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ABSTRACT. The aim of this study was to investigate the genetic
divergence between accessions of Jatropha curcas through joint
analysis of morphoagronomic and molecular characters. To this end, we
investigated 11 morphoagronomic characters and performed molecular
genotyping, using 23 inter-simple sequence repeat (ISSR) primers
in 46 accessions of J. curcas. We calculated the contribution of each
character on divergence using analysis of variance. The grouping among
accessions was performed using the Ward-MLM (modified location
model) method, using morphoagronomic and molecular data, whereas
the cophenetic correlation was obtained based on Gower’s algorithm.
There were significant differences in all growth-related characteristics:
number of primary and secondary branches per plant, plant height, and
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stem diameter. For characters related to grain production, differences
were found for number of fruit clusters per plant and number of
inflorescence clusters per plant and average number of seeds per fruit.
The greatest phenotypic variation was found in plant height (59.67-
222.33 cm), whereas the smallest variation was found in average number
of seeds per fruit (0-2.90), followed by the number of fruit clusters
per plant (0-8.67). In total, 94 polymorphic ISSR fragments were
obtained. The genotypic grouping identified six groups, indicating that
there is genetic divergence among the accessions. The most promising
crossings for future hybridization were identified among accessions
UFRB60 and UFVJC45, and UFRB61 and UFVIJCI18. In conclusion,
the joint analysis of morphoagronomic characters and ISSR markers is
an efficient method to assess the genetic divergence in J. curcas.

Key words: Genetic improvement; ISSR Marker; Jatropha curcas L.
INTRODUCTION

Jatropha curcas L. is an oleaginous plant with a seed oil content ranging between 30
and 40% (Freitas et al., 2011). It therefore has great potential for use in the National Program
for the Production and Use of Biodiesel (Saturnino et al., 2005; Laviola et al., 2013). The
Jatropha culturing does not compete directly with food or agriculture and is compatible with the
profile of family agriculture (Rosado et al., 2010; Laviola et al., 2013). In addition, compared
to the oil of other species such as soybean, castor, and palm, top quality is observed in terms
of oxidation stability, viscosity, and freezing point (Carels, 2009). However, it is still in the
process of domestication and there are currently no consolidated cultivars (Duraes et al., 2011;
Laviola et al., 2014). The improvement work is in the early stages of development, mainly
because some agronomic attributes have not yet been achieved, including non-uniformity on
fruit maturation, production, and harvest (Durées et al., 2011; Brasileiro et al., 2012; Oliveira
et al., 2013).

Knowledge about the genetic variability of J. curcas is necessary for the selection of
divergent and contrasting accessions that can be used to obtain superior genetic constitutions,
formation of clones, and/or species hybrids. Thus, the morphoagronomic characterization of
Jatropha is an important tool for obtaining genetic information about the phenotype, in order
to identify accessions with different genetic constitutions. Molecular markers are fundamental
in the study of genetic divergence, by enabling evaluation of a large number of accessions in
the short term. This is possible because of their high degree of polymorphism and because they
are not influenced by the environment. In addition, variability in the genome independent of
the developmental stage of the plant can be detected using molecular markers (Ferreira and
Grattapaglia, 2008). Inter-simple sequence repeat (ISSR) molecular markers are widely used
in studies of genetic diversity (Rosado et al., 2010; Grativol et al., 2011; Santana et al., 2011).
They have also been applied to population genetics, plant identification, and the study of gene
flow and paternity analyses (Reddy et al., 2002).

Amore complete analysis of the germplasm of Jatropha can be done using acombination
of morphological characters and molecular markers (Faleiro, 2007). When evaluated in
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isolation, experimental variables do not provide the complete information necessary for
disregarding existing correlations between the variables. However, when investigated at the
same time, we may find linear dependence or correlations among the variables and, with this
information, we can sort and group the obtained values and investigate the dependence among
the variables. The present study aimed to study the genetic divergence between accessions of
J. curcas, using morphoagronomic characters and ISSR molecular markers. This information
will assist programs of genetic improvement of this species.

