9 % (81/133) of these primer pairs (Table 2). Of these
primer pairs, 2.3 % (3/133) did not amplify any bands, and
36.8 % (49/133) yielded multiple-band PCR products;
these were discarded and not considered in further analy-
ses. Of the primers pairs tested, 53.4 % (71/133) identified
polymorphism among all of the J. curcas accessions
examined.

Of the 112 ILP primer pairs tested, 63.4 % (71/112)
showed scorable PCR products, with clear electrophoretic
bands (Table 2). A higher PCR failure rate for ILP,
(15.2 %; 17/112) compared with EST-SSR (2.3 %), was
observed. This was because the ILP primers were designed
indirectly from M. esculenta sequences. Of the total
primers tested, 3.6 % (4/112) generated multiple bands.
Since multiple-copy sequences are not desirable for use as
molecular markers, these primer pairs were discarded. Of
the primer pairs tested, 50.9 % (57/112) showed poly-
morphism within 59 J. curcas accessions. The estimated
intron length determined from the 71 primer pairs varied
from 153 to 481 bp, with an average of 284 bp. Most
(88.73 %) of the introns were shorter than 400 bp.

Allelic variation of EST-SSRs and ILPs

To make comparisons between the levels of polymorphism
detected by each marker system, both sets of data were
analyzed as genotypes. A total of 238 alleles corresponding
to 243 genotypes were identified by 71 polymorphic EST-
SSR markers (Table 3) generated from 59 J. curcas
accessions. The number of alleles and genotypes ranged
from 2 to 6 and 2 to 5, with an average of 3.01 + 1.01 and

3.08 & 0.94, respectively. PIC values revealed low to
medium allelic variation with values ranging from 0.04 to
0.54, averaging 0.37 &+ 0.08. The gene diversity ranged
from 0.04 to 0.61 with an average of 0.47 £ 0.01. For the
ILP markers, a total of 152 alleles corresponding to 164
genotypes were generated by 57 polymorphic ILP markers
(Table 3) among 59 J. curcas accessions. The number of
alleles and genotypes varied from 2 to 5 and 2 to 7, with an
average of 2.67 £ 0.81 and 2.88 £ 1.05, respectively. The
PIC values varied from 0.06 to 0.58, with an average of
0.35 £ 0.10. The gene diversity varied from 0.07 to 0.65,
with an average of 0.44 + 0.14. Although more EST-SSR
primers generated alleles than ILP primers, a similar level
of allelic variation of ILP and EST-SSR markers was
observed.

Cross-species/genera transferability of EST-SSRs
and ILPs

The 81 EST-SSR and 71 ILP primers amplifying J. curcas
genomic DNA with scorable PCR products were assessed
for cross-species/genera transferability. The amplification
frequency across J. gossypifolia, M. esculenta, H. brasili-
ensis, and R. communis revealed that 76.5 (62/81), 54.3
(44/81), 49.4 (40/81), and 25.9 % (21/81) of EST-SSR
primers could amplify DNA with scorable PCR product in
each of the four species, respectively, with an average of
51.5 % (Table 4). While 63.4 % (45/71) of ILP primers
tested gave scorable amplifications in J. gossypifolia, they
yielded 95.8 % (68/71) in M. esculenta, 93.0 % (66/71) in
H. brasiliensis, and 69.0 % (49/71) in R. communis, with
an average of 80.3 %. Of all the EST-SSR markers tested,
12.3 (10/81), 12.3 (10/81), 6.2 (5/81), and 46.9 % (38/81)
failed to amplify genomic DNA from J. gossypifolia, M.
esculenta, H. brasiliensis, and R. communis, respectively,
with an average of 19.4 %. Of the ILP primers, 31.0 %
(22/71) failed to yield any PCR products in J. gossypifolia,
2.8 % (2/71) in M. esculenta, 4.2 % (3/71) in H. brasili-
ensis, and 14.1 % (10/71) in R. communis, with an average
of 13.0 %. Approximately 11.1 (9/81), 33.3 (27/81), 44.4
(36/81), and 27.2 % (22/81) of EST-SSR primers produced
multiple-band PCR products in J. gossypifolia, M. escu-
lenta, H. brasiliensis, and R. communis, respectively, with
an average of 29.0 %. For the ILP markers, multiple-band
PCR products were observed in 5.6 % (4/71) of J. gos-
sypifolia sequences, 1.4 % (1/71) of M. esculenta
sequences, 2.8 % (2/71) of H. brasiliensis sequences, and
16.9 % (12/71) of R. communis sequences, with an average
of 6.7 %. Compared with EST-SSR primers, a higher
average percentage of ILP primers successfully amplified
products, while a lower average percentage of those
primers failed to yield amplification products, in cross-
species/genera within Euphorbiaceae. This reflects the
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Fig. 3 Clustal W sequence alignment of the ILP alleles amplified
using IF7 marker (PIC = 0.576) compared with the reference
genomic and EST sequences from cassava. Primer sequences are

more conserved nature of the ILP primer sequences com-
pared with those of the EST-SSR primers.

