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This study aimed to identify phenotypic plasticity in populations of Jatropha curcas. The experiment
was conducted with a completely randomized design with eleven treatments and four replications.
Morphophysiological variables were analyzed in the agricultural year, 2014-2015. Positive correlations
were only observed between crown diameter and seed production, and canopy diameter and stomatal
density in adaxial epidermis, indicating that canopy diameter can be used as a descriptor in plant
breeding programs. Cluster analysis confirmed the existence of diversity among populations of
J. curcas, with the formation of two groups, demonstrating the narrow genetic basis of Jatropha found
in different regions of Brazil. The analysis of phenotypic plasticity demonstrated that morphological
variables had a higher coefficient of plasticity in relation to physiological and productive variables. The
morphological and physiological variables can be used in J. curcas breeding programs to study

diversity and phenotypic plasticity.
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INTRODUCTION

The world's dependence on energy sources has
compromised natural resources, owing to the increase in
gases that enhance the greenhouse effect in the
atmosphere as a result of human activities such as
burning of fossil fuels and land use. The search for
sources of clean and renewable energy becomes
necessary to minimize climate change. In this context,
biofuels represent a sustainable alternative for partial or
total replacement of fossil fuels.

Brazil features a high capacity for biofuel production,
owing to its vast territory, climatic diversity, a humber of
potentially suitable species, and manpower with technical

expertise in the field of agricultural science (Santos et al.,
2014). The main raw materials used for production of
biodiesel in Brazil are soybeans, beef tallow and cotton,
with  contributions of 69.24, 26.18 and 3.07%,
respectively, and other materials accounting for only
1.51% of the production (ANP, 2015). Therefore, the
need exists for diversifying the sources of raw material
with the introduction of promising species. Jatropha
curcas, popularly known as physic nut, stands out as a
plant with great potential for oil extraction as well as high
physical and chemical quality for biodiesel production
(Laviola et al., 2012).
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Table 1. Description of the place of collection of J. curcas seeds in different regions of Brazil.

City collection Geographic coordinates Populations
Ariqguemes 09° 54'48" S, 63° 02' 27" W, 142 m RO
Barra dos Bugres 15°04'21" S,57° 10' 52" W, 171 m MT
Formoso do Araguaia 11°47'48" S, 49° 31' 44" W, 240 m TO
Jales 20° 16'08" S, 50° 32' 45" W, 478 m SP
Jatai 17°52'53" S, 51° 42' 52" W, 696 m GO
Jodo Pinheiro 17° 44' 45" S, 46° 10" 44" W, 765 m MG
Natal 05°47'42" S, 35°12'32"W, 30 m RN
Novo Repartimento 04° 19'50" S, 49° 47" 47" W, 0 m PA
Petrolina 09° 23'55" S, 40° 30' 03" W, 376 m PE
Séao Luis 02°31'47" S, 44°18'10"W, 24 m MA
Serra da |biapaba 03°52'47" S, 40° 57' 50" W, 954 m CE

J. curcas is a perennial, monoecious species belonging
to the family Euphorbiaceae and has been used by rural
communities for various ends, such as soil conservation
and as source of decomposed organic matter rich in
nitrogen, phosphorus and potassium. The latex extracted
from the stem and branches presents healing effect,
being used for pharmaceutical purposes (Openshaw,
2000). Its high cultivation potential has attracted the
attention of researchers and promoted rapid expansion of
the species in the world. The planted area of J. curcas
corresponded to 900,000 ha in 2008, rising to 4.7 million
ha in 2010 and expected to reach 12.8 million ha in 2016
(Contran et al., 2013).

Although, Jatropha is distributed in different regions of
Brazil, the absence of cultivars with improved production
stability has limited the expansion of the species. Thus,
research aiming to develop improved J. curcas cultivars
has been intensified; nevertheless, breeding programs
are still rare when compared with other oleaginous
species (Laviola et al., 2012). Several genetic diversity
studies report that the genetic basis of Jatropha is
narrow, probably because of a common ancestry
(Kanchanaketu et al., 2012; Reis et al., 2015).