MATERIAL AND METHODS

This study was conducted in the municipality of Cruz das Almas, Bahia, located at
12°40'12"W and 39°06'07"S, at an average elevation of 226 m. The climate in the area is hot
and humid. The average annual rainfall is 1224 mm (ranging between 900 and 1300 mm), with
the months of March to August being the wettest, and September to February the driest. The
annual average temperature is 24.1°C and the relative humidity is 80%.

An active germplasm bank was formed using random blocks design with 46 accessions
and 22 repetitions, in linear installments with 46 plants, each spaced 3 x 2 m apart. The
identification and origin of the accessions of Jatropha are presented in Table 1.

Morphoagronomic characterization

The evaluation included 11 morphoagronomic characters, using three assessments in
distinct seasons in 2013. The assessments were performed in February, June, and December,
when the plants were 32, 36 and 46 months of age, respectively. The characters evaluated
were: plant height (PH: the distance between the surface of the soil and the apical end of the
last leaf); stem diameter (SD: measured at the bottom of the stem, as close to the ground as
possible, using calipers); number of primary (NPB) and secondary (NSB) branches per plant
(obtained by direct counting of the number of branches inserted into the main stem); number
of fruits per plant (NF); number of fruit clusters per plant (NBFP), number of inflorescence
clusters per plant (NIBP); number of seeds per plant (NS); average number of seeds per fruit
(NSF: direct count); fruit weight per plant (FW); and seed weight per plant (SW), using a
digital Mars semi-analytic scale model AL 500C.

Genotyping

DNA extraction was performed according to the protocol described by Doyle and
Doyle (1990). The DNA quantity and quality were evaluated by comparative analysis with
known concentrations of lambda DNA (Invitrogen, Carlsbad, CA, USA) on 0.8% agarose
gel, stained with ethidium bromide (0.5 mg/mL). The samples were diluted in Tris-EDTA, to
adjust the concentration to 5 ng/uL.

Initially, we performed a trial with the amplification of the DNA of only two accessions
(UFRB22 and UFVJC45), for selection of primers with good amplification patterns. A total
of 103 oligonucleotide ISSRs were used in this initial screening. Each amplification reaction
was prepared in a final volume of 20 pL containing 20 ng DNA, 1X buffer (50 mM Tris-HCI,
20 mM KCI), 0.2 mM dNTPs mix, 1.5 mM MgCl,, 0.3 uM each primer (synthesized by
Invitrogen), and 0.2 U/uL Tag DNA polymerase (Invitrogen).
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Table 1. Jatropha accession with their identification names, origin, altitude, and geographical information about
the collection sites, experimental stations, and plantations in the State of Bahia, Cruz das Almas, BA, Brazil, 2015.

