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Salinity is a major issue affecting photosynthesis and crop production worldwide. High salinity induces both
osmotic and ionic stress in plant tissues as a result of complex interactions among morphological, physiological,
and biochemical processes. Salinity, in turn, can provoke inactivation of some enzymes in the Calvin-Benson
cycle and therefore affect the fine adjustment of electron transport in photosystem I and carbon related re-
actions. Here, we used three contrasting Jatropha curcas genotypes namely CNPAE183 (considered tolerant to
salinity), CNPAE218 (sensible), and JCAL171 (intermediate) to understand salinity responses. By performing a
long-term (12 months) experiment in land conditions, we investigated distinct mechanisms used by J. curcas to
cope with threatening salinity effects by analyzing gas exchange, mineral nutrition and metabolic responses.
First, our results highlighted the plasticity of stomatal development and density in J. curcas under salt stress. It
also demonstrated that the CNPAE183 presented higher salt-tolerance whereas CNPAE218 displayed a more
sensitive salt-tolerance response. Our results also revealed that both tolerance and sensitivity to salinity were
connected with an extensive metabolite reprogramming in the Calvin-Benson cycle and Tricarboxylic Acid cycle
intermediates with significant changes in amino acids and organic acids. Collectively, these results indicate that
the CNPAE183 and CNPAE218 genotypes demonstrated certain characteristics of salt-tolerant-like and salt-
sensitive-like genotypes, respectively. Overall, our results highlight the significance of metabolites associated
with salt responses and further provide a useful selection criterion in during sereening for salt tolerance in
J. curcas in breeding programmes.

Stomatal functioning

1. Introduction region of Central and South America, Africa, India and Southeast Asia

(Schmook et al., 1997). J. curcas have ability to grow rapidly, adapt-

Jatropha curcas L. (Euphorbiaceae) is an important and widely
recognized promising source for bioenergy production. Thus, the pro-
duction of Jatropha oil has enormous potential to contribute to the
growing needs for energy resources (Pandey et al., 2012; Lozano-Isla
et al., 2018; Reubens et al., 2011). This species is native to Central
America or Mexico and widely distributed in tropical and subtropical
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ability to different agro-climatic conditions and able to produce fruits
after 9-12 months after planting and therefore the cost of seeds is low
(Corte-Real et al., 2016; Silitonga et al., 2017). Previous studies reported
that a single unimproved genetic Jatropha plant can vield more than 2.5
kg of seeds with a high oil content (30-50%) (Pandey et al., 2012;
Pompelli et al., 2010a). For example, 1,250 plants can be cultivated in 1
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ha (spaced 4 x 2 m apart), producing from 0.937 to 1.25 tons of oil per
hectare, whereas, soybeans (Glycine max) produce an average of 0.5 ton
of oil per hectare. Moreover, the potential lifespan of J. curcas is 30-50
years and therefore it can be exploited commercially for a long period
(Laviola et al., 2018) and also have ability to survive on infertile and
degraded soils, protecting it against erosion (Lozano-Isla et al., 2018;
Reubens et al., 2011; Pompelli et al., 2010b).

Although J. curcas is relatively drought-tolerant (Pompelli et al.,
2010b; Hsie et al., 2015; Silva et al., 2015), it is also considered
salt-sensitive (Lozano-Isla et al., 2018; Campos et al., 2012; Cerqueira
eral., 2019; Corte-Real et al., 2020). It has been estimated that soil and
water salinity is pervasive throughout the globe, reaching ~830 to 950
million hectares (Rengasamy, 2010), or approximately 20% of the total
irrigated land area in the world (Huang et al., 2019). J. curcas can be
cultivated in both arable and semiarid areas (Reubens et al., 2011; Hsie
et al., 2015; Alburquerque et al., 2017), although irrigation is necessary
in the latter. However, irrigation can lead to salinity caused by the salts
introduced by irrigation water (Rengasamy, 2010). In this way, irriga-
tion malpractices, particularly in arid and semiarid climatic zones,
should be carefully used to avoid an increase in soil salinization. Salinity
and drought are the main abiotic factors that affect plant growth and
productivity in arid region by imposing osmotic stress that can lead to
the loss of cell turgor and disrupt its biological capacity (Cerqueira et al.,
2019; Koca et al., 2007; Batista-Silva et al., 2018). Nevertheless, plants
have evolved various physiological and biochemical strategies that
enable them to cope with unfavorable environmental conditions (Tang
et al., 2019). Accordingly, some plants have evolved sophisticated mo-
lecular mechanisms that’s assist them to recognize and respond to these
diverse signals by regulating various physiological process such as
photosynthesis, ion efflux, synthesis of osmoregulatory substances, and
reactive oxygen species (ROS) scavenging (Corte-Real et al., 2020;
Huang et al., 2019; Cabral et al., 2020; Souza et al., 2020; Silva-Santos
et al., 2019).