The large edaphoclimatic diversity existing in Brazil,
with marked variation of abiotic factors between regions,
may favor the selection over generations of genotypes
with greater ability to display phenotypic plasticity.
Breeding programs of J. curcas have aimed to solve the
problematic environment-genotype interaction. Expansion
of the commercial exploitation of this culture depends on
the clarification of basic agronomic aspects not yet
available for the species, as well as on the development
of superior materials with uniform maturation and
production stability.

In this perspective, it is observed that the species, J.
curcas lacks superior materials and basic elucidations to
ensure production stability. The degree of improvement
of Jatropha is still incipient, and raises concern among
investigators that research is in demand as regards
genetic improvement, interaction of genotype X

environment, phenotypic plasticity and management
practices. Thus, this study aimed to identify the diversity
and phenotypic plasticity in populations of J. curcas.

MATERIALS AND METHODS

The experimental area of the present study has Aw climate
according to Koppen classification, with annual rainfall of 1,447
mm, average temperature of 21.9°C, and average air relative
humidity ranging from 58 to 81%. The region has two distinct
seasons: a rain season from October to April, and drought from
May to September. The soil of the experimental area is classified as
dystrophic red-yellow latosol (EMBRAPA, 2006).

Seeds of J. curcas from different geographical regions of Brazil
were planted in November 2011 with spacing of 4 x 2 m (Table 1).
The work was conducted following a randomized complete block
design with eleven treatments and four replications, between
August 2014 and August 2015. The treatments were defined as J.
curcas populations.

To obtain the stomatal density, two replicas of adaxial and
abaxial leaf surfaces, depicting the middle third region of hydrated
leaves, were made with colorless enamel. The count was carried
out using an optical microscope equipped with a camera lucida,
following the recommendations of Jadrna et al. (2009).

To obtain the specific leaf area (SLA), six leaf disks of 1.2 cm
diameter were taken from fully expanded leaves and subsequently
dried at 70°C for 72 h for determination of the dry weight. The SLA
was obtained via equation proposed by Radford (1967). The leaf
area was determined following equation proposed by Severino et
al. (2006). The amount of inflorescences was established by
counting their number as they emerged in the plant. The number of
female, male, hermaphrodite and asexual flowers was obtained by
the respective number of flowers counted in each inflorescence
upon their opening in the plant, according to Pereira et al. (2011).

For determination of photosynthetic pigments, leaf discs with 1.2
cm of diameter were removed and placed in glasses containing
dimethyl sulfoxide (DMSO). Next, extraction was performed in water
bath at 65°C for one hour. Samples were taken for
spectrophotometric reading at 480, 649 and 665 nm. The content of
chlorophyll a (Cl a), chlorophyll b (Cl b), carotenoids (Car) and ratio
of chlorophyll a to b were determined following the equations
proposed by Wellburn (1994).

The number of branches was obtained by counting all the
ramifications from the base of the main stem. Plant height was
determined using a measuring tape graduated in meters, covering



the stem length up to the apex of the main branch. The stem
diameter was established with a digital caliper at the height of
sample collection. The crown diameter was measured between the
two lateral limits of the plant.

The length, width and diameter of the seeds were determined
using a digital caliper, using 25 random seeds as samples. The
weight of 100 seeds was obtained using a precision scale (0.001 g).
The vyield per plant was measured by weighing the seeds.
Subsequently, analysis of the oil content of the seeds was
performed by nuclear magnetic resonance (NMR). Oil productivity
was determined by total seed productivity (kg ha™) divided by the
average density of Jatropha oil (0.910), expressed in L h™.

The differences in plasticity index associated with morphological,
physiological and productive variables were analyzed by Scott-
Knott test (p < 0.05). The phenotypic plasticity index, ranging from 0
to 1, was calculated based on the relative distance (DR) between
the values of treatments (RDPI), according to Valladares et al.
(2006).