Genotype Origin Altitude (m) Latitude/longitude
UFRB22 Jequié 233 13°52.388'W/40°03.810'S
UFRB23 Jequié 252 13°51.878'W/40°03.678'S
UFRB24 Jequié 236 13°51.794'W/40°03.857'S
UFRB27 Terezinha 179 13°59.708'W/39°46.343'S
UFRB28 Ipiat — Itaibo 206 13°56.437'W/39°44.224'S
UFRB29 Ipiat — Itaibo 202 13°56.502'W/39°44.255'S
UFRB30 Ipiat — Itaibo 218 13°56.460'W/39°44.192'S
UFRB31 Apaurema 295 13°51.594'W/39°44.700'S
UFRB32 Apaurema 307 13°51.744'W/39°44.829'S
UFRB33 Apaurema 271 13°50.999'W/39°42.129'S
UFRB35 Itaité — Santa Clara 317 12°56.188'W/41°03.765'S
UFRB36 Itaité — Santa Clara 317 12°56.192'W/41°03.761'S
UFRB37 Ttaité — Santa Clara 317 12°56.194'W/41°03.759'S
UFRB38 Itaité — Santa Clara 317 12°56.181'W/41°03.777'S
UFRB39 Iraquara 907 12°34.729'W/41°34.923'S
UFRB40 Itaité — Santa Clara 318 12°56.183'W/41°03.790'S
UFRB41 Andarai — Igatu 742 12°53.826'W/41°19.072'S
UFRB42 Andarai — Igatu 766 12°53.834'W/41°19.222'S
UFRB43 Andarai — Igatu 749 12°53.600'W/41°19.250'S
UFRB44 Mucugé — Guiné 983 12°46.364'W/41°32.216'S
UFRB45 Mucugé — Guiné 966 12°45.270'W/41°32.568'S
UFRB47 Palmeiras 673 12°30.946'W/41°34.627'S
UFRB50 Faz. Pau-Ferro 692 12°31.747'W/41°34.100'S
UFRB53 Faz. Pau-Ferro 691 12°31.749'W/41°34.096'S
UFRB54 Iraquara 713 12°20.570'W/41°35.644'S
UFRBS55 Souto Soares 712 12°20.566'W/41°35.630'S
UFRB56 Cafarnaum** 841 12°01.086'W/41°40.138'S
UFRB58 Wagner 789 11°46.246'W/41°09.284'S
UFRB59 Gamba 256 12°17.121'W/41°08.346'S
UFRB60 Gamba 527 12°17.119'W/41°08.340'S
UFRB61 C. do Sincora - -
UFRB62 Santa Inés 384 13°17.158'W/39°49.397'S
UFVICO03 Santa Citoria-MG* - -
UFVICO05 Jodo pinheiro-MG* - -
UFVIC10 Jodo pinheiro-MG* - -
UFVICI8 Montalvania-MG* - -
UFVIC19 Montalvania-MG* - -
UFVJC23 Caratinga-MG* - -
UFVIC40 Formoso-TO* - -
UFVIC41 Jales-SP* - -
UFVIC45 B. dos Bugres-MT* - -
UFVIC46 B. dos Bugres-MT* - -
UFVIC52 Barbacena-MG* - -
UFVIC65 Unknown* - -
UFVIC74 Cambodia* - -
UFVJC84 Petrolina-PE* - -

**Commercial planting, *genotype introduced by means of exchange, non-sampled plants.

The amplification conditions were performed according to the protocol proposed by
Williams et al. (1990). The samples were amplified in a Veriti 96-well thermal cycler (Applied
Biosystems), using a program with an initial cycle at 94°C for 1 min, followed by 40 cycles
of 94°C for 30 s, 35°C for 30 s, and 72°C for 1 min. This was followed by a final extension of
7 min at 72°C.

The electrophoresis was conducted on 1.5% agarose gel (p/v) stained with 0.5 mg/
mL ethidium bromide in 1X TBE buffer (89 mM Tris-Borate, 2 mM EDTA) for about 1:40
h. We used a 1-kb DNA ladder as molecular weight standard (Promega, Maidson, WI, EUA).
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The fragments were visualized under UV light and photo-documented using the digital system
digital loccus biotechnology (Molecular Imagine).

Data analysis

The morphagronomic data were analyzed by analysis of variance (ANOVA). For each
of the morphoagronomic characters, we calculated the contribution to divergence between
accessions through the Genes software (Cruz, 2013). For the joint analyses, we used the means
obtained from the eleven morphoagronomic characters and the codification of the ISSRs
markers. Since the ISSR marker is a dominant marker, the data were computed as absence (0)
and presence (1) of visible gel bands. The grouping was constructed using the Ward-MLM
(modified location model) method through the R statistical software (R Development Core
Team, 2006). The cophenetic correlation between the distance matrix and the grouping matrix,
as estimated through the joint analysis, was obtained based on Gower’s algorithm (Gower,
1971), expressed by:

P
_— Z k=1 Vszk-Sijk
ik~ P
D kW

in which k = the number of variables (k =1, 2, ..., p); i and j are two individuals representing
the access; w,, = weight given to the comparison ijk, assigning a value of 1 for valid
comparisons and 0 to invalid comparisons (when the value of the variable is missing for one
or both individuals); and Sijk = contribution of the variable k in the dissimilarity between
the individuals i and j, with values between 0 and 1 through the R statistical software (R
Development Core Team, 2006).