Lozano-Isla, Campos, Endres, Bezzera-Neto and Pompelli (Loz-
ano-Isla et al., 2018) studied the salinity effects in five different J. curcas
genotypes and showed that salinity is very harmful during seed germi-
nation, directly impacting both seed germination rate and mean
germination time. These authors also observed that some genotypes are
more tolerant than others, a fact that could be promising for future
breeding programs. Previous studies additionally demonstrated that
J. curcas have ineffective system of redistribution of Na* and Cl~ as well
as exclusion mechanisms that can reduce the excessive salt accumula-
tion in shoots under salinity (Silva et al., 2015; Cerqueira et al., 2019).
Accordingly, the potential of J. curcas in terms of tolerance to salinity
remains controversial. One of the reasons for this divergence can be
related to the diversity of physiological responses among genotypes in
different studies and a lack of high yielding variety (Niu et al., 2016).
Therefore, knowledge of J. curcas mechanisms under salinity stress is
clearly required for understanding and improving the stress tolerance
(Cheng et al., 2014). Different genotypes of J. curcas are reported to have
the various adaptive mechanisms that enable them to cope with salinity
stress (Lozano-Isla et al., 2018; Corte-Real et al., 2019, 2020; Cabral
et al., 2020; Souza et al., 2020; Silva-Santos et al., 2019). Here, we
hypothesized that those genotypes present physiological characteristics
of salt tolerance in such a way that can aid in the selection of elite ge-
notypes. Therefore, our main goal was to elucidate physiological and
metabolic responses to salt stress in J. curcas genotypes. To this end, we
used three contrasting Jatropha curcas genotypes, namely, CNPAE183
(considered tolerant to salinity), CNPAE218 (sensible), and JCAL171
(intermediate), and investigated the distinct mechanisms used by those
genotypes to cope with threatening salinity effects.
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2. Material and methods
2.1. Plant material and environmental conditions

The experiment was performed in the Experimental Field of Bebe-
douro (9°09'S, 40°22'W and 365 m asl), Embrapa Semiarido, Petrolina,
Pernambuco State, Brazil. The climate classification in that region is
considered to have BSh in the Koppen classification (Koppen, 1948) with
280.33 mm of total annual rainfall scattered throughout the year (Pro-
clima, 2020). During the entire experimental period, 158 mm of rainfall
was registered (Supplementary Fig. S1). Mean monthly temperatures
ranged from 18 °C in July to 39 °C in December. The relative humidity
ranged from 26% in October to 88% in December (Supplementary
Fig. S1). The soil of the study area was described as Red Argisol Eutro-
phic abrupt plinthic A moderate, medium texture hyperxerophilic relief
plane (Aguiar Neto et al., 2014).

The global radiation intercepted by the plants varied widely during
the experiment(Supplementary Fig. $2), reaching 1,011 Watts m~2 at
11:30 a.m. on August 06, 2017. However, when we consider the radi-
ation intercepted by the plants accumulated over 24 h, November 2017
stands out with a cumulative radiation of 31.49 MJ m~2 day ™! whereas
May 2017 was the month with lower radiation accumulated over 24 h,
with 10.77 MJ m2 day ! (Supplementary Fig. S3).

Through previous results (Lozano-Isla et al., 2018; Corte-Real et al.,
2019, 2020; Cabral et al., 2020; Souza et al., 2020), we selected three
different genotypes of Jatropha curcas, namely, CNPAE183, considered
tolerant to salinity, CNPAE218 considered sensible, and JCAL171 that
presented an intermediate tolerance. Seeds of these genotypes provided
by Embrapa Agroenergia, Brasilia, DF were sterilized as described by
Corte-Real, Oliveira, Jarma-Orozco, Fernandes, dos Santos, Endres,
Calsa Jr and Pompelli (Corte-Real et al., 2020). Subsequently, the seeds
were transferred into polypropylene trays as described by Lozano-Isla,
Campos, Endres, Bezzera-Neto and Pompelli (Lozano-Isla et al., 2018).
During the germination period, the seedlings received only water
without the addition of NaCl. Then, seedlings were transplanted to the
final site, namely 250-L barrels, filled with soil from the Petrolina re-
gion, as described above. The experimental setup was performed under a
randomized block design containing three genotypes (CNPAE183,
JCAL171, and CNPAE218), five salt concentrations in the irrigation
water (0dSm™1,2.5dSm ,5dSm %, 7.5dSm !, and 10 dSm 1), and
5 replicates. In the base of each barrel, a tap was installed to drain excess
water. We used an automated irrigation system containing, for each
saline concentration, a 500-L water tank, a peristaltic pump and a
channel system that carried the water by dripping to the plants. All
plants were irrigated every other day using dripper tubes with a flow of
2.5-L h™!, nominal diameter of 13 mm, with two drippers per plant,
spaced 0.15 m apart (further details can be additionally seen in Sup-
plementary Fig. S4). Irrigation was performed for 2 h per day by
applying 10 L plant™ day ™. In the first 45 days, the seedlings received
fresh water, aiming to acclimate the seedlings to the new environment.
Thereafter, the plants containing at least 10 pairs of expanded leaves
were irrigated with the respective saline concentration. The plants were
submitted to routine agricultural practices.

2.1.1. Scanning electron microscopy

Leaf fragments —0.5 em? of the 3rd attached fully expanded leaf
from the apex were sampled in 6- and 12-month stressed plants and
immediately fixed in Karnovsky solution (Karnovsky, 1965), prepared in
0.1 M cacodylate buffer (sodium cacodylate trihydrate, Sigma Aldrich,
St. Louis, USA), pH 7.4 and 2.5% glutaraldehyde (part number G5882,
Sigma Aldrich) for 60 h at 4 °C. The fragments were then treated with
chloroform P.A. (part number C2432, Sigma Aldrich) for 45 min under
ultrasonic sonication (Digital Ultrasonic Cleaner, GuangDong GT Ul-
trasonic Co., Ltd, Guangdong, China) for complete extraction of the
epicuticular waxes and the cuticle, making epidermal cells more
exposed. The treated leaf samples were observed by scanning electron
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microscopy (SEM). Stomatal density (SD) was measured by using Sal-
isbury equations (Salisbury, 1928) with modifications proposed by
Pompelli, Martins, Celin, Ventrella and DaMatta (Pompelli et al.,
2010c). However, stomatal area and stomatal pore aperture measure-
ment were performed as described previously (Pompelli et al., 2010¢).

