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Abstract: Jatropha (Jatropha curcas L.) is an oil-bearing plant that has potential to be cultivated as a
biodiesel crop. The seed cake after oil extraction has 40-50% protein that can be used in animal feeds.
A major limitation in utilizing the cake is the presence of phorbol esters (PE), a heat-tolerant toxic
chemical. To identify the quantitative trait loci (QTLs) for PE, we constructed a genetic linkage map
from an F, population of 95 individuals from a cross “Chai Nat” x “M10” using 143 simple sequence
repeat (SSR) markers. M10 is low in seed PE while Chai Nat is high. Seeds from each F, individual
were quantified for PE content by high performance liquid chromatography. A single marker analysis
revealed five markers from linkage group 3 (LG3) and nine markers from LG8 associated with seed PE.
Inclusive composite interval mapping identified two QTLs, each on LG3 (gPE3.1) and LG8 (gPES.1)
responsible for the PE. gPE3.1 and qPES.1 accounted for 14.10%, and 15.49% of total variation in seed
PE, respectively. Alelle(s) from M10 at gPE3.1 increased seed PE, while at gPE8.1 decreased seed PE.
qPE3.1 is a new loci for PE, while gPES.1 is the same locus with that reported recently for PE.
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1. Introduction

Jatropha or physic nut (Jatropha curcas L.) (2n = 2x = 22) is an oil-bearing plant that has potential
to be cultivated as a non-edible oil crop for producing biodiesel. Although Jatropha seed has 30-44%
oil with high percentage of monounsaturated oleic and polyunsaturated linoleic acid [1,2] this crop
has not been fully domesticated due to several limitations including low seed yield, non-synchronous
maturity, and the presence of toxins in seeds. The presence of this chemical in seed cakes after oil
extraction from the seeds prevent the use of the cake which contain high protein (40-50%) as raw
material for animal feed industry [3]. The principal seed toxins in Jatropha are phorbol esters (PE)
and curcin [4,5]. PE, a tumor inducing substance, is tetracyclic tiglian diterpenoids. PE is found in
most Jatropha accessions (called toxic Jatropha). Six forms of PE have been isolated from Jatropha in
which all of them are likely to be derived from the same phorbol backbone [4,5]. Despite the interest
in PE, its biosynthesis pathway is still poorly understood. Nonetheless, geranylgeranyl diphosphate
(GGPP) synthase, casbene synthase, terpene synthases, terpene hydroxylase and acyltransferase are
believed to implicate in PE biosynthesis [6-10]. A single knockdown of genes for GGPP synthase,
terpene synthase and casbene synthases by RNA interference (RNAi) technique reduced up to 80%
of PE content in the leaves of Jatropha, while a double knockdown of two of these genes reduced PE
content in the leaves to less than 15% of control toxic Jatropha [10]. However, some accessions from
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Mexico and Guatemala have no or low PE in seeds (non-toxic Jatropha) [11,12]. The low PE seeds are
consumed as snack or sweets. The high and low PE seeds can be distinguished only by seed analysis
with high performance liquid chromatography (HPLC).

Breeding for non-toxic cultivar(s) is a major objective in Jatropha breeding programs, although
there are a few reports on genetics of seed PE in Jatropha [12,13]. Plant breeders are looking for
an inexpensive and quick method to differentiate high and low PE seed Jatropha such as through
molecular markers, provided that the location(s) of gene(s) controlling seed PE content is known.
Recently, King [12] reported that seed PE in Jatropha is controlled by a single dominant gene without
xenia effect. They also located a quantitative trait locus (QTL) controlling seed PE onto a genetic linkage
map. Although the QTL is closely to several simple sequence repeat (SSR) markers, such the QTL
should be validated before using for marker-assisted selection. Therefore, in this study, our objective
was to we identify and validate QTLs for PE for Jatropha using different source of non-toxic cultivar.

2. Materials and Methods

2.1. Plant Materials and DNA Extraction

An F, population of 95 individuals was developed by self-pollinating an F; hybrid derived from a
cross between “Chai Nat” (hereafter called “CN”) and “M10” as male and female parents, respectively.
Homozygosity in both CN and M10 is higher than 99.0%. M10 is a non-toxic cultivar originated from
Mexico possessing low seed PE, while CN is a toxic cultivar of Thailand possessing high PE. Previously,
the PE content of M10 and CN was reported to be 0.05 and 1.62 mg/g, respectively [13]. During
the self-pollination, flowers of the F; hybrid were covered with pollen-proof bags to prevent pollen
contamination from other plants. The F, population was grown in an experimental field of Kasetsart
University, Kamphaeng Saen Campus, Thailand during March 2014 to June 2015. The mature seeds
from each plant were individually harvested. Genomic DNA of each plant was extracted from young
leaves following a cetyltrimethylammonium bromide (CTAB) method described by Tanya et al. [13].

