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Tolerance to salinity in Jatropha curcas are genotype-dependent

A tolerância à salinidade em pinhão manso é dependente do genótipo
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ABSTRACT
Dissonant results in Jatropha curcas tolerance to salinity obtained by different research groups in
several countries suggest that tolerance is connected to variation of the genetic origin of the genotypes
used. To verify this hypothesis, this work compared the physiological, photochemical and nutritional
responses of different genotypes from J. curcas under to saline stress. Seeds of six genotypes of J.
curcas (CNPAE112, CNPAE114, JCAL171, CNPAE183, CNPAE218, and CNPAE304) were
germinated and fertirigated for three months with a Hoagland nutrient solution at 50%. After that, the
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plants received different concentrations of NaCl (0, 250, 500 and 750 mM) added to the nutritious
solution for 48 h (maximum stress). Later, the salt was washed out from the substrate with solutions
free from NaCl for 914 h to plant recovery. Gas exchanges, fluorescence chlorophyll a, osmotic
potential and concentration of macro- and micronutrients of leaves were quantified. Physiological
analyzes showed that genotypes CNPAE112, CNPAE114, and JCAL171 were more tolerant to salt
stress due to complete recovery of their gas exchange rates after transferring plants to salt-free media.
The genotypes CNPAE218 and CNPAE304 were more sensitive to saline stress, showing no recovery
of the gas exchange and no recovering of maximum quantum efficiency of PSII, besides having high
concentrations of Na+ in leaf after transferring plants to salt-free media. The genotype CNPAE183
was shown to be intermediate to the two previously situations. Therefore, we can suggest that
CNPAE112, CNPAE114, and JCAL171 presented higher tolerance to saline stress, while
CNPAE218, CNPAE304 showed to be more sensitive.

Keywords: NaCl, Physic nut, Abiotic Stress, Gas Exchange, Biofuel, Principal Component Analysis

RESUMO
Resultados dissonantes na tolerância à salinidade do pinhão manso obtidos por diferentes grupos de
pesquisa em vários países sugerem que a tolerância está ligada à variação da origem genética dos
genótipos utilizados. Para verificar esta hipótese, este trabalho comparou as respostas fisiológicas,
fotoquímicas e nutricionais de diferentes genótipos de J. curcas sob estresse salino. Sementes de seis
genótipos de J. curcas (CNPAE112, CNPAE114, JCAL171, CNPAE183, CNPAE218 e CNPAE304)
foram germinadas e fertirigidas por três meses com uma solução nutritiva de Hoagland a 50%. Depois
disso, as plantas receberam diferentes concentrações de NaCl (0, 250, 500 e 750 mM) adicionadas à
solução nutritiva por 48 h (estresse máximo). Posteriormente, o sal foi lavado do substrato com
soluções livres de NaCl por 914 h para recuperação da planta. Foram quantificadas trocas gasosas,
clorofila a de fluorescência, potencial osmótico e concentração de macro e micronutrientes das folhas.
Análises fisiológicas mostraram que os genótipos CNPAE112, CNPAE114 e JCAL171 eram mais
tolerantes ao estresse salino devido à recuperação completa de suas taxas de troca de gases após a
transferência de plantas para meios sem sal. Os genótipos CNPAE218 e CNPAE304 foram mais
sensíveis ao estresse salino, não mostrando recuperação das trocas gasosas e recuperação da máxima
eficiência quântica de PSII, além de apresentarem altas concentrações de Na + na folha após a
transferência das plantas para meios sem sal. O genótipo CNPAE183 mostrou ser intermediário para
as duas situações anteriores. Portanto, podemos sugerir que CNPAE112, CNPAE114 e JCAL171
apresentaram maior tolerância ao estresse salino, enquanto CNPAE218, CNPAE304 mostrou-se mais
sensível.