2.1.2. Leaf gas exchange parameters and chlorophyll a fluorescence

Every 30 days, leaf gas exchange and chlorophyll a fluorescence were
determined on the 3rd attached fully expanded leaf from the apex, using
a portable open-flow infrared gas analyzer (LI-6400XT; LI-COR Inc.,
Lincoln, NE, USA) integrated fluorescence chamber heads (LI-6400-40;
LI-COR Inc.). The net photosynthesis (Ay, pmol CO5 m 2 s71), stomatal
conductance (g, mmol H,0 m~2 s71), and internal CO, concentration
(C;, pmol CO, mol™!) were obtained on 2-month-old J. curcas plants
from November 2016 to November 2017 at approximately 09:00-11:00
h solar time, under a clear sky and under the leaf irradiance of saturation
of 1,000 pmol m~2 57! (as previously tested by light curves versus Ay),
fixed CO, concentration in 390 pmol mol ™! and air flow of 400 pmol s~1
(Corte-Real et al., 2019). The fluorescence analysis were carried out as
described by Pompelli, Martins, Antunes, Chaves and DaMatta (Pompelli
et al., 2010d).

2.1.3. Leaf mineral elements

Concentrations of chloride (C17), sodium (Na™) and potassium (K¥)
were measured in the same leaf that used for measuring the net photo-
synthesis and for chlorophyll fluorescence analysis on 6- and 12-month
stressed plants. Leaves were oven-dried at 60 °C for 72 h and then
ground into a fine powder to pass a 40-mesh sieve, and nutrient contents
were determined according Silva (2009).

2.1.4. Carbon isotope composition (613(7)
In the same leaves used to leaf mineral analyses, the carbon isotope
composition (8"3C) was calculated as:

R sample

e (/)=(

1)*1000

R standard

where Rgapple is the 13¢/12¢ ratio in the sample and Rgiapdarg is the
13¢/12¢ ratio in the standard (PDB-Pee Belemnite) (Ehleringer et al.,
1990).

2.1.5. Metabolic analysis and metabolite profile

Leaf samples of the 3rd leaflet were harvested of the 6- and 12-month
stressed plants and flash-frozen in N, at —80 °C until analysis. The
samples were lyophilized before metabolite extraction. Approximately
25 mg of dry leaves were subjected to methanolic extraction as described
by Silva, Lichtenstein, Alseekh, Rosado-Souza, Conte, Suguiyama, Lira,
Fanourakis, Usadel, Bhering, DaMatta, Sulpice, Aratijo, Rossi, Serta,
Fernie, Carrari and Nunes-Nesi (Silva et al., 2017). The chlorophyll
contents were determined as previously described by Wellburn (1994).
Total chlorophyll (a+b) as well as the chlorophyll ratio were calculated.
Starch, sucrose, fructose, and glucose were measured according to the
methodology described by Fernie, Roscher, Ratcliffe and Kruger (Fernie
etal., 2001). In the Methanolic insoluble fraction were analyzed for their
total amino acids (Yemm et al., 1955), malate (Nunes-Nesi et al., 2007),
starch (Fernie et al., 2001) and total protein (Bradford, 1976). The
content of all compounds were normalized for dry mass.

The levels of all other metabolites were quantified by gas
chromatography-mass spectrometry (GC-MS) as previously described by
(Lisec et al., 2006). The mass spectra were cross-referenced with those in
the Golm Metabolome Database (Kopka et al., 2005).

2.2. Experimental design and statistical analyses

The experiments were conducted in a completely randomized block
design with three genotypes (CNPAE183, JCAL171, and CNPAE218),
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five salt concentrations in the irrigation water (0 dS m L 25dsm L5
dSm,7.5dSm ', and 10dS m™1), and 5 replicates. All the data were
analyzed by repeated measures ANOVA and means were compared
using a SNK test (P < 0.05) by Statistic version 14.0 (StatSoft, Tulsa, OK,
USA).

3. Results
3.1. Photosynthetic parameters are affected in J. curcas under salinity

Under control conditions, no correlation was detected between SD
and the inverse of the leaf area (Fig. 1A). However, under salt stress (10
ds m™1), the leaves become smaller, with more compacted cells
(Fig. 1B). Under these conditions, we observed an increased stomatal
density coupled with decreased leaf area in the CNPAE183 genotype. By
contrast, decreased stomatal density without large changes in the leaf
area was found in both JCAL171 and CNPAE218 genotypes. Fig. 1C
corroborates this assumption and further adds that the stomatal density
of the CNPAE183 genotype increased by 2.1-fold linearly with saline
concentration, whereas the stomatal density of the genotypes JCAL171
and CNPAE218 increase by 1.4-fold and 1.2-fold, respectively. More
stomata on the leaf surface could represent a greater capacity for water
loss. However, a strong reduction of 44% in stomatal opening (from
32.68 + 0.45 pm? to 18.36 + 0.16 pm?) in the 10 dS m ' CNPAE183
genotype was observed (Fig. 1D). On the other hand, the JCAL171 and
CNPAE218 genotypes increased their stomatal opening, respectively,
from 30.10 + 0.50 pm? to 41.82 + 0.47 pm? (39% increase) and 41.82 +
0.47 umz for 44.62 + 0.70 um2 (6.7% increase). Stomata size was
decreased by 23% in the CNPAE183 genotype, whereas in JCAL171 and
CNPAE218 genotypes, the stomata size is increased by 22% and 7%
(Fig. 1E). By comparing SD and stomatal size (Fig. 1F) we perceived that
the largest SD versus lower stomatal size was observed in the CNPAE183,
whereas, JCAL171 showed the lowest SD with higher stomatal size
(Fig. 1F).