Assessment of genetic relationships based on EST-SSR
and ILP markers

Cluster analysis was performed based on Nei and Li (1979)
similarity coefficient matrices, which were calculated
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based on scorable PCR products from 81 EST-SSR and 71
ILP markers to generate two separate phylogenetic trees of
five species in Euphorbiaceae. Five accessions of J. curcas,
representing a wide geographic distribution, were included
in the analysis to compare the classifications based on EST-
SSR and ILP markers both within and between J. curcas
species. The similarity coefficient values based on EST-
SSR markers ranged from 0.04 to 0.67, averaging 0.12.
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Table 3 Allelic variation of 71 polymorphic EST-SSRs and 57
polymorphic ILPs evaluated from 59 J. curcas accessions

EST-SSR ILP

NG NA GD PIC NG NA GD PIC

Mean 3.08 3.01 047 0.37 2.88 2.67 044 0.35

Max 5 6 0.61 0.54 7 5 0.65 0.58
Min 2 2 0.04 0.04 2 2 0.07 0.06
Total 243 238 164 152

NG number of genotypes; NA number of allele; GD gene diversity;
PIC Polymorphism information content

While the similarity coefficient values based on ILP
markers differed in that they varied from 0 to 0.79, they
had the same average of 0.12. In addition, Mantel’s test
showed a high correlation (r = 0.90, P < 0.00) between
the two genetic similarity matrices revealed by the two
marker systems.

The phylogenetic tree generated from EST-SSR
(Fig. 4a) data separated the five species into two clusters.
The first cluster included two species within the Jatropha
genus. Within this genus, the five accessions of J. curcas
obtained from distant sources of collection or origin were
clustered into two subgroups that corresponded well to
geographic distribution, while J. gossypifolia clearly fell
outside the cluster of J. curcas accessions, with a genetic
similarity coefficient of 0.15. Within J. curcas, the genetic
similarity coefficient ranked from 0.07 to 0.38, averaging
0.25. A group of three accessions (Thai, Lao, and Indian)
from Asia was separated from a group of two accessions
from North America (Mexico) and Africa (Senegal), with
similarity coefficients of 0.20. The second cluster, R.
communis, M. esculenta, and H. brasiliensis, formed a
monophyletic clade in which M. esculenta and H. brasili-
ensis were close to each other, while R. communis was
placed more distantly, with a similarity coefficient of 0.06.

Based on the ILP marker data, three separate groups were
revealed. The five accessions of J. curcas were clustered
together, with genetic similarity coefficients ranging from
0.25 to 0.75 (averaging 0.45), and separated from J. gos-
sypifolia, with a similarity coefficient of 0.20. The group of
three J. curcas accessions from Asia was separated from the
group of two accessions from North America (Mexico) and
Africa (Senegal), with a similarity coefficient of 0.33. The
ILP marker data showed a monophyletic clade composed of
M. esculenta and H. brasiliensis, with a similarity coefficient
of 0.03, and R. communis was placed in its own clade, with no
shared genetic similarity with M. esculenta and H. brasili-
ensis. This result suggested that, compared with EST-SSRs,
ILP markers showed stronger species specificity for the
inference of genetic distance between species within the
Euphorbiaceae.