2.2. Quantification of Phorbol Esters Content in Seeds

The mature seeds were used to analyze for PE content following the method described by Haas
and Mittelbach [14] with minor modifications. Briefly, kernels were grinded into fine powder. A sample
of four grams from each plant was extracted for PE by methanol (analytical grade) for five hours in a
soxhlet apparatus (Buchi Universal Extraction System B-811, Buchi, Flawil, Switzerland). The methanol
was then removed from the solvent using a rotary evaporator (Buchi Rotavapor R-205, Buchi, Flawil,
Switzerland) to obtain dried extract. The dried extract was dissolved in 25 mL methanol (HPLC
grade). The PE content was determined using an HPLC (Waters 600 HPLC system, Waters, Milford,
MA, USA) equipped with a reverse phase C-18 column and photodiode array detector. The column
temperature was maintained at 25 °C and the flow rate was kept at 1 mL min~!. The mobile phase
was acetonitrile and water in 80/20 ratio. The PE peaks appeared between 6 and 10 min were detected
and integrated at 280 nm. The phorbol 12-myristate 13-acetate (TPA) (Sigma Aldrich, St. Louis, MO,
USA) was used as an external standard, which appeared between 20 and 22 min (Figure 1C). The areas
under the PE peaks were summed and converted to standard PE equivalent by taking its peak area
and concentration. The quantification was conducted twice for each plant. The average value of seed
PE content of each plant was used for QTL analysis.

2.3. SSR Marker Analysis

One thousand and eighty SSR markers from the reports of King et al. [12]; Laosatit et al. [8,14];
Tanya et al. [15] and Wang et al. [16] were used to screen for polymorphism between M10 and CN.
Polymerase chain reaction (PCR), electrophoresis, and DNA bands visualization were carried out
following Laosatit et al. [14]. Polymorphic SSR markers were used to analyze DNA of the F; plants.
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Figure 1. High Pressure Liquid Chromatography (HPLC) chromatogram of phorbol esters in seed of
M10 (non-toxic Jatropha) (A) and Chai Nat (toxic Jatropha) (B) and of phorbol 12-myristate 13-acetate
(TPA) (C). DHPB: 12-deoxy-16-hydroxyphorbol; PE: phorbol esters; CN: Chai Nat.
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2.4. Linkage Map Construction and QTL Analysis

For each marker in the F, population, plants showing homozygous DNA bands of CN and M10
parents were scored as “2” and “0”, respectively, while plants showing heterozygous DNA bands were
scored as “1”. All the markers were checked for segregation distortion using chi-squared test. A genetic
linkage map was constructed using software QTL IciMapping 4.0 (Chinese Academy of Agricultural
Sciences, Beijing, China) [17]. The markers were grouped using a minimum log of the odds (LOD) of 4.
The markers were put in order by “RECORD” and “SARF” functions. Map distance was calculated
based on Kosambi’s mapping function. Linkage group was named following the linkage map reported
by King et al. [12] using common marker(s).

SSR markers associated with seed PE content were determined by likelihood ratio test (LRT)
method implemented in the software QTL IciMapping 4.0 using significant LOD threshold of 2.5.
Locations of the QTLs controlling seed PE were determined by inclusive composite interval mapping
(ICIM) [18] implemented in the QTL IciMapping 4.0. Significant LOD score for QTLs were obtained
from 3000 permutation test at p = 0.05.

2.5. Identification of Physical Locations of Markers Flanking QTLs and Genes Associated with QTL

Primer sequences of the markers locating around QTL regions detected for PE were subjected
to BLASTN analysis (NCBI—National Center for Biotechnology Information, Bethesda, MD, USA)
against the Jatropha curcas Database (JCDB) (http://jcdb.xtbg.ac.cn) to identify the physical location
and explore potential candidate genes that may implicate in PE biosynthesis.