The net photosynthesis (Ay) and stomatal conductance (g;) were
strongly reduced with salinity regardless of genotype (Fig. 2; Suppl.
Table S1). In 6-month salt-stressed plants, severe reductions (75%, 81%,
and 68%) in Ay were observed in CNPAE183, JCAL171, and CNPAE218
genotypes, respectively (Fig. 2). As expected, these reductions are even
higher in 12-month salt-stressed plants, where Ay decreased signifi-
cantly 81%, 94%, and 143% (reaching negative values) in the same
genotypes. In close agreement, g also decreased by approximately 42%,
69%, and 78% in 6-month salt-stressed plants and 77%, 30%, and 79%
in 12-month salt-stressed plants of CNPAE183, JCAL171, and
CNPAE218 genotypes, respectively.

To further understand the influence of J. curcas genotypes on salt
stress tolerance, we calculated the intrinsic water use efficiency (WUE;).
Accordingly, decreases of 51.3%, 82.5%, and 7.7%, respectively in 6-
months saltstressed plants of CNPAE183, JCAL171, and CNPAE218
genotypes were observed (Fig. 3). Furthermore, in 12-month salt-
stressed plants, the CNPAE183 genotype showed a moderate decrease
in WUE; (29%), while, in the JCAL171 and CNPAE218 genotypes the
WUE; fell abruptly to 92%, and 191%, respectively (reaching negative
values; Fig. 3).

Decreases in WUE; are modulated by g; rather than Ay. In general,
stomatal closure causes a decrease in [CO53] in the substomatal chamber
and, consequently, a decrease in the Ci/C, ratio. The Ci/C, ratio was
differently altered in both J. curcas genotypes (Fig. 3). As result, in 6-
month salt-stressed plants, the C;/C, ratio increased by 33%, 10%, and
27% in the CNPAE183, JCAL171, and CNPAE218 genotypes, respec-
tively (Fig. 3). Surprisingly, these ratios increased in 12-month salt-
stressed plants by 67% (CNPAE183), 42% (CNPAE218), and 154%
(JCAL171) (Fig. 3).

Although stomatal closure could provoke an increase in leaf tem-
perature (T).,¢), this was not observed in J. curcas. When we compared 6-
month salt-stressed plants with non-stressed plants of the same age, we
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verified a decrease in Tj.ys to 0.8%, 1.5%, and 0.9 in the CNPAE183,
JCAL171, and CNPAE218 genotypes, respectively (Fig. 4). Moreover, in
12-month salt-stressed plants, Tj,s practically did not increase in
CNPAE183 (3.2%) or CNPAE218 (9.8%) but a considerable increase was
observed in JCAL171 (33.1%) (Fig. 4). We additionally observed an
inverse effect of Tjepr and transpiration (T), with Tje,s increasing with
increasing saline concentrations, whereas T decreased in the same pro-
portion (r = —0.505; Supplementary data file). Namely, T decreased to
83%, 54%, and 57% in 6-month salt-stressed plants CNPAE183,
JCAL171, and CNPAE218 genotypes, respectively, and to 41%, 66%,
and 90% in 12-month salt-stressed plants (Fig. 4).

Fig. 5 shows that when salt increases, the carbon isotope discrimi-
nation (8'3C) is higher. In fact, in 6-month stressed plants, the
CNPAE183, and JCAL171 genotypes discriminated 9.3% and 10.3%,
respectively, less 13C0, than 12CO,, whereas the genotype CNPAE218
discriminated 6.2% (not significant at P < 0.05; Fig. 5). In 12-month
salt-stressed plants, §13C was reduced by 0.3%, 15.4%, and 10.6% in
CNPAE183, JCAL171, and CNPAE218, respectively (Fig. 5).

To further elucidate the physiological performance of the genotypes
to salinity, we compared the relationship between the electron transport
rate (ETR) and Ay versus g. We observed that in 6-month stressed
plants, Ay decreased by 75%, 81%, and 68% while ETR decreased by
35%, 44%, and 45%, respectively, in the CNPAE183, JCAL171, and
CNPAE218 genotypes. With the steeper reduction in Ay than ETR, the
ETR/Ay increases. We also observed that the CNPAE183 genotype had a
higher ETR/Ay accompanied by lower gg; meanwhile, CNPAE218
showed comparatively lower ETR/Ay ratios with higher g; (Fig. 6A).

Vapor pressure deficit (VPD) had no significant effect on the
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Stomatal density (mm®)

maximum stomata pore area when all genotypes were compared
together (Fig. 6B). This fact aside, it is clear that the genotype
CNPAE183 (red symbols in Fig. 6B) showed a lower maximum pore
area, even under high VPDs, while the genotype CNPAE218 (green
symbols in Fig. 7B) showed a significantly larger maximum pore area
under lower VPDs.

3.1.1. Leaf mineral elements

To further analyze the influence of salinity on mineral element ab-
sorption and availability, nutritional analysis were performed (Fig. 7).
As expected, J. curcas plants treated with 10 dS m ™ showed a significant
increase in both Na™ and Cl~ leaf concentrations when compared with
non-stressed plants. As the salt treatment exposure time increased from
6- to 12-months, there was a proportional increase in Na' and Cl~
cellular levels (Fig. 7). In 6-month salt-stressed leaves, the Na® con-
centrations increased 1.4-, 3.0-, and 3.9-fold, while Cl™ increased 1.4-,
1.4-, and 1.6-fold, respectively, for the CNPAE183, JCAL171, and
CNPAE218 genotypes. In 12-month salt-stressed leaves, both ions
increased 1.2-, 1.3-, and 3.1-fold to Na' and 1.6-, 1.5-, and 1.6-fold to
Cl™, respectively, in the CNPAE183, JCAL171, and CNPAE218 geno-
types (Fig. 7).