A dendrogram was generated using Statistica v. 6.0 (Statsoft, 2002) and the number
of groups was set using the NbClust R package (Charrad et al., 2014) using the pseudo-t
criterion.

(Equation 1)

RESULTS AND DISCUSSION

The descriptive statistics and ANOVA results of the morphoagronomic descriptors
are presented in Table 2. There were significant differences (P < 0.05) in all growth-related
characters, including NPB, NSB, PH, and SD. The characters related to grain production showed
significant differences (P < 0.01) for the characters NBFP, NIBP, and NSF. The coefficient of
variation ranged from 15.23% for SD to 182.52% for FW. The greatest phenotypic variation
was found in PH (59.67-222.33 cm), with an average of 157.86 cm, whereas the smallest
variation was found in NSF (0 to 2.90) with an average of 0.63, followed by NBFP showing
values between 0 and 8.67, with an average of 1.06. Similar results were observed by Laviola
et al. (2011) in 175 accessions of Jatropha. The authors observed differences for all traits
evaluated, for example NPB, SD, and production of grain (Laviola et al., 2011).

Among the 11 morphoagronomic characters evaluated, SW contributed the most
(19.84%) to the genetic divergence among the 46 accesses (Table 3), followed by FW
(12.79%) and PH (12.59%). The character that least contributed to the variability was NS
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Table 2. Summary of ANOVAs of 46 accession of Jatropha curcas evaluated at 32, 36, and 42 months after
planting. Cruz das Almas, BA, Brazil, 2015.

d.f. Average square of growth-related characters
NPB NRSB PH SD
Blocks 21 1.95 338.42 2308.38 341.86
TRAT 45 1.92%* 175.30%* 1715.17** 276.53**
Residue 945 0.96 70.33 589.49 101.58
Average 2.68 15.33 157.86 66.17
CV (%) 36.53 54.71 15.38 15.23
Minimum 1.00 0.00 59.67 29.11
Maximum 18.33 66.67 222.33 99.45
Average square of grain production characters
NBFP NIBP NF FW SW NSF NS
Blocks 21 2.81 14.80 6.19 30.49 16.90 1.03 44.58
TRAT 45 3.46%* 15.03** 5.359m 22,77 12.42m 0.70%* 38.10™
Residue 945 1.44 9.45 4.21 18.68 9.90 0.37 29.96
Average 1.06 2.66 1.21 2.37 1.74 0.63 3.22
CV (%) 113.54 115.66 169.05 182.52 181.22 96.93 169.77
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 8.67 40.00 25.67 68.38 49.17 2.90 68.67

**Significant at P <0.01; ns = not significant (P > 0.05). Number of primary (NPB) and secondary (NSB) branches;
plant height (PH, cm); stem diameter (SD); number of fruit plant clusters (NBFP); number of inflorescence clusters
per plant (NIBP); number of fruits per plant (NF); fruit weight per plant (FW, g); seed weight per plant (SW, g);
average number of seeds per fruit (NSF); number of seeds per plant (NS).

Table 3. Relative contribution (%) of each of the characters obtained from the Jatropha curcas active germplasm
bank to divergence. Cruz das Almas, BA, Brazil, 2015.

Character Contribution (%)
Number of primary branches 5.75
Number of secondary branches 8.87
Plant height (cm) 12.59
Stem diameter 10.41
Number of fruit clusters 9.71
Number of inflorescences 4.25
Number of fruits 8.04
Fruit weight (g) 12.79
Seed weight (g) 19.84
Average number of seeds per fruit 5.79
Number of seeds per plant 1.97