3. Results

3.1. Variation of Seed PE in Parents and F, Population

CN and M10 possessed a large difference in seed PE, with 2.62 and 0.05 mg/g, respectively, which
is about 52-fold difference in seed PE content. In addition, M10 and CN parents exhibited different
types/forms of PE. CN showed five forms (Figure 1A) while M10 showed two forms which were also
present in CN (Figure 1B). Seed PE of the F, plants distributed continuously skewing toward M10
ranging from 0.30 to 2.89 mg/g with a mean of 1.33 mg/g (Figure 2). This suggests that the seed PE
content in Jatropha is a quantitative trait.

25 4

M10 Chai Nat
20 l
(0.05 mg/g) (2.62 mg/g)

10 4

Number of F, plants

0.0-0.2 0.3-0.5 0.6-0.8 0.9-1.1 1.2-1.4 1.5-1.7 1.8-2.0 2.1-2.3 2.4-2.6 2.7-2.9
Seed phorbol ester per plant (mg/g)

Figure 2. Frequency distribution of phorbol esters content in seeds (mg per gram) of the 95 F, plants
derived from the cross Chai Nat x M10. PE was determined by HPLC method.
3.2. SSR Polymorphism and Linkage Map

Out of 1080 SSR markers screened in CN and M10, only 742 markers were able to be amplified
from DNA of the CN and/or M10 (Table S1). All except a few of the amplifiable markers showed
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single DNA band in each parent. Out of 742 amplifiable markers, 143 markers (19.27%; 100 genic
and 43 genomic SSRs) showed polymorphism. This indicated a low genetic difference between CN
and M10.

All the 143 polymorphic markers were used to analyze the F, population. Among these markers,
14 of them showed segregation distortion. The linkage map of the F, population developed from the
143 polymorphic SSR markers comprised 11 linkage groups (LG) spanning a total length of 1322.6 cM
(Figure 3). The number of markers per LG ranged from 2 (LG7) to 27 (LG2 and LG3) with an average
of 14.3. LG7 and LG3 were the shortest and the longest linkages with the length of 12.7 and 312.6 cM,
respectively. The average distance between the adjacent markers was 9.3 cM. The distorted markers
were distributed onto 5 LGs (Figure 3). Clusters of 4 and 3 distorted markers were found on LG11 and

LG®6, respectively.
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Figure 3. The genetic linkage map developed from 95 F, plants derived from the cross Chai Nat x M10
using 143 simple sequence repeat (SSR) markers. Genetic distance was shown in centimorgan
unit. Linkage groups were named as per King et al. [6]. Markers showing significant deviation
from the expected segregation ratio at 0.05, 0.01, and 0.001 probability levels are marked with *, *¥,
and ***, respectively.

3.3. QTL Controlling Seed PE in Jatropha

QTL mapping using LRT method revealed that five markers on LG3 and nine on LG8 associated
with PE in the seeds. These markers accounted for 11.74% (CN_SSR199 on LG3) to 16.99% (NG286A
on LG8) of the variation of seed PE in the F, population (Table 1). QTL mapping using inclusive
composite interval mapping (ICIM) method detected two QTLs, one each on LG3 and LGS, and they
were named as gPE3.1 and gPE8.1, respectively (Table 2 and Figure 4). gPE3.1 and gPE8.1 accounted
for 14.10% and 15.49% of the total PE variation in the F, population, respectively. gPE3.1 showed
additive effect of —0.09 mg/g and dominant effect of —0.41 mg/g. This QTL showed overdominance
effect (d/a = 4.56) (Table 2). Interestingly, allele from M10 at this QTL increased PE content. gPES.1
showed additive effect of 0.31 mg/g and dominant effect of —0.02 mg/g. Allele from M10 at this QTL
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decreased the PE content. Altogether, gPE3.1 and gPE8.1 accounted 29.59% of the total PE variation in

the population.
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Figure 4. Log of the odds (LOD) graph of the quantitative trait loci (QTL) gPE3.1 (A) and qPE8.1 (B)
controlling seed phorbol esters content detected in the F, population of Chai Nat x M10 by inclusive

composite interval mapping.

Table 1. Simple sequence repeat (SSR) markers associated with seed phorbol esters content in F,
population of Chai Nat x M10 detected by likelihood ratio test method. Log of the odds (LOD) value

of 2.5 was used as a significant threshold.