3.1.2. Metabolic analysis and metabolite profile

In 6-month stressed plants, leaf chlorosis was evident especially in
plants treated with high salt concentrations. Chlorosis and necrosis at
leaf edges were widespread in 12-month stressed plants throughout the
experiment (more info in graphical abstract). Our metabolite analysis
successfully detected 19 amino acids, 4 organic acids, 9 sugars, and 4
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other compounds. The obtained data were displayed in false color in the
heat map (Fig. 8) to provide an easy overview (the full data set is
additionally available as Suppl. Table S2). Considerable changes in the
levels of a wide range of organic acids, amino acids, and sugars were
observed. The changes in metabolite profiles were, by and large, qual-
itatively similar between the genotypes, although quantitatively was
rather variable (Fig. 8), as our data show that the salt-stress affected
were more evident in 12-month plants than in 6-month stressed plants.

A Pearson correlation analysis was used for determining the rela-
tionship between different physiological parameters and tested salinity
concentration. This was evident when we correlated salt versus chlo-
rophyll (Chl) “a” (r = —0.352), Chl “b” (r = —0.273) and Chl total (r =
—0.344). There was a strong negative correlation between salt concen-
tration and protein level (r = —0.719), Ay (r = —0.512), dpgy (r =
—0.404), and ETR (r = —0.392). The strong positive correlation between
salt concentration and Lysine (Lys) (r = 0.546) and negative correlation
between Lys and Chl “a” (r = —0.612), Chl “b”(r = —0.866), Chl total (r
—0.470), or Sucrose (Suc; r = —0.609), Glucose 6-phosphate(G6P; r =
—0.300), Isocitrate (Isoc; r = —0.418), Succinate (Succ; r = —0.379), and
Malate (Mal; r = —0.820) were strong evidence of carbohydrate star-
vation, leading to catabolism of Lys. This idea is corroborated by a
strong negative correlation between Lys and Ay (r = —0.456). Moreover,
Lys was increased by 4.6-fold and 3.2-fold in CNPAE183 and JCAL171
and decreased by 74% in CNPAE218 in 12-month stressed plants. It is of
interest that in general all free amino acids increased significantly in 12-
month stressed plants of CNPAE183 and JCAL171, including Alanine
(Ala), Asparagine (Asn), Aspartate (Asp), Cysteine (Cys), Lys, Glycine
(Gly), Histidine (His), Serine (Ser), Threonine (Thr), Tyrosine (Tyr),
Tryptophan (Trp), and Valine (Val), indicating an increased protein
degradation under the experimental conditions (for more detail see
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Supplementary Data File).

Although we did not observed a significant correlation between Asn
and salt stress, we noticed that 12-month stressed plants Asn accumu-
lated 4.2-fold and 2.9-fold in CNPAE183 and JCAL171, respectively, but
in the CNPAE218 genotype Asn was reduced by 58% at 10 dS m™>.
Glutamate (Glu) increased 1.4- and 2.5-fold in CNPAE183 and JCAL171
and decreased 17% in CNPAE218 genotype. The positive correlation
between salt concentration and Glu(r = 0.445) and negative correlation
between Glu and Suc (r = —0.208), Glucose 6-phosphate (Glu6P; r =
—0.554), Glyceraldehyde (Glyc; r = —0.252), Isoc (r = —0.219), Succ (r
—0.364), and Mal (r = —0.243) provide strong evidence of the
catabolism of Glutamate.

The biosynthetic pathways of certain additional amino acids,
namely, aromatic amino acids, as well as Ser, Arginine (Arg), Glutamine
(Gln), and Ala, were also upregulated in CNPAE183 and JCAL171 and
downregulated in CNPAE218 (Fig. 8). Serine biosynthesis is also upre-
gulated in salt-stressed plants is in line with a high demand for Ser as a
precursor of Trp synthesis. However, the strong positive correlation
between salt concentration and Ser(r = 0.854) or Gly (r = 0.373) is a
strong indicator of increased photorespiration.This idea is corroborated
by the strong negative correlation between Ser and Gly (r = —0.605).
Another indication of the stress can be deduced by the elevation of two
branched-chain amino acids, Lys and Thr, which were strongly
increased in genotypes CNPAE183 and JCAL171 and decreased in
CNPAE218 yet, in general, these amino acids had a strong correlation
with the increase in salinity (r = 0.545 to Lys, and r = 0.532 to Thr).

Our results indicate that there might be a preference for fast degra-
dation of specific amino acids in J. curcas plants subjected to salt stress to
generate carbon skeletons to maintain mitochondrial respiration, and
ATP production, due to carbohydrate starvation (more info in graphical



M.F. Pompelli et al.

Plant Physiology and Biochemistry 168 (2021) 116-127

300 12 Fig. 3. Salt stress induced changes in WUE;
250 A D and C;/C, ratio in Jatropha curcas. Intrinsic
~ 10 water use efficiency (WUE; = Ay/g; A-C)
% 200 A and internal-to-ambient CO> concentration
eI (Ci/C, ratio; D-F) measured in three geno-
fN ros g types (CNPAE183 — @, A; JCAL171 - H, B,
S 100 4 ’ «° and CNPAE218 — 4 C) of Jatropha curcas
E 564 los o subjected to five concentration of salt [0 dS
;’ = m ' (cyan), 2.5 dS m ! (yellow), 5 dSm '
= 04 Lo (brown), 7.5 dS m L (light green), and 10 dS
0] i m ! (black)] in water irrigation during the
experiment. All data are expressed as means
-100 T T 0.2 + SE (n = 5). For statistical analysis, see
o B E Supplementary Table S1. Data below dotted
_ 10 line return negative values of intrinsic water
gN 200 4 use efficiency. (For interpretation of the
% 1504 references to color in this figure legend, the
(‘;i - o8 é reader is referred to the Web version of this
S 1004 ] | ¥ article.)
% w1 Los &
& ] 0.4
-50 -
-100 . , , . . r y r . T . r T : : . ' r r 02
250 4 c
S 200 o
=
E 1204 Fos .3
g md 5
=) -
5 50 4 Fo.e ©
F0.4
=50 4
-100 . . . . r T . . r . . . . T 02