Palavras-chave: NaCl, porca física, estresse abiótico, troca gasosa, biocombustível, análise de
componentes principais
1 INTRODUCTION
Most of the soils around the world are affected by the presence of salts that can promote salt
stress on plants and limit production (Rahdari and Hoseini 2011). Binzel and Reuveni (1994) revealed
that the salt-affected area is almost three times larger than the arable agricultural land. Salinity is one
of the most severe abiotic stresses faced by plants, because, besides reducing the osmotic potential of
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the soil, the salinity stress is also closely connected to the osmotic stress and the boosting of the
hiperionic condition on plants (Munns 2011). High salinity level causes ionic imbalance, disturbs the
ion homeostasis of plant cells, and affects the distributions and supply of essential mineral nutrients,
such as K+, Ca2+, and Mn2+ and thus affecting the normal physiology of plant cells (Wang et al. 2012).
The impact of salinity stress can affect, directly or indirectly, energetic ways, like
photosynthesis, above all due to the cytotoxic effect from the backlog of ions; reduction of the
disponibility and diffusion of CO2 induced by stomatic and mesophyll limitation; the changes on the
photosynthetic apparatus, chlorophyll breakdown, damage to chloroplast; decrease of quantic
efficiency of the photosystem (PS) II; and increase dissipation of energy on the form of fluorescence
and heat, as previously reported by Tominaga et al. (2014) in land cultivation of J. curcas under
drought stress. All these changes lead to biochemical disturbance, compromising the growth and
vegetal development (Wang et al. 2012). At long term can affect the species productivity.
The response of plants to the salinity stress depends on a number of factors, like the
concentration of salt in the soil, the time of exposure to the stressful condition, the age of the plant,
the studied species and even the genotype or the variety (Silva et al. 2015; Trebbi et al. 2015; Laviola
et al. 2018), in a way that plants can be classified in more tolerant and more sensitive to salinity.
The physic nut (Jatropha curcas L.) is a woody-shrub species belonging to the Euphorbiaceae
family. The geographic center of origin of J. curcas remains controversial but is believed to be native
to Central America or Mexico, where it occurs naturally in forests in coastal regions (Pecina-Quintero
et al. 2014; Guo et al. 2016). Due to its performance superiority and environmental concerns, J.
curcas is widely distributed in tropical and subtropical areas, especially in Central and South
America, Africa, India and South East Asia (Schmook and Seralta-Peraza 1997). In recent years, this
species has been researched for the exploitation of commercial biodiesel production (Alburquerque
et al. 2017; Silitonga et al. 2017). This species has a short period of growth until the first fruit harvest
(Corte-Real et al. 2016), and low seed cost (Silitonga et al. 2017). A single Jatropha plant (nonimproved genetic material) can yield more than 2.5 kg of seeds with high oil content (40-80%)
(Pompelli et al. 2010b; Pandey et al. 2012; Singh et al. 2013). Its major fatty acids are oleic acid
(34.3-45.8%; 18:1), linoleic acid (29.0-44.2%; 18:2), palmitic acid (14.1-15.3%; 16:0) and stearic
acid (3.7-9.8%; 18:0) (Gubitz et al. 1999; Andrade et al. 2017). For instance, if 1,250 plants can be
grown in one hectare (spaced 4×2 m apart), Jatropha can produce from 937 to 1,250 kg of oil per
hectare. To put in perspective, soybean, the most planted oilseed crop in Brazil, produces on average
500 kg of oil per hectare. Added to this, Jatropha is a perennial crop, which means that it can be
commercially explored for a long period (Laviola et al. 2018). Moreover, this species, shows good
adaptation to different agroclimatic conditions (Divakara et al. 2010; Pompelli et al. 2010a; Santos
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et al. 2013), surviving on infertile soils (Sarin et al. 2007), making this species suitable for cultivation
on degraded soils (Reubens et al. 2011), where grows in marginal agricultural land without competing
with food production or environmental conservation (Tominaga et al. 2014). The physiological
characteristics of the species, associated with its economic potential, can transform J. curcas as an
efficient substitute to be used as fuel for diesel, its utilization as a new source of oil has tremendous
scope in contributing to growing needs of the country for energy resources (Pompelli et al. 2011;
Pandey et al. 2012; Baroutian et al. 2013).
Characteristics of economic potential, robustness, easy propagation, resistance to drought and
saline condition (Mastan et al. 2012), high oil content, low seed cost, fast growth and easy
propagation, and easy adaptation to a wide range of agroclimatic conditions (Gubitz et al. 1999;
Divakara et al. 2010; Pompelli et al. 2010a; Mastan et al. 2012; Contran et al. 2013; MoncaleanoEscandon et al. 2013; Andrade et al. 2017) lead this species in a potential model to future studies in
salinity tolerance. Thus, several works are being developed in recent years, searching to understand
and explore the different mechanisms of response from the J. curcas opposing various environmental
conditions (Pandey et al. 2012; Contran et al. 2013; Shrivastava and Kumar 2015). However, there
is not a consensus yet about tolerance to salinity of this species. One of the reasons for this divergence
can be related to the diversity in physiological response among genotypes in different studies (Mastan
et al. 2012). On this meaning, the main hypothesis that this study intends to select genotypes that
present physiological characteristics of salt tolerance that in a way can help on the selection of elite
genotypes. Our studies had the goal to select J. curcas genotypes more tolerant to the saline
environment through assessing its physiological responses to salt stress.