The genotypic correlation test between variables as well as the
cluster analysis by Mahalanobis distances (D2), using the
unweighted average link method (UPGMA), was accomplished
using the GENES software (Cruz, 2013). To perform the principal
component analysis, created if a correlation matrix and the
selection criteria of the axes followed the Broken Stick model in
multiple regression analysis to assess productivity, the forward
stepwise model (Sokal and Rolf, 1969) was used and both analyses
were carried out using the R software (R CORE TEAM, 2015).

RESULTS AND DISCUSSION

The results revealed differences between J. curcas
populations, corroborating those found by Reis et al.
(2015) when evaluating the genetic diversity in different
accessions of this species, based on agronomic
descriptors. In addition, this paper reports the existence
of phenotypic plasticity in populations of J. curcas.

The descriptive analysis of variables is shown in Table
2. The number of inflorescences and female, male,
hermaphrodite and asexual flowers did not follow a
normal distribution according to the Shapiro-Wilk test.
Variables showing normal standard with greater
variations were: oil production (PO), seed productivity
(PROD), height of 1* branch (FBH) and specific leaf area
(SLA). The PO found in the seeds presented variation
from 55.67 to 508.40 L ha™*, with an average of 242.21 L
ha™. The FBH ranged from 4 to 12 cm, with an average
of 6.7 cm. The AFE had an average of 71.20 m? kg’l,
varying between 37 and 109 m® kg™. The obtained TOS
was 33.20%, ranging from 28.40 to 35.80%.

Only variables that presented significance by analysis
of variance were subjected to genotypic correlation test
(Table 3). Positive correlations were observed between
crown diameter and seed production (0.99), crown
diameter and stomatal density in adaxial (0.86), crown
diameter and diameter of the stem (0.82), productivity
and stomatal density the adaxial (0.80), seed weight and
seed length (0.80), and seed weight and seed diameter
(0.79). In multiple regression analysis, shown in Table 4,
it was observed that the model explained 75% of the
variance of J. curcas productivity.

Oliveira et al. 4561

In this regression model, the crown diameter, number
of inflorescences, stomatal density in adaxial epidermis
and seed length were the variables with greatest
contribution to the productivity of J. curcas.

Genotypic correlation and multiple regression analysis
indicate that the crown diameter, stomata density in the
adaxial epidermis and length of the seeds can be used as
a descriptor in plant breeding programs in order to
increase the yield of seeds (Laviola et al. 2011). To
assess the genetic diversity of plants J. curcas, Reis et
al. (2015) concluded that the morphophysiological
descriptors are of paramount importance to the
improvement of the species.

The correlation between canopy diameter and stomatal
density in adaxial epidermis is associated with self-
shadowing in plants with large crown diameter and leaf
area index. The high shading creates local conditions
(lower incidence of direct radiation, lower temperature,
high humidity and high boundary layer) is appropriate for
the influx of CO, and transpiration. Under these
conditions, the leaves are larger and have high stomatal
density in the adaxial epidermis to maximize gas
exchange and thereby increase productivity (Castro et
al., 2009).

In J. curcas, inflorescences are located at the apex of
the branches and are correlated with the seed vyield,
interfering decisively with the amount of fruit (Drummond
et al.,, 2010). According to Rocha et al. (2012), crown
diameter, number of inflorescences, stomatal density in
adaxial epidermis and seed length are quantitative
attributes that suffer strong environmental influence,
being able to generate differential genotypes over the
years.

In principal component analysis (Figure 1), it is
observed that only the first two components were
necessary to explain 70% of the variation of the data.
PCl1l explains 50% of the variation; the variables
contributing the most to the ordination of Jatropha
populations were crown diameter; number of
inflorescences, female, male and hermaphrodite flowers;
and seed and oil yield. The populations of GO, RO, RN,
MT and CE showed the highest values for these
variables. PC2 explains 20% of the variation in the data,
and only the variable ‘total chlorophyll’ contributed
significantly to the formation of the second axis; the
populations of GO, RO, MT and MG showed the highest
values for this variable.