Novi Dec Jan Feb Mar Apr May June July Nov Nov Dec Jan

abstract) in response to low or negative Ay, as shown in Fig. 2. Further
evidence of this mechanism is additionally obtained here. There is a
strong positive correlation between salt concentration and Cys (r =
0.522) and a negative correlation between Cys and Suc (r = —0.290),
G6P (r = —0.670), Glyc (r = —0.347), Isoc (r = —0.453), Succ (r =
—0.625), Mal (r = —0.273), and Cit (r = —0.703) are strong evidence of
the catabolism of Cys. A strong positive correlation between salt con-
centration and Arg (r = 0.751) and a negative correlation between Arg
and G6P (r = —0.531), Glye (r = —0.260), Isoc (r = —0.385), Suce (r =
—0.398), and Mal (r = —0.493) indicate the metabolization of Arg.
Finally, there was a mild positive correlation between salt concentration
and Tyr (r = 0.396) and a negative correlation between Tyr and G6P (r
= —0.505),Cit (r = —0.703), Succ (r = —0.483), and Mal (r = —0.299).
These correlations provide circumstantial evidence that such amino
acids are catabolized to likely generate carbon skeletons and conse-
quently can produce energy via the Tricarboxylic Acid (TCA) cycle.
The principal component analysis (PCA), performed by the Euclidian
distance considering —70% similarity, showed three distinct groups, one
formed by the genotype CNPAE183 at concentrations of 0 dS m ™! and
10 dS m™}, i.e., both extreme conditions. A second group encompasses
the CNPAE183 genotype at concentrations of 2.5 dSm™, 5 dS m~! and
7.5dS m !, together with the JCAL171 genotype at concentrations of
7.5ds m~* and10 dS m ~! and a third group consisting essentially of the
CNPAE218 genotype (Supplementary Fig. S5). This figure shows the
loading plot that each of the components had on the formation of each
group. This loading plot shows that the separation of the genotype
CNPAE218 was essentially promoted by Ay, VPD, Tiea;, and 5'3c,
whereas the profile of amino acids and organic acids promoted the
separation of genotype CNPAE183 from the other genotypes. These
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components strongly influenced the separation of the CNPAE218 ge-
notype because of its high loading plot, which is 0.223, 0.129, 0.131 and
0.218 for Ay, VPD, Tiear, and 8'°C, respectively. On the other hand, the
strong participation of Ribose 5-Phosphate (0.408) and Trp (0.403)
contributed to the separation of genotype CNPAE183 (Supplementary
Fig. S5 and Supplementary Table S3).

4. Discussion
4.1. Salt stress affected net photosynthesis in J. curcas

The response of Ay to salinity depend on the severity and duration of
the stress, and thus photosynthetic impairments have been directly
related not only to stomatal and mesophyll limitations but also to
biochemical limitations (Flexas et al., 2016). In fact, Ay is one of the
primary processes affected by salt stress in J. curcas (Silva et al., 2015;
Campos et al., 2012; Cerqueira et al., 2019). Our results indicate that
photosynthetic impairments in J. curcas in response to salt stress are
likely mediated by plastic responses occurring at the level of stomata
(Fig. 1).

An increased number of small stomata, as observed here likely
required to improve gaseous CO3 diffusion into leaves and to sustain
higher rates of Ay as revealed by the negative correlation between g; and
stomatal density (r = —0.542), stomatal area (r = —0.379), and
maximum pore area (r = —0.141). This evidence is further confirmed by
negative correlation between T and stomatal density (r = —0.227),
stomatal area (r = —0.507), and maximum pore area (r —0.307).
Although, these results are in agreement with Franks, Drake and Beer-
ling (Franks et al., 2009), it is, however, in contrast with halophyte
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studies, like as quinoa (Shabala et al., 2013), amaranth (Omami et al.,
2006) and other species (Shabala, 2013).

We further observed an increased rate of transpiration in the geno-
type CNPAE183 suggesting an enhanced leaf cooling capacity under salt
stress (Fig. 4). Increased stomatal density with a reduction of its stomatal
size (Fig. 1F) was further observed in this genotype, whereas the other
genotypes increase its stomatal density with a linear increase in stomartal
size. Increased rates of transpiration and leaf cooling regardless of the
genotype in J. curcas grown under salinity conditions resulted from
differences in stomatal size and/or stomatal opening capacity.

Generally, larger stomata close slowly as compared to the smaller
stomata (Franks et al., 2009; Drake et al., 2013); thus the relatively large
stomata of J. curcas leaves (Hsie et al., 2015) might result in excessive
leaf desiccation if large stomatal apertures are observed. We observed
here that the increase in Tyeqr is likely due to reduced evapotranspiration
cooling in response to salt stress. This physiological response to
increasing salt stress can prevent the lethal stress effects caused by
salinity especially under sunny conditions. Hence, lower Tjeq¢ in tolerant
genotypes might be the adaptation mechanism that allow J. curcas to
maintain enough leaf water that permit greater stomatal opening and
ultimately allow constant transpirational cooling as well as CO5 influx
towards the chloroplasts for periods longer, and thus allowing greater
An.