2 MATERIAL AND METHODS
2.1. PLANT MATERIAL AND GROWTH CONDITIONS
For this experiment, the seeds of six J. curcas genotypes (Table 1) distributed throughout the
different regions of Brazil, given by Brazilian Agricultural Research Corporation (Embrapa
Agroenergy; Brasília, DF – Brazil), were kept at 4°C until their use (Moncaleano-Escandon et al.
2013). Germination was carried out in a greenhouse (8°02"59.0' S; 34°56"54.9' W). The seeds were
germinated in polypropylene boxes (200 x 200 x 50 mm) containing 5 kg of river washed sand, airdried, where 20 seeds were soaked in each experimental boxes. Along with the experiments, the
temperature was recorded during the experiments using a portable mini climate station (mod. KR420,
Akron Measure Instrument, Leuven, Belgium) every fifteen minutes, 24 h per day. The mean
temperature and relative humidity along the germination were, respectively,28.7 ± 3.8°C and 73.2 ±
14.2% (Fig. 1).
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With the emergence of the first eophylls, the seedlings were standardized and individualized
in plastic pots (9 L), filled with 9 kg of washed sand, where the seedlings remained for at least 15
days, being fertiirrigated every two days with nutrient solution of Hoagland (Epstein 1972) at 50%
(pH 5.8). Subsequently, the nutrient solution was replaced by the Hoagland full strength. After 3
months of seedling nursing, an experiment was carried out with a 6 x 4 factorial arrangement and 4
repetitions. The factors used were six genotypes (CNPAE112; CNPAE114; JCAL171; CNPAE183,
CNPAE214 and CNPAE304), and four saline concentrations (0, 250, 500 and 750 mM L -1 of NaCl).
The saline treatments were added to the Hoagland nutrient solution, corresponding to 1.4; 23.1; 36.3
and 46.8 dS m-1 of electrical conductivity of a nutrient solution, respectively.
After 3 months to acclimation, all plant was irrigated daily, according to the treatment, with
800 mL of saline solution (enough volume to occur leaching), in the early hours of the morning
(06:00-07:00 h). The plant was considered stressed when the net photosynthesis (PN) of the leaves
were lower than 10% of those measured in control plants leaves, which occurred after 48 h salt stress.
Hereafter referred to as maximum stress. After 48 h of salt stress, the saline condition was removed
from the system with continuous washes with deionized water until a decrease in the electrical
conductivity of the leachate was lower than 3 dS m-1. After that, the plants were fertirigated with
Hoagland nutrient solution full strength for recovering from salt stress. Plants were considered
recovered when PN of the stressed plants was similar (p ≥ 0.05) to those measured in control plants.

2.2.GAS EXCHANGE MEASUREMENTS
In two first days, leaf gas exchange was measured at different times (07:00, 09:00, 11:00,
13:00, 15:00 h, solar time). Net photosynthesis (PN), stomatal conductance (gs), internal-to-ambient
CO2 concentration (Ci/Ca) and the leaf-to-air vapor pressure deficit (VPD) were quantified. After salt
stress alleviation, all the photosynthetic parameters were measured one time per week, always in
about 09:00 h. Gas exchange was measured using a portable system (Li-6400; Li-Cor, Lincoln, NE,
USA). For this measurement, we selected two healthy leaves per plant. Measurements were
conducted in a greenhouse under a clear sky and the leaf was exposed to the irradiance of saturation
of 1,000

mol m-2 s-1 (as previously tested by light curves versus net photosynthesis), fixed CO2

concentration in 390

mol mol-1 and air flow of 400

mol s-1.

2.3. PHOTOCHEMICAL EFFICIENCY
In the same moments of gas exchange measurements, the chlorophyll a fluorescence
parameters were measured after 30 min with dark-adapted leaves and1,000
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light (Genty et al. 1989; Maxwell and Johnson 2000).The maximum Chl fluorescence of photosystem
II (Fv/Fm), ratio between variable fluorescence to initial fluorescence (Fv/F0), photochemical (qP),
and non-photochemical quenching (NPq), and quantum efficiency of photochemistry (

PSII)

were

measured using a portable fluorometer (FluorPen, mod FP100, Photon Systems Instruments, Drasov,
Czech Republic).

2.4. PREDAWN LEAF OSMOTIC POTENTIAL (S
To measure the leaf osmotic potential (s , whole, and healthy leaves were collected from
the middle third of the aerial part of the plant, between 04:00 and 04:30 h (in the predawn), at two
moments during the experiment: (i) in maximum stress and (ii) in plant recovery. The leaves were
identified and promptly placed under refrigeration (4ºC) for a maximum of 24 hours when the tissues
were macerated and centrifugated at 15,000 g for 10 minutes at 4°C. A 10

L aliquot of extracts

were used to determine its osmolality through a vapor pressure osmometer (Vapro, mod 5600,
Wescor, Inc., Logan, UT, USA). Using the equations proposed by Van’t Hoff (Prickett et al. 2008),
the osmolality was converted to osmotic potential, given in MPa.

2.5. LEAF MINERAL ELEMENTS
Concentrations of macro- and micronutrients in leaves were measured in leaf samples
collected from the middle third of the aerial part of the plant, in both maximum stress and after
recovery. Leaf dry mass was obtained after oven-drying at 60°C for 72 h. Leaves were then ground
into a fine powder to pass a 40- mesh sieve, and determined nutrients contents, such as, nitrogen (N),
phosphorus (P), potassium (K+), magnesium (Mg2+), calcium (Ca2+), sodium (Na+), and chloride (Cl-)
in accord of Silva (2009).