However, the principal component analysis failed to
identify the formation of different groups among the
populations of J. curcas based on physiological,
morphological and productive variables. This proves that
the materials under study, although derived from different
geographic regions of Brazil, present intra- and inter-
population variations. Contradictory results were obtained
by One et al. (2014), studying the phenotypic and
genotypic diversity in Jatropha, while Osorio et al. (2014)
found great phenotypic variations in J. curcas in Central
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Table 2. Descriptive analysis of the variables- number of branches (NR), plant height (PH), stem diameter (DCL),
canopy diameter (DCP), the first branch height (FBH), leaf area (LA) , number of inflorescences per plant (NI), feminine
flower (FF), masculine (FM), hermaphrodites (FH), asexual (FA) diameter seed (DS), the length of the seed (CS), width
of the seed (LS ), weight of 100 seeds (PS), productivity (PROD), oil content in the seeds (TOS), oil yield (PO),
stomatal density in adaxial epidermis (EAD) and abaxial (EAB), leaf concentration of carotenoid total (CAR) ratio of
chlorophyll a and b (Cl a / Cl b), total chlorophylls [Cl (a + b)] and specific leaf area (SLA), analyzed in populations J.
curcas found in naturally different geographic regions of Brazil.

Variables DV CV (%) Minimum Maximum Average p (normal)
NR 7.50 16.9 11.00 50.00 34.90 0.66 ™
PH (m) 0.30 9.9 2.20 3.50 3.00 0.61"™
DCL (cm) 16.70 10.60 95.00 160.00 10.60 0.44 "™
DCP (m) 0.40 18.2 1.10 3.10 2.30 0.62"™
FBH (cm) 1.90 25.70 4.00 12.00 6.70 0.06 ™
LA (cm?) 30.00 17.70 105.60 221.50 159.00 0.20™
NI 12.60 91.80 1.00 45.00 13.70 0.05 *
FF 4.60 106.30 1.00 20.00 4.40 0.03 *
FM 42.40 73.40 29.00 145.00 58.00 0.01 **
FH 1.40 104.20 1.00 4.00 1.30 0.03 *
FA 2.00 113.00 1.00 7.00 1.70 0.02 *
DS (mm) 0.20 1.80 8.00 8.90 8.50 0.25"™
CS (mm) 0.40 2.00 16.70 18.80 17.70 093"
LS (mm) 0.30 2.30 10.00 10.90 10.50 011"
PS (9) 4.30 2.30 69.20 82.40 75.30 0.16 "
PROD (kg ha)  290.00 43.70 170.00 1370.00 660.00 0.07"™
TOS (%) 1.50 4.20 28.40 35.80 33.20 0.09"
PO (L ha™) 106.96 44.15 55.67 508.40 242.21 0.24"™
EAD (mm?) 35.00 14.10 149.00 277.00 202.20 022"
EAB (mm™) 93.00 10.60 521.00 871.00 680.40 0.94 "
CAR (g kg™) 0.40 20.60 1.00 2.70 1.80 0.60"
Cla/Clb 0.70 10.90 1.90 5.50 2.80 0.41"™
Cla+b (g kg™) 2.40 19.30 6.50 18.80 11.40 0.20 ™
AFE (m” kg™) 17.20 22.00 37.00 109.00 71.20 0.20 ™

Standard deviation (DV), coefficient of variation (CV), minimum and maximum, mean and normality test p (normal); ™ = not
significant, ** significant at 1% and *significant at 5% probability level.

America as compared to Africa, Asia and South America.

Cluster analysis (Figure 2) based on the Mahalanobis
distance ranked the populations of J. curcas in two
groups, observing similarity between the groups
generated at the point 60 of the connection distance.
Group one, which included most J. curcas materials,
included the states of MT, CE, PE, TO, MA, PA, GO and
SP. Group two comprised the states of RO, MG and RN.