The lower Tjeqr Observed in the tolerant genotypes may result from
mechanisms that maintain a more favorable leaf water status and,
therefore, allow greater stomatal opening that sustained not only tran-
spirational cooling, but also the influx of CO, towards the chloroplasts
for periods longer, allowing greater Ay (Hsie et al., 2015; Franks et al.,
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2009; Drake et al., 2013).

Reduction in Ay cannot be solely related to the decrease in the
acquisition of CO, due to stomatal closure since the stomata can remain
open at moments of lower VPD (Hsie et al., 2015). The fact that the C;/C,
ratio linearly increased with the salt concentration (r = 0.374) and was
more abrupt at higher salt concentrations (Fig. 3) most likely largely
overcome limitations to CO, diffusion throughout the mesophyll in
J. curcas. Additionally, the reduction of Rubisco carboxylative activity
can be linked to the lower water status of salt-stressed plants that affect
the maintenance of the metabolic activities. Reductions in Ay as
observed in present study, could be connected to the dysfunctions at the
level of biochemical reactions associated with CO5 fixation due possibly
to limitations in RuBP synthesis caused by ATP deficiency, as suggested
to occur under severe drought conditions (Lawlor and Tezara, 2009). In
good agreement, the reductions in Ay may be associated with the lower
availability of NADPH and ATP, since both ®pg;; and ETR decreased as a
consequence of salinity (r = —0.404 to ®ps;; and r = —0.392 to ETR;
Supplementary Data File). Net photosynthesis is the preferred pathway
for electrons under the optimal conditions, however, Ay is very sensitive
and decreases rapidly than ETR under stress condition and thus promote
an increase in the ETR/Ay ratio, which indicate that energy compromise
takes place and thus it can be linked to the ROS production (Fonseca--
Pereira et al., 2019). ETR/Ay ratio reflects the energy transfer to Ay and
an increase in this ratio, as noted here in the CNPAE183 genotype, in-
dicates that alternative electron sinks most likely increased due to the
stressful conditions caused by NaCl (Silva et al., 2015; Cerqueira et al.,
2019).
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Fig. 5. Salt stress induced changes in Carbon isotope ratio (5*°C) in Jatropha
curcas. '°C was measured in three genotypes (CNPAE183, JCAL171, and
CNPAE218) of Jatropha curcas subjected to five concentration of NaCl (0 dS
mY25dsm?' 5dsm "', 75dSm ' e 10 dS m ). For each plant, an
expanding leaf were collected 6 (A) and 12 (B) months after start of salt iini-
gation of plants. The measurements were taken at midday. All data are
expressed as means + SE (n = 5). Different lowercase letters denote significance
within salt concentration for each genotype, and different capital letters denote
significance within genotype for the same salt concentration. Asterisks denote
significance within the same treatment in the two sampling periods.

4.2. Salt stress modulate catabolism in J. curcas

Significant efforts have been expended to comprehend mechanisms
associated with salinity tolerance responses in various plant species
(Muchate et al., 2016; Munns et al., 2020; van Zelm et al., 2020). In
response to salt stress, impairments in both physiological and metabolic
activities due to osmotic stress, ionic stress, nutritional imbalances, or a
combination of these factors are usually observed (Slama et al., 2015).
Our main goal here was to enhance our understanding of the importance
of physiological and metabolic responses to salt stress in J. curcas ge-
notypes. Therefore, we first demonstrated that significant accumulation
of both Na™ and C1~ in leaf samples in all genotypes occurred following
salt stress and this accumulation is lower in the tolerant genotype
CNPAE183 (Fig. 7). It is widely known that in plant tissues adequate
ratios of K*/Na™ (usually above 1.0) in the presence of NaCl are
important for both K™/Na™ homeostasis and tolerance to salinity (Silva
et al., 2015). Moreover, K*/Na™ discrimination during xylem loading
may increase the levels of compatible solutes (Chen et al., 2007).
Accordingly, an ionic imbalance coupled with low tolerance under
moderate to severe salt stress were previously described in J. curcas
(Silva et al., 2015). Notably, in the salt-tolerant genotype CNPAE183 the
K'/Na' ratio reached values above 1.2 and in the genotype JCAL171 a
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Fig. 6. Relationship between the ratio of electron transport rate (ETR) and net
photosynthesis (Ax) versus stomatal conductance (g;) (A) and between the water
vapor difference between the plant and the atmosphere (DPV) and ostiole
opening (B) measured in three genotypes (CNPAE183, red symbols; JCAL171,
blue symbols, and CNPAE218, green symbols) of Jatropha curcas subjected to
five concentration of NaCl (0dSm %, 25dSm *,5dSm %, 7.5dSm * e 10dS
m ). Data represent averages of five biological replicates per genotype and
conditions. Regression coefficient (R?) and P value are shown. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

higher K*/Na™ ratio (up to 2.4) were observed suggesting a strong
connection between ion homeostasis and salinity tolerance in those
genotypes. K/Na™ ratio below 0.9 in the CNPAE218 genotype provide
further support to our motion that this genotype failed to establish a
favorable ionic balance under salt stress.