LG*“ Marker Name R2 (%)Y Position LOD Score
3 CN_SSR199 11.74 145.32 2.58
3 CN_SSR327 12.25 150.18 2.70
3 CN_SSR326 15.88 152.84 3.57
3 CN_SSR330 11.67 165.73 2.56
3 CN_SSR336 12.88 198.11 2.84
8 NG291 14.20 47.11 3.16
8 NG288C 13.06 48.22 2.89
8 NG286A 16.99 50.41 3.84
8 MPN280 16.40 51.48 3.70
8 G262 13.55 54.15 3.00
8 G270B 15.69 55.21 3.52
8 G270D 15.64 57.34 3.51
8 G282B 13.94 59.47 3.10
8 G273A 15.57 62.14 3.49

* Linkage group; ? Coefficient of determination.
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Table 2. Locations and genetic effects of quantitative trait loci (QTLs) detected for seed phorbol esters
content in the F, population of Chai Nat x M10 by inclusive composite interval mapping.

QTL a Position LOD Confidence PVE Additive Dominant f
Name LG Marker Interval (cM) b Score  Interval (cM) © (%) 1 Effect ¢ Effect d/al
qPE3.1 3 CN_SSR326-CN_SSR325 153 3.82 152.5-156.5 14.10 —0.09 —0.41 4.56
qPE8.1 8 NG288C-NG286A 50 4.06 48.5-51.5 15.49 0.31 0.02 0.06

® Linkage group; ? Position on the linkage group; ¢ 1-LOD support of the QTL; ¢ Percentage of phenotypic variance
explained by the QTL; ¢ Additive effect of alleles from Chai Nat 10;/ Dominance-to-additive effects ratio.

3.4. Physical Location of the PE QTLs and Annotated Genes in the QTL Regions

BLASTN analysis against the JCDB revealed that the markers CN_SSR326 and CN_SSR325
that flank the PE QTL gPE3.1 on LG3 were at the positions 1069652 and 1074572 of the sequence
NW012124225.1, respectively. There was only one annotated gene in this region, LOC105634082.
LOC105634082 encodes an uncharacterized protein. The markers NG288C and G286A that flank
PE QTL gPE8.1 on LG8 were at the positions 242687 and 370487 of the sequence NW012130064.1,
respectively (Figure 5). There were 16 annotated genes between these two markers (Table 3).

Jatropha curcas G33 x G43 Jatropha curcas CN x M10
King et al. (2013)
A A
f ) ] [ 4 )
. . NW_012124346.1
B N 95.41 kb
il
242.68 kb
LG 08
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Figure 5. Comparative map illustrating the position of gPE8.1 for seed phorbol esters content in the
F, population of Chai Nat x M10 identified in this study (right) and the location of locus controlling
seed phorbol esters in the F, population of G33 x G43 reported by King et al. [12] (left). Lines connect
common markers between the two maps. Small solid bars along the maps indicate confidence intervals
of the locus detected for seed phorbol esters. The QTL for PE reported by King was initially mapped
between markers JCT3 and 1401433 /12335072 by considering the PE as a quantitative trait. The PE
locus was then fine mapped between markers NG285A and G273A by considering PE as a qualitative
trait. Three solid bars along the map of Chai Nat x M10 represent Jatropha reference sequence from
Jatropha curcas Database (JCDB).



Genes 2017, 8, 205

8of11

Table 3. Annotated genes located between markers CN_SSR325 and CN_SSR326 flanking gPE3.1 and between markers NG288C and NG286A flanking QTL gqPES.1
that controls seed phorphol esters content detected in the Jatropha F, population of Chai Nat x M10 by inclusive composite interval mapping. The data are from
Jatropha curcas Database (JCDB).

qPE3.1

Name Position Annotation GO Term KEGG

LOC105634082 NW_012124225.1:1070722..1072343 Uncharacterized protein At4g22758 - -
qPE8.1