2.6. PRINCIPAL COMPONENT ANALYSIS AND HIERARCHICAL CLUSTERING
Physiological and morphological parameters were used to construct a principal component
analysis with the PCA function of the Minitab 18.1.0.0 (Minitab LLC, State College, PA, USA). The
summary function of PCA was used to calculate the proportion of the variance of each physiological
and nutritional parameter explained by each principal component. For hierarchical clustering, the
Euclidean distance was used with the R index in the Minitab 18.1.0.0 (Minitab LLC, Pennsylvania
State University, PA, USA).
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2.7. STATISTICAL ANALYSIS
The results obtained were submitted to a variance analysis (ANOVA) and the averages were
compared by the test Student-Newman-Keuls to 5% level of significance, or a test T to a comparison
between to saline concentration (0 mM and 750 mM of NaCl), trough the Sigmaplot 11.0.0.77 (Systat
Software Inc. San Jose, CA, USA).

3 RESULTS
In general, the plants submitted to 250 and 500 mM of NaCl concentrations did not present
visual symptoms of toxicity caused by salinity stress. On the other hand, plants submitted to a 750
mM, presented symptoms of salinity stress, characterized by chlorosis on older leaves, followed by
leaf abscission just after the maximum stress. After the fall of old leaves, most of the genotypes,
presented leaf regrowth, with exception of plants from the genotype CNPAE218 and CNPAE304,
which had reduced leaf production on the period of recovery, even presenting necrosis of stalk tissues
(Supplementary Figure S1).
All the genotypes studied presented the same behavior, in reference to the net photosynthesis,
when subjected to 250 mM and 500 mM de NaCl, showing the interaction between studied genotypes
and salt concentration (Table 2). In this way, wanting to comprehend the different behaviors between
the genotypes of J. curcas only the data of 750 mM of NaCl were considered, to make a parallel
between this concentration and control treatment, exempt from NaCl (Fig. 2).
In all studied genotypes the gas exchanges parameters were reduced with salt incorporation
on the substrate (Fig. 2B), followed by the fall of gs (Fig. 2D) when compared with plants of control
(Fig. 2A and 2C). These alterations occurred since the first hours of inclusion of salt to the substrate,
reaching the maximum stress in 48 h from the beginning of the differentiation of treatment. The ratio
Ci/Ca presented distinct intraspecific behavior. On maximum stress, the genotype CNPAE112,
CNPPAE183 and CNPAE304 presented meaningful elevation of the ratio C i/Ca with values from
1.20 ± 0.33, 1.13 ± 0.34 e 1.06 ± 0.55, respectively (Fig. 2F). A different profile was observed in
genotypes CNPAE114, JCAL171, and CNPAE218 which maintained the values of C i/Ca similar to
the registered before the maximum stress.
On the recovery period, plants from the genotype CNPAE112, CNPAE114, and CNPAE183
subjected to salinity reached photosynthetic rates close to values registered in control treatment after
410 h of experiment (Fig. 2B), followed by an increase of g s (Fig. 2D). The genotype JCAL171
presented a slower recovery, reaching values similar to control only after 746 h. On the other hand,
the genotypes CNPAE304 and CNPAE218 don’t show recovery of their photosynthetic rates as well
as their gs, even after 914 hours of removal of salt in the substrate.
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On all treatments, the gs sharply increased towards its maximum at a VPD. For CNPAE112,
CNPAE183, CNPAE304, CNPAE114, JCAL171 and CNPAE218 and the correlation coefficient was
0.457 (p = 0.008), 0.456 (p = 0.009), 0.421 (p = 0.016), 0.390 (p = 0.027), 0.384 (p = 0.033) and
0.369 (p = 0.038), respectively. However, when all data were pooled, the correlation coefficient was
strongly increased to 0.659 (p ≤ 0.0001), evidencing a strong influence of the VPD on gas exchange
(Fig. 3).
All fluorescence parameters also were affected by the presence of salt (Table 3). In this sense,
Fv/Fm and Fv/F0 were not significantly different between genotypes, although plants subjected to
salinity showed a decrease of 2.4% and 15.4% to every variable respectively. On the recovery, the
plants subjected to salinity showed a small improvement in both parameters, even remaining with
ratios relatively lower, when compared to control plants (Table 3). This lower efficiency of
conversion photochemistry (

PSII)