(1.97%). Laviola et al. (2011) noted that the quantitative characters that contributed most
to the genetic divergence in 175 accesses of J. curcas in descending order were age, grain
production, stem diameter, height, number of secondary branches, crown projection in line
with the height, the height of the first inflorescence, and projection of the cup between
lines. Moreover, Santana et al. (2013) studied nine hybrid combinations of J. curcas and
observed that the character that most contributed to the genetic divergence (21%) was the
number of female flowers, followed by stem diameter (17%), seed production (15%), and
number of secondary branches (14%). In contrast, the characters that least contributed to the
genetic divergence were plant height (13%), mass of 100 seeds (10%), branch height (8%),
combinatorial ability and the genetic parameters of J. curcas accessions (2%) (Santana et
al., 2013).
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Of the 103 ISSR primers tested here, 23 resulted in good patterns and were therefore
selected for genotyping of all 46 Jatropha accessions (Table 4). All 23 ISSR primers used
produced polymorphic fragments. The size ranges of the fragments varied between 90 and
1550 bp, with the largest variation found in primer 914 TriCGA3’RC (90-1500 bp). This
primer generated a total of six fragments with 100% polymorphism (Table 4). A greater
variation in fragment size was obtained by Basha et al. (2009) and Sunil et al. (2008) when
studying genetic diversity in Jatropha. Using ISSRs markers, they recorded fragments
ranging between 100-3500 and 250-3000 bp, respectively. From the 112 fragments obtained
here, 94 (84%) were polymorphic and 18 (16%) monomorphic, revealing genetic variability
among the studied accessions. Each primer produced an average of 4.6 fragments, of which
3.9 showed polymorphism. The smallest variation in the number of polymorphic fragments
was found in primers 839 (DIGA3’C) and 885 (TriACC3’RC), with one polymorphic
fragment, whereas the largest variation was found in 843 (DIGAS5’C), with eight polymorphic
fragments.

Table 4. ISSR primers used for genotyping of 46 accession of Jatropha curcas.

Number Primer Sequence 5'—3' Polymorphic Monomorphic Total
839 DIGA3'C GAGAGAGAGAGAGAGAC 1 1 2
840 DIGA3'RC GAGAGAGAGAGAGAGARC 5 1 6
841 DIGA3'T GAGAGAGAGAGAGAGAT 3 1 4
842 DIGA3'YC GAGAGAGAGAGAGAGAYC 3 1 4
843 DIGAS'C CGAGAGAGAGAGAGAGA 8 0 8
845 DIGAS5'CY CYGAGAGAGAGAGAGAGA 6 3 9
846 DIGAS'T TGAGAGAGAGAGAGAGA 4 0 4
851 DIGT3'YG GTGTGTGTGTGTGTGTYG 2 0 2
852 DIGTS'A AGTGTGTGTGTGTGTGT 3 1 4
853 DIGTS'C CGTGTGTGTGTGTGTGT 2 1 3
855 DIGT5'CY CYGTGTGTGTGTGTGTGT 2 0 2
857 TriCAC3'RC CACCACCACCACCACRC 3 0 3
859 TriCACS'CR CRCACCACCACCACCAC 5 2 7
861 TriCAG CAGCAGCAGCAGCAG 3 1 4
864 TriCAG5'CR CRCAGCAGCAGCAGCAG 3 1 4
869 TriGTGS5'CR CRGTGGTGGTGGTGGTG 6 1 7
885 TriACC3'RC ACCACCACCACCACCRC 1 1 2
887 TriAGA3'RC AGAAGAAGAAGAAGARC 4 0 4
903 TriTGC3'RC TGCTGCTGCTGCTGCRC 5 0 5
912 TriCCT3'RC CCTCCTCCTCCTCCTRC 3 1 4
914 TriCGA3'RC CGACGACGACGACGARC 6 0 6
917 TriCGG3'RC CGGCGGCGGCGGCGGRC 3 0 3
930 TriGGT3'RC GGTGGTGGTGGTGGTRC 5 1 6
Total 94 18 112

The high degree of polymorphism obtained (84%), suggests that the ISSR markers
were efficient in the detection of genetic variability. He et al. (2007), Kumar et al. (2008), and
Ram et al. (2008) obtained similar results. However, in other studies using ISSR molecular
markers, Basha and Sujatha (2007) and Oliveira et al. (2013) reported low genetic divergence
in the J. curcas germplasm.