Cluster analysis confirmed the existence of genetic
diversity among populations of J. curcas, showing that
the genetic basis of Jatropha found in different regions of
Brazil is narrow, possibly because the analyzed materials
were derived from few populations or exchange of seeds
occurred after introduction in Brazil (Kanchanaketu et al.,
2012). According to Reis et al. (2015), the introduction of
materials derived from other countries is necessary to
generate greater diversity.

The analysis of phenotypic plasticity (Table 5) showed
that the morphological variables had greater plasticity

coefficient (0.37) in relation to physiological (0.09) and
productive (0.10) variables. Among the morphological
and productive variables with higher values of phenotypic
plasticity were: asexual (0.67), hermaphrodite (0.59),
female (0.53) and male (0.52) flowers, number of
inflorescences per plant (0.48), oil yield (0.32) and seed
(0.31). The physiological variables had reduced
phenotypic plasticity index for the studied characteristics.
According to Fuzeto and Lombnaco (2000), populations
occupying heterogeneous environments have large
plastic potential in their external characteristics
(phenotype) without genotypic changes being necessary.
The detected variations confirm the performance of
plasticity as generating mechanism of phenotypic
variability and point out the latter's importance in adaptive
and evolutionary processes of species, as the produced
changes facilitate the exploration of new niches, resulting
in increased environmental tolerance (Via, 1993).

The morphological plasticity seen in populations of J.
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Table 3. Estimates of genotypic correlation between morphophysiological characters- stem diameter (DCL), crown diameter (PCD), of
the first branch point (FBH), seed diameter (DS), length of the seed (CS), width of the seed ( LS), weight of 100 seeds (PS), total
productivity (PROD), oil content in the seeds (TOS), stomatal density in adaxial epidermis (EAD) and abaxial (EAB), ratio chlorophyll
a and b (Cla/Cl b) and oil yield (PO) in different populations of J. curcas found naturally in different regions of Brazil.

Genotypic correlation

Var. DCP FBH DS CS LS PS PROD  TOS EAD EAB Cla/Clb PO
DCL 0.82* -0.38 -0.24 0.01 0.07 -0.37 0.70 -0.31 0.16 0.49 0.07 -0.43
DCP 040 -0.15 -0.22 0.12 -0.48 0.99** 0.23 0.86* -0.35 0.60 0.28
FBH 0.16 -0.11 0.42 -0.10 0.40 -0.03 0.18 0.68 0.23 -0.10
DS 0.32 -0.20 0.79* -0.15 0.01 -0.12 -0.03 0.34 0.04
Cs 0.50 0.80* -0.40 0.48 -0.29 -0.29 0.34 0.51
LS 0.16 0.02 -0.01 0.02 -0.72 -0.05 -0.08
PS -0.63 0.06 -0.62 0.04 -0.03 0.15
PROD 0.35 0.80* -0.17 0.68 0.37
TOS 0.20 -0.54 0.38 0.64
EAD -0.18 0.54 -0.60
EAB -0.43 -0.51
Cla/Clb -0.44

**Significant at 1% probability (p <0.01); *significant at 5% probability (p <0.05).

Table 4. Multiple regression model to assess the total productivity by criteria stepwse using variables- diameter crown (DCP),
inflorescence number (NI), stomatal density in adaxial epidermis (EAD), length of seed (CS), average oil content in the seeds (TOS),
weight of 100 seeds (PS); leaf area (LA); total chlorophyll [CI (a + b)]; stem diameter (DCL) and plant height (PH).