energy was reduced in ~15% by stress (Table 3). The large fraction

of the absorbed energy was utilized via regulated thermal dissipation when the

PSII

was extremely

low (Table 3). The mean maximum qNP achieved in the salt-stressed plants ranged to 1.17 and 2.36,
respectively in CNPAE112 and CNPAE218. In this sense, de qNP in stressed plants were 1.9x, 2.0x,
2.4x, 2.7x, 3.0x, and 4.1x higher in CNPAE112, JCAL171, CNPAE183, CNPAE304, and
CNPAE218, than the respective control (Table 3). On the recovery the difference observed on qNP
of the stressed and control plants were abruptly decreased in CNPAE114, JCAL171, and CNPAE183,
but maintained high in CNPAE112 (2x higher), CNPAE218 (3.4x higher), and CNPAE304 (2.0x
higher). This decrease shows that the plants had conditions to recovery, but this recovery was not
complete in CNPAE112, CNPAE218, and CNPAE304 genotypes.
In maximum stress, the genotypes presented the meaningful difference between each other
only in the nutritional parameters, in regard to the content of K+, N, and Mg2+, beside the Na+ (Table
4). This way, it was possible to observe that the genotypes CNPAE304 and CNPAE183 were the
most divergent because there is a greater accumulation of Na+ (66.5%) on the genotype CNPAE304
in relation to CNPAE183. This low concentration of Na+ in CNPAE183 contributed to this genotype
presenting the lowest value of the ratio Na+/K+ (0.40), even though it is not significantly different
from other genotypes. It is worth noting that to highlight that in the moment of recovery, the level of
all the nutrients was different of the ones obtained in the maximum stress, once that, regardless of the
genotype evaluated, the levels of K+, N and P were significantly increased in the recovery compared
to plants under salinity. Other minerals, like Cl-, Na+ and Ca2+ were decreased in recovery, while
Mg2+ maintained itself stable (Table 4). Comparing stressed plants, regardless of genotype, the levels
of Cl-, Na+ e Ca2+ were respectively increased in 507.6%, 95.1% and 40% in stressed plants compared
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to the control ones. On the other hand, the levels of K+ and N were respectively reduced in 15.6%
and 6.2% in stressed plants compared to control (Table 4).
Among all analyzed parameters, the
stress, all genotypes showed similar

s,

between other genotypes because their

s

was one of the most affected by stress. In maximum

while in the recovery CNPAE218 and CNPAE304 differed
s

were maintained lower, with values similar to those

measured in the maximum stress. In distinct form, genotypes CNPAE112, CNPAE114, CNPAE183,
and JCAL171 showed

s

37.2%, 32.0%, 32.9%, and 16.6% higher in recovery plants when compared

to those values measured in maximum stress (Fig. 4).
All parameters shown so far appear to separate more tolerant genotypes from more sensitive
genotypes. To confirm this separation, a PCA was performed for two sampled times, i.e., 48 hours or
stress (maximum stress) and 914 hours of stress (recovery) (Fig. 5, and Supplementary Fig. 2). The
PCA results revealed a clear influence among times of stress on the modulation of some parameters.
However, in maximum stress (Fig. 5A), the genotypes CNPAE112, JCAL171 and CNPAE183 form
a unique cluster, while in recovery (Fig. 5B), the genotypes CNPAE114, JCAL171 and CNPAE112
form a unique cluster, showing that the pattern visualized in all data (Fig. 5C) was merged and cannot
be distinguished from each other. In addition, in maximum stress, the physiological and nutrition
status were important variables to determine de separation in the first component (Supplementary
Fig. S2). The main variables were Cl-, Na+, WUEi and PN (0.286, 0.274, 0.270 and 0.246,
respectively) (Supplementary Table S2). Noteworthy, the WUE i, Fv:Fm, T,

s,

PN, Fv:F0, Ci:Ca and

gs has also great influence in the separation the treatments when compared only recovery plants
(0.307, 0.305, 0.299, 0.295, 0.290, 0.285, 0.273, and 0.268, respectively) (Supplementary Table S3).
In contrast, when all data were pooled there was no formation of groups, and each genotype behaved
differently from one another. In all case, the Euclidean method showed a similarity of 70% (Fig. 2).

4 DISCUSSION
The parameters of gas exchange in the genotypes of J.curcas were reduced by the addition of
NaCl in the nutritious solution since the first hours of treatment. The plants subject to 750 mM of
NaCl presented a progressive decrease in the parameters of g s and PN until the moment of maximum
stress. This decline in gas exchange is related to the immediate response to from plants subjected to
osmotic deficit imposed by the high saline concentration, once that the presence of salt in a solution
of the soil decreases the osmotic potential of the soil (Parihar et al. 2015). The stomatic closure, is a
strategy that allows cutting the excessive loss of water through transpiration, favors the maintenance
of the hydric status of the plant (Flexas and Medrano 2002), beside reducing the flow of ions from
the substrate to the aerial part (Praxedes et al. 2010), preventing the damage related to cytotoxic effect
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caused by excessive accumulation, mainly, of Na + and Cl- (Gupta and Huang 2014). On the other
hand, the stomatic closure reduces the flux of CO2 to the inside of the substomatal chamber, resulting
in the decrease of photosynthetic rate, observed since the first hours of salinity treatment, the decrease
of availability and fixation of CO2 compromises the second stage of photosynthesis and the supply of
ADP and NADP+, used in the photochemical step. This way, when occurs, the decrease on the
contribution of CO2 without the decrease in availability in luminous energy a growth on the
susceptibility of photochemical damage is noticed, inducing strong disturbances in the photochemical
reaction (Krause and Weis 1991; Maxwell and Johnson 2000) and generating reactive oxygen species
(ROS) due to a smaller availability of NADP+ as a final receptor of electrons (Pompelli et al. 2010a;
Campos et al. 2012; Dusenge et al. 2015).
In reason of osmotic deficit, imposed by the presence of salt in the substrate [37], the plants
of J. curcas reduced their osmotic potential, in favor of water absorption, a fact previously reported
by several studies on this species (Silva et al. 2009; Silva et al. 2010; Díaz-López et al. 2012a), which
corroborates the data presented on our study. With the removal of the saline condition of the substrate,
the