The genetic distance was obtained on the number of discrepancies between the
accessions, observed in a genetic dissimilarity of 46 accessions, from data of morphoagronomic
and molecula characterization (Table 5). The genetic distance analysis revealed variation
ranging from 0.52 to 0.06 between hits and an average distance of 0.28. The most genetically
similar accessions UFRB60 and UFVJC45, were found to have the minimum genetically
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similarity value of 0.06, whereas the most genetically dissimilar accessions were UFRB61
and UFVICI18, with the maximum value of 0.52. This cross may be used in the selection
of promising genetic constitutions for future associations within the program of genetic
improvement of Jatropha. Other promising combinations would be UFVJC10 and UFRB44;
UFVICI18 and UFRB58; and UFVJCI18 and UFRB62 with the genetic dissimilarity values of
0.51, 0.50, and 0.50, respectively.

Similar results were found by Alves et al. (2013), studying the genetic variability
in 117 Jatropha accessions using a joint analysis of phenotypic and molecular data (RAPD
and SSR). They calculated the genetic dissimilarity matrix values based on Gower’s method
(Gower, 1971) and found genetic distance variation ranging from 0.06 to 0.48 between
accessions, with an average distance of 0.20 (Alves et al., 2013). Rosado et al. (2009) studied
the genetic diversity of 192 Jatropha accessions and found variation ranging from 0.14 to 1.0
between accessions, using RAPD and SSR markers.

The dendrogram obtained using the Ward-MLM method, divided the 46 accessions
of J. curcas into six distinct groups. The grouping of hits is shown in Figure 1. Groups 1 and
3 each contained 26% of all accessions, whereas groups 2, 4, 5, and 6 contained 17, 7, 13,
and 11%, respectively, of all 46 accessions evaluated. This suggests that there was genetic
dissimilarity between them.
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UFRBZS

UFRB37

L — N 61
UFRB32

UFRB4Z

UFRB4S

UFRB4Y
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UFWJCES 4'—‘ 62
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(o — s
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Genetic distance

Figure 1. Matrix of genetic dissimilarity between 46 accessions of Jatropha curcas obtained using the Ward-MLM
method based on Gower’s dissimilarity coefficient. X-axis: access of Jatropha curcas; Y-axis: genetic distance;
centerline: court score; G1-G6: number of groups.
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These results corroborate those found by Oliveira et al. (2013). Using 30 RAPD
primers, they evaluated the genetic variability among 40 accessions of J. curcas and found
six distinct groups, which confirms the presence of genetic variability among them (Oliveira
et al., 2013). Similarly, a study of genetic variability in 72 accessions of Jatropha from 13
different countries, using RAPD and ISSR markers, identified eight different groups (Basha et
al., 2009). Alves et al. (2013) found contrasting results, when studying genetic variability in
117 Jatropha accessions through the joint analysis of phenotypic and molecular data (RAPD
and SSR). A dendrogram based on the Tocher method divided the accessions into 14 distinct
groups, although most of the accessions were designated to a single group (Alves et al., 2013).

Studies using joint analysis of morphoagronomic and molecular data in Jatropha are
still quite limited, although a few examples, such as the study by Alves et al. (2013), can be
found in the literature. Using the joint analysis of morphoagronomic and molecular characters,
the identification of genetic constitutions that are promising for future associations is made
possible. This provides discriminatory power in forming groups that generate information that
may be used for genetic improvement of Jatropha and provides better knowledge about the
genetics of the species.

To conclude, we found evidence of genetic variability among accessions of J. curcas
in the UFRB/NBIO active germplasm bank consisting of six distinct groups. This joint analysis
of morphoagronomic and molecular data demonstrates the potential of the accessions for the
genetic improvement program of the species. The most genetically dissimilar accessions were
UFRB61 with UFVJCI18, suggesting that these accessions may be especially promising is
future breeding programs.
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