We further observed an interesting metabolic reprogramming in
J. curcas during salt stress. Briefly, an increase in Ser in both CNPAE183
and JCAL171 genotypes whereas a high reduction in the CNPAE218
genotype, suggest that the in the former genotypes photorespiration may
act reducing power generated during the photochemical phase of the
photosynthesis. In fact, photosynthesis related reactions, including light
reactions, the Calvin-Benson cycle, and photorespiration, were strongly
downregulated following salt stress (Batista-Silva et al., 2018). Since
photorespiration protects the chloroplast against excessive light energy
and possibly acts as a ROS-scavenging mechanism to cope with the
excess of energy in impaired photosystems under salt stress, it seems
reasonable to assume that higher photorespiration, as depicted by
increased levels of Ser, may explain, at least partially, salt tolerance in
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During abiotic stress, low abundance amino acids are not synthesized
but rather accumulated due to an increased protein turnover (Hilde-
brandt, 2018). Interestingly, our results demonstrated a negative cor-
relation (r = —0.693) between proteins and amino acids pool. Moreover,
polyamines, namely Putrescine (Put), Spermidine (Spd), and Spermine
(Spm), are involved not only in plant growth and development, but also
in stress responses (Yuan et al., 2019). Polyamine-induced salt tolerance
is closely related to the regulation of intracellular ion homeostasis in
plants (Yuan et al., 2019). In close agreement, plants from the genotypes
CNPAE183 and JCAL171 showed salinity tolerance since when sub-
jected to 5 dS m™! they accumulated up to 4.8- and 4.1-fold more Put
than control plants (Fig. 8) and a positive correlation between saline
concentration and Put (r = 0.434) was further observed.

Not only protein degradation but also the metabolism of branched-
chain amino acids (BCAAs) and Lys are strongly induced during salt
stress (Huang et al., 2019; Hildebrandt, 2018). High levels of ATP is
promoted by oxidation of BCAAs and Lys, which is considered as another
auxiliary pathway that can be activated when the main pathway
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salt-stressed plants (Hildebrandt et al., 2015). We observed a positive
correlation between salt concentration and Lys (r = 0.546) and a
negative correlation between Lys and Glu (r —0.609), Isoc (r =
—0.418), G6P (r = —0.300), Succ (r = —0.379), and Mal (r = —0.820).
Higher accumulation of BCAAs during transient osmotic stress clearly
implies tight regulation of BCAA catabolism as potential energy sources
for plants. It has been demonstrated that an upregulation of BCAA
catabolism occurs during senescence or under carbon starvation and
thereby provides skeleton carbon for plants during stress conditions
(Hildebrandt et al., 2015). In agreement with the idea that salt stress is
likely culminating also with carbon starvation, it has been recently
demonstrated that one gene for Suc synthesis and four genes for starch
synthesis were downregulated in JCAL171 J. curcas plants, whereas
there was no differential expression in the genotype CNPAE183 between
control plants and following 3 h of exposure to 150 mM NaCl (Souza
et al., 2020).

Proteins degradation is reported in stressed-plants and the complete
oxidation of their amino acids could supply energy for the particular
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needs of certain organs (Hildebrandt et al.; 2015; Aratijo et al., 2011).
We observed here strong positive correlations between several amino
acids and energetic related compounds (e.g. G6P, Glye, Cit, Isoc, and
Mal). Thus, we suggest that in response to salt stress, protein degrada-
tion occurred increasing amino acid content that not only represent
building blocks for several other biosynthesis pathways but also in-
termediates during signaling processes as well as in the stress responses
(Hildebrandt et al., 2015; Aratijo et al., 2011; Hausler et al., 2014).

There is a consensus (Lin et al., 2018; Sivakumar et al., 2000) that
NaCl can inhibit some enzymes of the Calvin-Benson cycle. A schematic
summary model that explain that decrease photosynthesis through in-
hibition of some enzymes promoted by salt-stress are presented in
Graphical abstract. Briefly, salt stress appears to inhibit Rubisco, Fruc-
tose 1,6-Bisphosphatase, Sedoheptulose 1,7-Bisphosphatase, Trans-
ketolase and finally Ribulose 5-Phosphate [somerase (Lin et al., 2018;
Sivakumar et al., 2000). The last enzyme catalyzes the conversion be-
tween Ribose 5-Phosphate and Ribulose 5-Phosphate. Our results
revealed that CNPAE183 genotype increased Ribose 5-Phosphate by
3.8-fold when compared with control samples, while the CNPAE218
genotype decreased by 55%. This schematic model further indicated
that some amino acids can feed carbon skeletons to TCA, as it strongly
occurred in the genotype CNPAE183 and moderately in genotype
JCAL171, differing from CNPAE218, which reduced the great majority
of free amino acids (Fig. 8).

Several proteome and transcriptome changes were observed due to
salt stress and this is caused by changes in metabolic system due to
salinity Yang, Ma, Wang, Chen and Li (Yang et al., 2012). The response
pattern described by Yang, Ma, Wang, Chen and Li (Yang et al., 2012) is
seemingly similar to those presented by Lin, Li, Yuan, Yang, Wang and
Chen (Lin et al., 2018) and those presented here. Our results are highly
consistent with those described previously (Silva et al., 2015; Cerqueira
et al., 2019; Corte-Real et al., 2020), which demonstrated that J. curcas
is a species that display important photoprotective mechanisms to cope
with the harmful effects of salinity. These attributes are mainly due to
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the great capacity of modulating stomatal characteristics in response
VPD (Hsie et al., 2015). The ability to cope with salt stress is not only
associated with the activities of protective enzymes and their defensive
functions (Pompelli et al., 2010b; Silva et al., 2015; Campos et al., 2012)
but also through the ability to thermally dissipate excess of energy
(Cerqueira et al., 2019). Remarkably, the characteristics that led to the
separation of the tolerant genotype CNPAE218 from the others were
associated with its lowest photosynthetic related parameters (e.g. Ay,
Tieat, and 81°C) as well as the high metabolic reprogramming towards
the synthesis of amino acids and organic acids. Taken together, the re-
sults described here coupled with previous studies (Campos et al., 2012;
Corte-Real et al., 2020; Souza et al., 2020) indicate that salt stress
tolerance in J. curcas is likely mediated by an effective antioxidative and
photoprotective system.
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