s

did not differ between the treatments only in CNPAE183, CNPAE218, and CNPAE304. The

decrease of

s

for woody species is recognized as a mechanism to support the effects of salinity stress

and dimmer the hydric deficit. This osmotic adjustment favors the catchment of water by roots and
can be assigned to synthesis or translocation of substance or ions which can act as osmoregulators
and osmoprotectants, including cations and anions, present on the saline solution like Na+ and Cl- or
found on the leaves (Silva et al. 2010; Campos et al. 2012). These findings do not confirm studies of
Tominaga et al. (2014) who described thatJ. curcas responds to decrease gs under progressive drought
while maintaining the leaf water content predawn leaf water potential, and the difference in leaf water
potentials between predawn and midday as low as well-watered plants, indicating that it has a
desiccation postponement strategy. Adverse effects on physiology and metabolism of the plants, due
to exposure to NaCl, are caused, mainly, by the cytotoxic effect of ions Na + and Cl- in high
concentrations and changes in the nutritional balance (Díaz-López et al. 2012b). Confirming the
studies already described in the literature, with the addition of NaCl on the substrate, the plants
subjected to 750 mM de NaCl absorbed high quantities of ions of the solution on the soil, mainly of
Cl-, which possibly caused the symptoms of visual toxicity characterized by chlorosis in older leaves,
followed by abscission. The high concentrations of ions Cl- on leaves may cause degradation of
chlorophyll, causing damage on the photosystems (Asada 1999; Pompelli et al. 2010c; Tavakkoli et
al. 2011), favoring the fall of photosynthesis rate and damage to the photosynthetic apparatus of some
genotypes studied. Díaz-López et al. (2012a) suggests that J. curcas seedlings exhibit a moderate
tolerance to salinity, as the plants were able to tolerate up to 4 dS m-1, equivalent to 30 mM NaCl,
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while Fu et al. (2019) described that a transgenic J. curcas expressing sbNHX1 gene, which encodes
an active vacuolar Na+/H+ antiporter could enhance tolerance up to 200 mM NaCl. Our study
contradicts these studies since in this study, we tested 25x greater than salt concentration tested by
Díaz-López et al. (2012a) or ~4x greater than salt concentration described by Fu et al. (2019). The
complete recovery of gas exchange in JCAL171, CNPAE114, and CNPAE112 genotypes confirm
our hypothesis that J. curcas is strongly tolerant to salinity, considered by some authors (Díaz-López
et al. 2012a; Fu et al. 2019) like a halophyte plant. The accumulation of Na+ in the leaves in the
genotypes on maximum stress revealed to be an important indicator of behavior from different
genotypes compared to saline stress. This way, the genotype CNPAE183 presented higher success in
ionic selectivity, avoiding the build-up of Na+ on the leaves, which is important for protecting the
enzymatic metabolism (Hussain et al. 2016). This behavior was observed by J. curcas and proven by
analysis between the relation of those cations, which revealed an increase in the ratio Na +/K+ in plants
subjected to salinity, evidencing a higher absorption and translocation of sodium to the leaves, in
detriment of potassium (Garcia et al. 2007). In this sense, a smaller Na+/K+ is considered as a brand
of tolerance for plants subjected to salinity, a fact proven in many studies, including J. curcas
(Greenway and Munns 1980; Hauser and Horie 2010; Roy et al. 2014; Silva et al. 2015; Melo et al.
2017). According to Greenway and Munns (1980), glycophytes plants must present a Na+/K+ ratio
equal or smaller than 0.6, are more metabolic efficient, it is suggested that the genotype CNPAE183
presents a higher selective ionic capacity, favoring the metabolic balance, when compared to the other
genotypes tested in this study. After 914 hours, all genotypes decreased the values of Na+/K+ ratio,
reaching averages that allow the proper maintenance of the metabolism. This cutback can be
explained by the increase of K+ concentration, absorbed through this period, and by the decrease of
Na+ concentration, eliminated by the fall of old leaves or in the function of the dilution effect as
mentioned by Rosolem [45], once that the plant continues to present growth. Even though in recovery
the plants subjected to salinity meaningfully reduced their levels of Cl- and Na+, the values presented
are still high, circumstantial evidence that the fall of old leaves is not enough to remove the excess of
those ions in plants after stress, even after the 35 days in recovery. It’s necessary to emphasize that
the genotype CNPAE183 showed the lowest fall in the levels of Cl- and Na+ compared to the others,
probably because of the fact that this genotype already showed lower values of those ions in
maximum stress.
After maximum stress, the genotypes presented different behaviors about the photosynthetic
rates. This difference showed trough different speeds of recovery that may show an intraspecific
variation and strong evidence to the selection of more tolerant genotype (Bastos et al. 2011). Some
works (Hussain et al. 2017; Yu et al. 2017) showed that genotypes more sensible tends to present a
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slower recovery of the physiological process when compared to more tolerant genotypes. In this
sense, it is postulated that the complete recovery of photosynthetic rates, after stress, may be a strong
indicator that the salinity did not no meaningful harm to the photochemical apparatus (Flexas and
Medrano 2002; Sales et al. 2013) or that the regulatory mechanisms of protection were more active.
From this assumption, it is believed that the genotypes CNPAE183, CNPAE112, CNPAE114, and
JCAL171, were more efficient, presenting high tolerance to salinity stress than the genotypes
CNPAE218 and CNPAE304. This distinction between the genotypes evaluated it is due to the fact
that these last ones did not recover their photosynthetic rates even after the withdrawal from the
stressful condition, compromising the growth and production of biomass, evidenced by the
suppression of new leaves and necrosis of the stalk (Supplementary Fig. S1). Such observations
indicate a strong influence of specific genetic variants on the expression of the phenotype more
tolerant or sensible to salinity in this species, on the interactions with abiotic factors. Moreover, the
behavior of genetic diversity between Brazilian and Americas genotypes with greater similarities
between then (Montes et al. 2013; Osorio et al. 2014; Laviola et al. 2018; Sánchez-Velázquez et al.
2018) could be influenced to nonseparating genotypes CNPAE183, JCAL171, and CNPAE112.
Environmental factors, like high values of VPD, may lead to photochemical damage on leaves
(Ranjan et al. 2012; Tominaga et al. 2014; Hsie et al. 2015; Mendes et al. 2017). In this study, we
demonstrated that the gs responded linearly to the VPD regardless of the treatment. In accord of
Tominaga et al. (2014), diurnally, the VPD outside the chamber (measured for reference) fluctuated
similarly to the one inside the chamber, suggesting that theVPD inside the chamber was not elucidated
by the transpiration via stomatal behavior. Results of the water treatment showed that J. curcas has a
high capacity for regulated thermal energy dissipation that flexibly adjusts PSII quantum efficiency
to the capacity of CO2 fixation and must be critically important for this strict water (Tominaga et al.
2014). Starting from this, we can postulate that the non-recovery of the genotypes CNPAE218 and
CNPAE304 could not be connected with their heat dissipation, because this genotype shows the
higher values of qNP. However, the