Discussion

The discovery of SSR markers within ESTs provides the
opportunity to develop microsatellites in a simple and
direct way, by data mining of EST databases. Large col-
lections of ESTs have become available for many plant
species, including J. curcas. This report found the fre-
quency of EST-SSRs to be at least one SSR motif per
16.3 kb in the approximately 4.3 Mb of ESTs that were
searched. This EST-SSR frequency was lower than the
genomic SSR frequency analyzed by Sato et al. (Sato et al.
2010). Data mining of EST-SSRs in cotton and wheat
showed similar values, with one SSR for every 20.0
(Cardle et al. 2000) and 15.6 kb (Kantety et al. 2002),
respectively. This number is lower than that for other
species within the Euphorbiaceae, such as H. brasiliensis,
M. esculenta, and R. communis, which have values of one
SSR for every 2.25 kb (Li et al. 2012), 10.3 kb (Raji et al.
2009), and 680 bp (Sharma and Chauhan 2011),

Table 4 Percentage of PCR
amplifications and cross

J. gossypifolia M. esculenta H. brasiliensis R. communis Average

species/genera transferability of
81 EST-SSR and 71 ILP
markers for four species of
Euphorbiaceae

EST-SSR
PCR success rate
PCR failure rate
Scorable PCR product
Multiple bands PCR product
Polymorphism rate

ILP
PCR success rate
PCR failure rate
Scorable PCR product
Multiple bands PCR product
Polymorphism rate

97.5 87.7 93.8 53.1 83.0
25 12.3 6.2 46.9 17.0
76.5 54.3 49.4 259 51.5
21.0 334 44.4 272 31.5
ND 383 383 259 342
69.0 97.2 95.8 85.9 87.0
31.0 2.8 4.2 14.1 13.0
63.4 95.8 93.0 69.0 80.3
5.6 1.4 2.8 16.9 6.7
ND 18.3 31.0 16.9 22.1
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Fig. 4 UPGMA cluster analysis, based on Nei’s genetic similarity derived from a EST-SSR markers and b ILP markers, showing the
phylogenetic relationships between five accessions of J. curcas and five species of Euphorbiaceae

respectively. Since the criteria for SSR data mining depend
on the parameters of the SSR search algorithm (for
example, variation in sample sizes, search criteria, size of
the database, and tools used for EST-SSR development
(Varshney et al. 2005; Ukoskit et al. 2012), exact com-
parison of SSR characteristics between different plants
reported in different studies is complicated.

Aside from mononucleotide repeats, the trinucleotide
motif was the most common, followed by hexanucleotide
motifs. This was also found in previous reports in J. curcas
(Wen et al. 2010), citrus (Chen et al. 2006), barley (Thiel
et al. 2003), and most dicotyledonous species (Raji et al.
2009). Additionally, trinucleotide motifs were found most
frequently in coding regions. The dominance of tri- and
hexanucleotide motifs in this study could be explained by
the suppression of non-trinucleotide motifs in the coding
regions because of the risk of frame shift mutations, which
arise when motifs are not composed of multiples of three
nucleotides (Thiel et al. 2003; Varshney et al. 2005). The
distribution of EST-SSR markers in different putative
genic regions of J. curcas revealed that a greater proportion
of the EST-SSRs were located in the 5" untranslated region
rather than in the coding region, which was analogous to
genomic distributions of SSRs in castor bean (Sharma and
Chauhan 2011), Arabidopsis (Morgante 2002), turnip
(Hong et al. 2007), and rice (Lawson and Zhang 2006).
Since the J. curcas EST dataset used in this study was
sequenced from the 5’ end, a greater proportion of the EST-
SSRs were located in the 5" UTR rather than in the coding
region, as predicted by OrfPredictor. A computational
(Fujimori et al. 2003) and an experimental (Ayres et al.
1997; Bao et al. 2002) study suggested that microsatellites
located at high frequency in the 5’-flanking regions of plant
genes can potentially function as factors in regulating gene
expression.

ILP is another type of codominant molecular marker that
can be conveniently detected by PCR with a pair of primers

@ Springer

designed on flanking exons. The conservation of exon—
intron structures allows the prediction of intron positions in
other plants by referring to the genomes of model plants
and, therefore, the development of ILP markers by
designing primers on exons flanking the target introns. In
this study, comparison of the EST sequences with the
genome sequence of an evolutionarily close relative within
the Euphorbiaceae, M. esculenta, enabled the design of 112
primer pairs for ILP markers in J. curcas. This primer
design strategy explicitly focused on single-copy genes due
to complexities generated by the presence of paralogous
copies. Sequencing revealed the presence of variable-size
indels and several point mutations in one intron. It is
expected that the polymorphism-generating efficiency of
EST-specific markers can be further enhanced using
restriction enzyme digestion, heteroduplex analysis, dena-
turing gradient gel electrophoresis, or single-stranded
conformational polymorphism (SSCP) gels (Zhang and
Hewitt 2003).