Name Position Annotation GO Term KEGG
LOC105650633 NW_012130064.1:251091..252362 Peptidyl-prolylcis-trans isomerase CYP26-2, chloroplastic GO:0003755 K03768
LOC105650634 NW_012130064.1:244937..251195 Uncharacterized LOC105650634 GO:0008270 K03768
LOC105650635 NW_012130064.1:253456..257226 Single-stranded DNA-binding protein, mitochondrial GO:0003697 K03111
LOC105650637 NW_012130064.1:259463..262260 Uncharacterized LOC105650637 - -
LOC105650638 NW_012130064.1:262323..266102 Uncharacterized LOC105650638 - -
LOC105650639 NW_012130064.1:267598..271421  Zinc finger BED domain-containing protein DAYSLEEPER GO0:0003677, GO:0046983, GO:0003676 K03680
LOC105650640 NW_012130064.1:273262..278864 Translation initiation factor eIF-2B subunit delta GO:0044237 K03680
LOC105650641 NW_012130064.1:288075..288870 Oleosin 1-like GO:0016021, GO:0012511 -
LOC105650642 NW_012130064.1:291937..292732 Uncharacterized LOC105650642 - K13111
LOC105650712 NW_012130064.1:279771..287264 Pseudogene - -
LOC105650643 NW_012130064.1:297597..314028 Suppressor of mec-8 and unc-52 protein homolog 1 GO:0005515 K13111
LOC105650713 NW_012130064.1:317012..317392 Inactive protein FON2 SPARE1-like - -
LOC105650644 NW_012130064.1:324023..347807 Transcription initiation factor TFIID subunit 2 G0:0008237, GO:0008270, GO:0005488 K03128
LOC105650714 NW_012130064.1:367045..368556 Transcription factor CYCLOIDEA - K08735
LOC105650645 NW_012130064.1:376579..386656 DNA mismatch repair protein MSH2 GO0:0005524, GO:0030983, GO:0006298 K08735
LOC105650646 NW_012130064.1:392247..402394 Uncharacterized LOC105650646 GO:0005515, GO:0008270 -

GO Term: Gene Ontology Term; KEGG: Kyoto Encyclopedia of Genes and Genomes.
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4. Discussion

King et al. [12] reported that the presence of PE is a qualitative trait controlled by a single dominant
gene. They identified a single major QTL controlling the trait. On the contrary, we found in this study
that the presence of PE is a quantitative trait (Figure 1). Recently, Ng [10] reported that down regulate
single gene expression of GGPP synthase, terpene synthase and casbene synthases reduced up to 80%
of PE content in the leaves of Jatropha, while a double down regulate of two genes reduced PE content
in the leaves to 85%. This suggested that PE contents in Jatropha is a quantitative trait. Thus, our results
agreed with that report of Ng [10]. The contrasting findings between our study and that of King et
al. [12] may stem from the fact that the jatropha germplasm used by King et al. [12] was different
from that used in this study. The non-toxic Jatropha (G43) used by them contained no PE, while the
one (M10) used in this study contained very low PE. G43 was from Guatemala, while M10 was from
Mexico. In addition, the extraction methods used to determine PE in the two studies were different.
It is also worth noting that non-toxic (M10) and the toxic (CN) Jatropha parents used in this study
exhibited different types/forms of PE (Figure 1A,B). Regardless the above argument on germplasm
and quantifying methods, the location of gPE8.1 controlling seed PE detected in our study was similar
to the QTL conferring seed PE reported by King et al. [12]. gPE8.1 was located between markers
NG288C and NG286A which is within the genomic region reported by them (Figure 5). This suggested
that the QTLs controlling seed PE for Jatropha identified in these two studies are the same locus.
Thus, this QTL was validated and can be used for marker-assisted selection (MAS).

gPE3.1 is a new QTL controlling seed PE content in Jatropha. In contrast to gPES8.1, the allele
contributed by CN at gPE3.1 reduced PE content (Table 2). In addition, gPE3.1 showed strong dominant
effect or overdominance effect (Table 2). This suggests that this QTL is possibly a cluster of linked loci
for PE that resulting in pseudo-overdominance effect. Nonetheless, gPE3.1 in combination with gPES.1
will be useful for MAS to develop new Jatropha line(s) possessing low seed PE and for map-based
cloning of the gene(s) controlling PE.

In this study, two QTLs were detected explaining a total of 29.59% of PE variation in the F,
Jatropha population. The low total variance explained by the QTLs suggested that the PE is highly
affected by environments. However, since the F, population comprised only 95 plants, it is possible
that QTLs with small effects controlling PE (if any exist) were not detected. In addition, effect of
QTL detected under small population size is likely to be overestimated, while its position cannot be
located accurately [19]. Therefore, number and effects of the QTLs for PE found in this study must be
considered carefully before using in MAS and map-based cloning.

Based on BLASTN analysis against the JCDB, there were 17 annotated genes between the flanking
markers of gPE3.1 and qPE.81 (Table 3). However, none of these genes encodes enzyme that possibly
involves in PE biosynthesis such as GGPP synthase, casbene synthase, terpene synthases, terpene
hydroxylase and acyltransferase [6—-10]. Nevertheless, the marker flanking gPE3.1 and qPE.81 will be
useful for MAS and these genome regions can be used as target for fine mapping to identify gene
controlling PE content in Jatropha.