PSII

of this genotype were lesser than other evaluated genotypes.

Some authors (Tominaga et al. 2014; Hsie et al. 2015) demonstrated that the stomata of J. curcas did
not close completely even in hight VPD allowing the diffusion of CO 2 to the substomatal chamber.
This idea was confirmed when we consider that the Ci:Ca ratio rarely decreased 0.5, strong evidence
that it was not the stomatic closure was not the main reason for the decrease in photosynthetic rates.
Other factors may have lead to the decline of photosynthetic rates; between those are: (i) damage in
the photosynthetic apparatus and to the Calvin cycle (Egneus et al. 1975; Farquhar et al. 1980; Cen
and Sage 2005; Araújo et al. 2008; Kalaji et al. 2014), (ii) decrease in mesophilic conductance
(Keenan et al. 2010; Griffiths and Brent 2013) and (iii) decrease on the rate of electron transport
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between the photosystems (Kanechi et al. 1996; Flexas et al. 1999), factors that can decrease or slow
down the speed in which the internal carbon is used. Besides that, in stress conditions, the internal
concentration of carbon (Ci) grows, due to the routing of CO2 coming from cellular respiration to the
substomatal chamber (Zlatev and Yordanov 2004). Problems on the photosynthetic machinery (Silva
et al. 2013; Chaves et al. 2016) or the use of calcium oxalate crystals (CaOx) as a way of maintenance
of internal CO2, may have added to increase in Ci/Ca ratio (Tooulakou et al. 2016) and, in some
genotypes, increase the speed of the recovery of photosynthetic rates.
The parameters of fluorescence of the chlorophyll a is changed in answer to abiotic stress,
like salinity (Baker 2008), and showed to be an important variable in setting tolerance of genotypes
(Netondo et al. 2004; Bacarin et al. 2011), because the changes in stability in those parameters have
been treated as one of the primary effects of salinity in photosynthetic rates. All data about
fluorescence parameters of chlorophyll a measured in this study showed a tendency to decrease in
efficiency of the photosystem II in all genotypes, in maximum stress. This decrease is chiefly denoted
in recuperation, where the genotypes CNPAE218 and CNPAE304 shows high non-photochemical
quenching and lowest means in PSII efficiency. These parameters allied with visual symptoms permit
us to infer that these genotypes were sensitive to salt stress, while JCAL171, CNPAE114, CNPAE112
were tolerant to salinity and CNPAE being considered moderately tolerant to salinity. The decrease
in Fv:Fm ratio throughout the application of NaCl in the genotypes CNPAE218 and CNPAE304 to
0.75 and 0.76, respectively, linked with the increase of Ci:Ca ratio are circumstantial evidence that
support the hypothesis that the non-stomatic factors are responsible for cutback of photosynthesis
after the stress phase (Medrano et al. 2002) in those genotypes. This behavior, allied to the decrease
in gas exchange parameters such as gs and PN, as well as the increase of internal carbon concentration,
reinforces the idea that alternative ways of energy, main photorespiration can be used by the
genotypes CNPAE218 and CNPAE304. Some studies (Zheng et al. 2009; Díaz-López et al. 2012a;
Verma et al. 2013; Ploschuk et al. 2014) combining electron transport rate and CO2 assimilation rate
indicated that the antioxidant activity and cyclic electron flow around PSI in water-stressed Jatropha
leaves can be a sink of electrons, thus reducing the stress on photosystems.
Based on physiological, photoprotectors and nutritional data, we could conclude that the
genotypes CNPAE112, CNPAE114, and CNPAE183 presented themselves as like candidates more
tolerant to salinity, showing speedy recovery of photosynthetic rates and growth when NaCl is taken
from the system. On the other hand, the concentration of 750 mM of NaCl showed to be highly
harmful to genotypes CNPAE218 and CNPAE304, therefore, this genotypes showed to be more