A comparison between the two types of markers is of
great importance. Recently, the accessibility of EST data
has resulted in greater emphasis on EST-SSRs, which are
derived directly from transcribed regions of the genome
and are expected to be more conserved. They are therefore
expected to have a higher transferability rate across species
than genomic SSR (gSSR) markers. Several genetic anal-
yses have been conducted to compare the efficiency of
EST-SSR versus gSSR markers (Wen et al. 2010; Gadaleta
et al. 2011). EST-SSR markers are reported to have a lower
rate of polymorphism compared with the gSSR markers in
many species such as rice, wheat, and J. curcas (Cho et al.
2000; Eujayl et al. 2001; Wen et al. 2010). Comparisons
between EST-SSR and conserved-intron scanning primers
(CISP) markers in grass species (Zeid et al. 2010) and
between gSSR and ILP markers in rice (Wang et al. 2006)
show that ILP markers are less polymorphic (based on
fragment size differentiation) compared with SSR markers.
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The results of the present study showed that similar allelic
variation was observed in ILP and EST-SSR markers on
polyacrylamide gels. EST-SSR markers detect polymor-
phism based on variations in the microsatellite repeat
length and/or indels in transcribed regions (Varshney et al.
2005). By contrast, ILP markers are designed based on
exon sequences flanking at least one intron region. Introns
have less evolutionary constraints than exons, and are
likely to be selectively neutral (Lessa, 1992), which makes
the identification of polymorphisms that are useful for the
analysis of population genetic structure more likely. In
addition, a number of reports suggest that recombination
rates have a strong influence on intron length (Comeron
and Kreitman 2000; Lynch 2002). Here, we report the first
set of ILP markers in J. curcas and show that the ILP
marker is a valid alternative EST-derived marker in J.
curcas with a similar rate of polymorphism to that of the
EST-SSR marker.

Amplification of multiple loci using EST-SSR markers
has been reported in previous studies (Varshney et al. 2005;
Sim et al. 2009). In the present study, more primers gen-
erating multiple bands of PCR product were observed with
EST-SSRs (36.8 %) than with ILPs (3.6 %) after PCR
optimization. Amplification of more than one locus using
EST-SSR primers was attributed to the possible amplifica-
tion of orthologous and paralogous copies of the target
region (Zeid et al. 2010). For the ILP primers, a single locus
was the norm, and only rarely were two or more loci
observed. This result was due to a greater tendency towards
loss of specificity of the EST-SSR primers for the targeted
sequence compared with ILPs. The development of EST-
derived markers in the present study shows that a greater
proportion of the EST-SSR primers (78.9 %) were located
in 5" or 3’ UTRs rather than in coding regions (21.1 %),
while most ILP markers (68.6 %) had priming sites for both
primers located within coding sequence. Previous studies
reported that UTRs have a very broad distribution of
nucleotide substitution rates, with some regions so highly
divergent that, even between relatively close organisms,
coding regions are highly conserved (Jareborg et al. 1999;
Pesole et al. 2001). The tendency towards single locus
amplification was a distinctive character of ILP primers
compared with the EST-SSR primers tested here.

One way to obtain EST-derived markers for specific
genes and genomic regions in a given species is to use
primers developed from the sequence of the closest relative
with a sequenced genome. However, the cross-amplifica-
tion success of EST-derived markers varies strongly
between species, and shows a highly significant negative
relationship with genetic distance and amplification suc-
cess. This is attributed to sequence conservation at the
primer binding sites (Raji et al. 2009; Zeid et al. 2010). By
comparing the two types of markers for PCR amplification

and cross species/genera transferability, ILP markers, for
which both primers were found in a coding sequence, were
significantly more transferable in all four species tested. On
average, a scorable PCR product was obtained with ILP
markers in 80.3 % of cross-species amplifications
(Table 4) compared with EST-SSR markers, for which one
or both primers were located in the UTRs and which
yielded an average scorable PCR product in 51.5 % of
cross-species amplifications. These results are in agreement
with a previous report (Fraser et al. 2005) that identified
less sequence homology in UTRs and more homology in
coding regions in related species. Many reports suggest that
EST-SSRs are interesting because of their amplification of
conserved sequences in related species (Varshney et al.
2005; Feltus et al. 2006). Others have observed losses of
sequence homology when markers developed from one
species were screened in distantly-related species (Asp
et al. 2007; Sim et al. 2009). The remarkably high cross-
amplification rate of ILPs observed in the present study
adds another distinctive characteristic to these markers
besides their tendency towards single locus amplification.