Tanya et al. [15] studied diversity of jatropha using genic SSR markers and reported that markers
MPNO006, MPN007, MPNO008, MPNO016 and MPN046 were able to classify toxic and non-toxic Jatropha
accessions. Nonetheless, in this study, none of these markers showed polymorphism between toxic
and non-toxic Jatropha parents used in this study. This result indicated that these markers cannot be
used for classifying high and low toxic Jatropha germplasm, at least between CN and M10.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4425/8/8/205/s1.
Table S1: Sequences and polymorphism of 742 amplifiable primers to screen polymorphism between Jotropha
cultivars Chai Nat and M10.

Acknowledgments: This work was supported by the project on Breeding to Accelerate Domestication of Novel
Jatropha for Fuel and Feeds (Grant No. P-11-00599) of the National Science and Technology Development
Agency, Ministry of Science and Technology, Thailand. Part of this work was also supported by a grant from the
Next-Generation BioGreen 21 Program (No. PJ011027) of the Rural Development Administration, Korea.


www.mdpi.com/2073-4425/8/8/205/s1

Genes 2017, 8, 205 10 of 11

Author Contributions: P. So., P. Sr., S.H.L. conceived and designed the experiments; K.A., K.L.,S.S., PT. performed
the experiments; K.A., K.L., P. So. analyzed the data; P. So., P. Sr. wrote the manuscript. All authors read and
approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Gibitz, G.M.; Mittelbach, M.; Trabi, M. Exploitation of the tropical oil seed plant Jatropha curcas L.
Bioresour. Technol. 1999, 67, 73-82. [CrossRef]

Openshaw, K. A review of Jatropha curcas: An oil plant of unfulfilled promise. Biomass Bioenergy 2000, 19,
1-15. [CrossRef]

Achten, WM.]; Nielsen, L.R.; Aerts, R.; Lengkeek, A.G.; Kjaer, E.D.; Trabucco, A.; Hansen, ].K.; Maes, WH.;
Graudal, L.; Akinnifesi, FK.; et al. Towards domestication of Jatropha curcas. Biofuels 2010, 1, 91-107.
[CrossRef]

Haas, H.S.; Sterk, H.; Mittelbach, M. Novel 12-deoxy-16-hydroxy phorbol diesters isolated from the seed oil
of Jatropha curcas L. J. Nat. Prod. 2002, 65, 1434-1440. [CrossRef] [PubMed]

Devappa, RK.; Makkar, H.P,; Becker, K. Jatropha toxicity—A review. J. Toxicol. Environ. Health B Crit. Rev.
2010, 13, 476-507. [CrossRef] [PubMed]

Gomes, K.A.; Almeida, T.C.; Gesteira, A.S.; Lobo, L.P,; Guimaraes, A.C.R.; Miranda, A.B.; Sluys, M.A.;
Cruz, R.S,; Cascardo, ].C.M.; Carels, N. ESTs from seeds to assist the selective breeding of Jatropha curcas L.
for oil and active compounds. Genom. Insights 2010, 3, 29-56.

Sato, S.; Hirakawa, H.; Isobe, S.; Fukai, E.; Watanabe, A.; Kato, M.; Kawashima, K.; Minami, C.; Muraki, A.;
Nakazaki, N.; et al. Sequence analysis of the genome of an oil-bearing tree, Jatropha curcas L. DNA Res. 2011,
18, 65-76. [CrossRef] [PubMed]

Laosatit, K.; Tanya, P.; Somta, P.; Ruang-Areerate, P.; Sonthirod, C.; Tangphatsornruang, S.; Juntawong, P.;
Srinives, P. De novo transcriptome analysis of apical meristem of Jatrophas spp. using 454 pyrosequencing
platform, and identification of SNP and EST-SSR markers. Plant Mol. Biol. Rep. 2016, 34, 786-793. [CrossRef]
King, A.J.; Brown, G.D.; Gilday, A.D.; Larson, T.R.; Graham, I.A. Production of bioactive diterpenoids in the
Euphorbiaceae depends on evolutionarily conserved gene clusters. Plant Cell 2014, 26, 3286-3298. [CrossRef]
[PubMed]

Ng, A. Genes Implicated in Phorbol Ester (PE) Biosynthesis and Interception through Downregulation of
Casbene Synthase Genes. Ph.D. Thesis, Nanyang Technological University, Singapore, 2014.