sensitive than the others, or yet, do not seem to have a molecular mechanism of genetic and metabolic
regulation that make viable physiological recovery after the maximum stress caused by salinity. The
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genotype JCAL171 was tolerant, showing a slow recovery capacity after being subjected to severe
salinity conditions, unlike other genotypes, probably due to the different tolerance strategy (likely
presence of intermediary mechanisms of metabolic and genetic regulation, promoter of salinity
tolerance). So, different genotypes of J. curcas presented diversified answers when subjected to saline
stress. Studies like this, allied to identifications of regulatory genic ways may help to understand the
different regulatory ways between these genotypes under salinity stress.
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Fig. 1. Air temperature (Tair, A) and vapor pressure deficit (VPD) registered along the experiments. To T air we used the
mean values between the point of the gas exchange was collected and 15 minutes after that. To VPD we used only data
for 750 mM of NaCl along the experiment.

Fig. 2. Net photosynthesis (A; A and B), stomatal conductance (gs; C and D) and internal-to-ambient CO2 concentration
(Ci/Ca; E and F) of six genotype of young plants of Jatropha curcas without salt conditions (A, C and E) and under 750
mM NaCl (B, D and F). Hours: 0, before stress; 48 hours, maximum stress (vertical dotted line); 74 to 914 hours, recovery
period. Each point denotes means ± standard error. n = 4
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Fig. 3. Relationship between vapor pressure deficit (VPD) and stomatal conductance in six genotype of young plants of
Jatropha curcas. To construct this graph all values were used without distinct the salt concentration but preserving its
relation between the values. For symbols details, see Fig. 1.

Fig. 4. Osmotic potential of six genotype of young plants of Jatropha curcas under 750 mM, sampled in 48 hours,
maximum stress (black bars) and 914 hours, recovery (gray bars). Means with different lowercase letters denotes
significant differences to stressed and recovery within each genotype and uppercase letters denotes significant differences
to genotypes within each salt concentration. The values denotes means ± standard error. n = 4
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Fig. 5. Principal component analysis (PCA) of the physiological and nutritional parameters of six genotypes of
Jatropha curcas. Score plots are based on 48 hours of stress, maximum stress (A) and after 914 hours of stress,
recovery (B). Data of 48 hours and 914 hour of stress were pooled together in C. In A and B, the large circles represent
the four clusters formed by the Euclidean distance method considering ~70% of similarity.
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Supplementary Fig. S1. CNPAE304 plants denoting necrosis in the base of the stalk.
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Supplementary Fig. S2. Loading plot of the physiological and nutritional parameters of six different genotype of Jatropha
curcas. Score plots are based on 48 hours of stress, maximum stress (A) and after 914 hours of stress, recovery (B). Data
of 48 hours and 914 hour of stress were pooled together in C. In Loading plot the direction and length of the lines are
directly proportional to variables importance in separating groups. PC1, principal component 1; PC2, principal component
2. gs, stomatal conductance; T, transpiration; PN, net photosynthesis; Na+, sodium; Cl-, chloride; K+, potassium; Mg+2,
magnesium; WUEi, intrinsic water use efficiency; F0, minimum fluorescence;
transport rate;

PSII,

s,

osmotic potential; ETR, electron

quantum efficiency of photochemistry; Ci:Ca, and internal-to-ambient CO2 concentration; qP,

photochemical quenching, Fv:Fm, maximum fluorescence of photosystem II, Fv:F0, ratio between variable fluorescence
to initial fluorescence.
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