In general, the more evolutionarily distant the taxa, the
less success of cross amplification (Reddy et al. 2010; Zeid
et al. 2010). The potential for J. curcas-derived EST-SSR
primers to amplify across species, expressed as successful
amplification with a scorable PCR product, was highest in
J. gossypifolia, (76.5 %), moderate in M. esculenta
(54.3 %) and H. brasiliensis (49.4 %; a higher percentage
than achieved in a previous report (Whankaew et al,
2011)), and relatively low in R. communis (25.9 %). These
results suggest that J. curcas has a more distant relationship
with R. communis than with H. brasiliensis and M. escu-
lenta, and an expectedly close relationship with J. gos-
sypifolia, in agreement with the phylogenetic distances
obtained by cluster analysis (Fig. 4a). For cassava-derived
ILP primers, the amplification rate of M. esculenta
(95.8 %) was almost equal to the transfer rate of H. bra-
siliensis (93.0 %), but decreased with R. communis
(69.0 %) and J. gossypifolia (58.8 %). The high transfer
rate of cassava-derived ILP primers to H. brasiliensis
suggests that M. esculenta has a closer relationship with H.
brasiliensis than with R. communis and J. gossypifolia, a
suggestion supported by cluster analysis (Fig. 4b). Previ-
ous phylogenetic studies in Euphorbiaceae (Chase et al.
1993; Kenneth et al. 2005; Whankaew et al. 2011) also
support the construction of phylogenetic trees calculated
based on ILPs in this study.

Comparison of diversity estimates made using different
marker systems in several plant species frequently revealed
incongruent estimates for different types of markers (Ny-
bom 2004; Woodhead et al. 2005). Even comparison
between dendrograms revealed a significant correlation
between similarity matrix data. In the present study, the
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average similarity coefficient values based on EST-SSR
markers (0.69) were lower than those based on ILPs (0.75),
suggesting that EST-SSRs discriminate between same-
species alleles more clearly than ILPs. This may be espe-
cially applicable when fingerprinting of closely related
individuals or subgroups is required to identify accessions
within Asia (similarity coefficients of 0.33 and 0.68 as
determined by EST-SSRs and ILPs in this study, respec-
tively). However, both dendrograms revealed expected
genetic relationships between J. curcas accessions based
on their geographic distributions, in agreement with a
previous genetic diversity study based on 224 Inter Simple
Sequence Repeat (ISSR) markers (Sirithunya and Ukoskit,
2010). These results suggested that EST-SSR markers are
relatively better at detecting genetic differentiation within
J. curcas germplasm collections than ILPs. Although the
sensitivity of ILPs is lower than that of EST-SSRs within
the Jatropha species, it is still high enough to allow the
development of sufficient ILP markers for practical use
without substantial difficulty. On the other hand, ILPs
showed a broader range of similarity coefficient values (0
to 0.79) than EST-SSRs (0.04 to 0.67), and had larger
proportions of transferable primers across Euphorbiaceae
species and genera (Table 4). These results suggested that
highly species-specific markers, e.g. the ILP indel-type
markers developed in this study, seem to be more reliable
for identifying a particular species. They therefore may be
especially suitable for phylogenetic studies involving dis-
tant species or higher taxonomic ranks. This is in agree-
ment with previous diversity studies reporting that ILPs are
suitable for studying genetic variation between species, or
at higher taxonomic ranks, particularly in the construction
of phylogenetic trees of relatively distantly related organ-
isms (Tamura et al. 2009; Chen et al. 2010).

In summary, EST-SSR and ILP markers developed from
transcribed regions of J. curcas and cassava, respectively,
yielded comparable results. Compared with EST-SSR
markers, ILP markers had similar advantages, including the
rate of polymorphism, ease of use, interpretation, and
recording. However, the ILP markers had higher cross-
amplification rates than the EST-SSR markers, with fewer
multiple bands in the PCR product. These results suggest
that ILP markers are more appropriate than EST-SSR
markers for phylogenetic studies involving distant species
or higher taxonomic ranks, while EST-SSRs are more
efficient at discriminating between same-species alleles.
EST-SSRs, in combination with the ILP markers developed
in the present study, enriched the number of molecular
markers not only in J. curcas, but also in M. esculenta, H.
brasiliensis, and R. communis. Therefore they show strong
potential for use in different applications, such as DNA
fingerprinting, marker-assisted selection, and comparative
genetic mapping, in all four species.

@ Springer
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