Becker, K.; Makkar, H.P.S. Jatropha curcas: A potential source for tomorrow’s oil and biodiesel. Lipid Technol.
2008, 20, 104-107. [CrossRef]

King, A.; Montes, L.R.; Clarke, ].G.; Affleck, J.; Li, Y.; Witsenboer, H.; Vossen, E.V.; Linde, P.V,; Tripathi, Y.;
Tavares, E.; et al. Linkage mapping in the oilseed crop Jatropha curcas L. reveals a locus controlling the
biosynthesis of PE which cause seed toxicity. Plant Biotechnol. ]. 2013, 11, 986-996. [CrossRef] [PubMed]
Jongcherdchutrakul, A. Inheritance of Phorbol Esters Content in Jatropha Seeds (Jatropha curcas L.). Master’s
Thesis, Kasetsart University, Bangkok, Thailand, 2012.

Laosatit, K.; Saensuk, C.; Tanya, P; Srinives, P. Development and characterization of EST-SSR markers from
Jatropha curcas EST database and their transferability across jatropha-related species/genus. Biologia 2013, 68,
41-47. [CrossRef]

Tanya, P.; Dachapak, S.; Tar, M.M.; Srinives, P. New microsatellite markers classifiying nontoxic and toxic
Jatropha curcas. J. Genet. 2011, 90, 76-78.

Wang, C.M,; Liu, P; Yi, C.; Gu, K;; Sun, F; Li, L.; Lo, L.C.; Liu, X,; Feng, F,; Lin, G.; et al. A first generation
microsatellite- and SNP based linkage map of Jatropha. PLoS ONE 2011, 6. [CrossRef] [PubMed]

Meng, L.; Li, H;; Zhang, L.; Wang, ]J. QTL IciMapping: Integrated software for genetic linkage map
construction and quantitative trait locus mapping in bi-parental populations. Crop J. 2015, 3, 265-279.
[CrossRef]


http://dx.doi.org/10.1016/S0960-8524(99)00069-3
http://dx.doi.org/10.1016/S0961-9534(00)00019-2
http://dx.doi.org/10.4155/bfs.09.4
http://dx.doi.org/10.1021/np020060d
http://www.ncbi.nlm.nih.gov/pubmed/12398539
http://dx.doi.org/10.1080/10937404.2010.499736
http://www.ncbi.nlm.nih.gov/pubmed/20711929
http://dx.doi.org/10.1093/dnares/dsq030
http://www.ncbi.nlm.nih.gov/pubmed/21149391
http://dx.doi.org/10.1007/s11105-015-0961-z
http://dx.doi.org/10.1105/tpc.114.129668
http://www.ncbi.nlm.nih.gov/pubmed/25172144
http://dx.doi.org/10.1002/lite.200800023
http://dx.doi.org/10.1111/pbi.12092
http://www.ncbi.nlm.nih.gov/pubmed/23898859
http://dx.doi.org/10.2478/s11756-012-0143-5
http://dx.doi.org/10.1371/journal.pone.0023632
http://www.ncbi.nlm.nih.gov/pubmed/21901124
http://dx.doi.org/10.1016/j.cj.2015.01.001

Genes 2017, 8, 205 11 of 11

18. Li, H; Ye, G.; Wang, J. A modified algorithm for the improvement of composite interval mapping. Genetics
2007, 175, 361-374. [CrossRef] [PubMed]

19. Beavis, W.B. QTL analyses: Power, precision, and accuracy. In Molecular Dissection of Complex Traits;
Patterson, A.H., Ed.; CRC Press: Boca Raton, FL, USA, 1998.

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1534/genetics.106.066811
http://www.ncbi.nlm.nih.gov/pubmed/17110476
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plant Materials and DNA Extraction 
	Quantification of Phorbol Esters Content in Seeds 
	SSR Marker Analysis 
	Linkage Map Construction and QTL Analysis 
	Identification of Physical Locations of Markers Flanking QTLs and Genes Associated with QTL 

	Results 
	Variation of Seed PE in Parents and F2 Population 
	SSR Polymorphism and Linkage Map 
	QTL Controlling Seed PE in Jatropha 
	Physical Location of the PE QTLs and Annotated Genes in the QTL Regions 

	Discussion 