Model explanation F P

Production R2=0.75 F(10.33) =13.94 p<0.001

Beta Std.Err. B Std.Err t(33) p-level
Intercept -3.34 0.83 -4.03 0.001
DCP (cm) 0.40 0.12 0.17 0.05 3.30 0.002**
NI 0.23 0.11 0.01 0.00 2.13 0.040*
EAD (mm™) 0.32 0.09 0.01 0.00 3.46 0.002**
CS (mm) 0.42 0.13 0.16 0.05 331 0.002**
TOS (%) 0.14 0.08 0.02 0.01 1.69 0.100
PS (9) -0.22 0.11 0.01 0.01 -1.93 0.062
LA (cm?) -0.15 0.09 -0.00 0.00 -1.59 0.121
Cla+b (g kg™ 0.12 0.09 0.01 0.01 1.37 0.179
DCL (cm) 0.11 0.09 0.00 0.00 131 0.197
PH (m) 0.14 0.11 0.09 0.07 1.27 0.211

**Significant at 1% probability (p <0.01); *significant at 5% probability.

curcas occurred mainly due to environmental factors,
suffering genetic influences. According to Gilbert (2016),
inflorescences as well as male, female and
hermaphrodite flowers are structures sensitive to
changes in the external environment. Productive plasticity
was also observed in the present study, where
interactions between seed and oil production and the
environment could be verified. Therefore, J. curcas
exhibits high plasticity, which may vary from higher to
lower intensity according to cultivation conditions. These

results corroborate those obtained by Drummond et al.
(2010) when evaluating the agronomic performance of J.
curcas genotypes, finding wide variations in the study
variables.

Conclusion

J. curcas populations present phenotypic and genotypic
variability, and morphological and physiological variables
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Figure 1. Principal component analysis (PC) for morphophysiological diversity of populations of
J. curcas. Arrows indicate the directions in which each variable increases in relation to the axis,
selecting those above 70%. The shapes and colors of the icons represent the populations of J.
curcas found naturally in different regions geographical of Brazil.
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Figure 2. Dendrogram based on the Mahalanobis distance by UPGMA method of 24 variables in populations J.
curcas from different geographical regions of Brazil.

may be used in breeding programs. Plasticity analysis physiological and productive variables as generating
confirmed the performance of  morphological, mechanism of phenotypic variability.



Table 5. Relative distance plasticity index for
morphological, physiological and productive
characteristics in different populations of J. curcas.

Morphological characteristics Pl_ast|C|ty
index
Abaxial stomatal density 0.06"
Adaxial stomatal density 0.13°
Specific leaf area 0.13¢
Leaf area 0.11¢
Inflorescence 0.48°
Female flowers 0.53"
Male flowers 0.52°
Hermaphrodite flowers 0.59%
Asexual flowers 0.67°
Average 0.37%
Physiological characteristics
Number of branches 0.08*
Plant height 0.05¢
Height of the first branch 0.13¢
Stem diameter 0.09°
Crown diameter 0.08"
Carotenoids 0.10°
Chlorophyll ratio a and b 0.07°
Total chlorophylls 0.09°
Average 0.09°
Characteristics productive
Length seeds 0.01°
Width seeds 0.01°
Diameter of seeds 0.01°
Weight of 100 seeds 0.02°
Seed productive total 0.31°
Average oil content in seeds 0.02°
Oil Productivity 0.32°
Average 0.10°

Means followed by the same letter in the column do not
differ by the Scott-Knott test (p <0.05).

Canopy diametercontributes to increased productivity in
J. curcas, and can be used as a descriptor for breeding
programs of the species.

Abbreviation

CAR, Carotenoids; Cl a, chlorophyll a; Cl b, chlorophyll
b; CS, the length of the seed; DCL, stem diameter; DCP,
canopy diameter; DMSO, dimethyl sulfoxide; DS,
diameter seed; EAB, stomatal density in abaxial; EAD,
stomatal density in adaxial epidermis; FA, asexual; FBH,
the first branch height; FF, feminine flower; FH,
hermaphrodites flower; FM, masculine flower; LA, leaf
area; LS, width of the seed; NI, number of inflorescences
per plant; NR, number of branches; PCD, crown
diameter; PH, plant height; PO, oil yield;, PROD,
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productivity; PS, weight of 100 seeds; SLA, specific leaf
area; TOS, oil content in the seeds.
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