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Abstract: As sessile organisms, plants face a wide range of abiotic stresses, with salinity being a prominent
constraint affecting their growth, development, and productivity, particularly in arid and semi-arid regions.
This study focused on understanding how salinity impacts Jatropha curcas, an important oilseed plant for
biodiesel production. By examining the anatomy and ultrastructure of stomata and chloroplasts, we
investigated the effects of prolonged salinity stress on J. curcas. This stress led to changes in stomatal density,
stomatal index, and ostiole aperture, which case an imbalance of water conductivity in the xylem. Through
transmission electron microscopy, we explored the subcellular organization of J. curcas chloroplasts and their
contribution to plant photosynthetic efficiency, providing insights into their role in this process. Notably,
salinity treatment resulted in a significant increase in starch granules accumulation, leading to impaired the
granal and stromal grana lamellae, destroying this ultrastructure. Our findings indicate that the anatomy and
ultrastructure of chloroplasts play a crucial role in influencing photosynthetic efficiency and hydraulic
conductivity. This study offers new perspectives on the structure and function of chloroplasts in J. curcas,
presenting innovative opportunities to develop strategies that enhance biofuel production in areas with high
soil salinity.

Keywords: purging nut; scanning electron microscopy; transmission electron microscopy;
chloroplast ultrastructure; NaCl long exposition time; hydraulic conductivity

1. Introduction

Salinity is an environmental factor that can negatively affect plant growth and production.
Recent studies have evaluated the effects of salinity on stomatal density, stomatal index,
photosynthetic efficiency, and the leaf mesophyll of Jatropha curcas plants [1-4]. Exposure to salinity
significantly reduced stomatal density and stomatal index, which then negatively affected
photosynthetic efficiency. Altogether, the reduction in stomatal density may be one of the main
causes of the decrease in photosynthetic efficiency in J. curcas under salt stress [1]. These results are
important to understand how salinity affects plant physiology, in addition to providing more
information for understanding the development of genetic improvement strategies to make the plant
more tolerant to salinity.

Gas exchange is influenced by a series of factors, both environmental and internal to the plant
[5]. Under water/saline stress, there is usually a lower flow of water from the roots to the leaves,
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causing them to decrease the stomatal opening for CO: uptake [3,6-9]. As CO2 is the fuel for
photosynthesis, lower uptake generally leads to lower photosynthetic rates. However, other factors
may influence equal or greater magnitude in the modulation of photosynthesis. Under salinity, for
example, as root cells absorb salt ions, their osmotic potential is reduced, which further reduces the
uptake of water from the soil [10], as well as its ascent to the leaves, a process that is called hydraulic
conductivity (Kp) [11,12]. Furthermore, a simple increase in CO: uptake by stomata does not
necessarily mean an increase in gas exchange, since CO: crosses several physical barriers before
reaching the RuBisCo carboxylation site [13-16], a process named mesophilic conductance, analogous
to stomatal conductance which is given by the change in CO: uptake by the stomata. However, other
processes can modulate photosynthesis, such as the decrease or inactivation of enzymes in the Calvin-
Benson cycle [1,9,15-18] or even the disruption of the chloroplast architecture [2,4,19-23]. The integrity
and functionality of the electron transport system are crucial in the intricate process of
photosynthesis, encompassing the journey from water to the generation of NADPH and ATP in the
photochemical stage, and ultimately leading to the formation of triose phosphate [24]. It is imperative
to maintain the integrity of chloroplasts ultrastructure to ensure an efficient utilization of captured
electrons by an antenna system, primarily composed of chlorophylls. These electrons are utilized in
the reduction of NADP*, which transforms into its reduced form, NADPH. The resulting NADPH
plays a vital role in the Calvin-Benson cycle, driving the assimilation of carbon dioxide and
facilitating the synthesis of organic molecules. Thus, the maintenance of chloroplast integrity is
fundamental for the overall productivity and the success of the photosynthesis [25].

Besides physiological and biochemical responses, plants are able to cope with saline conditions
by making changes in the anatomical structure of leaves and roots as well as changes in some features
[26]. Leaf architecture is very important to CO: flux in the mesophyll; therefore, the study of plant
anatomy of leaf and its xylem vessels is highly interesting because with lower osmotic potential, the
plant tends to reduce its water fluxes and then all metabolic events, not just simple photosynthesis.
Our core hypothesis is that the reduction of vessel conductance with lower osmotic potential can
reduce the translocation of trioses phosphate to cytosol, leading to an increase of starch in the
chloroplast and this can disrupt the chloroplast grana structure leading to a decrease in net
photosynthesis. The main goal of this study was to be demonstrated that salt stress changes the
source-sink process and amylaceous structures that were formed in the chloroplast. Being heavy,
these structures force the grana against the chloroplast wall, completely destroying the integrity of
the thylakoids, a fact that becomes one of the main causal events of low photosynthetic rates in
mesophytic plants under saline stress.

2. Results

The measured accumulated precipitation in both 2017 and 2018 was 158.1 mm and 362.8 mm,
respectively (Supplementary Figure S1). Thus, we can state that the plants were in practice fully
irrigated with saline water, for entire experiment, in the appropriate treatments, and based on that,
the accumulated evapotranspiration was 158.3 mm and 355.5 mm, respectively in 2017 and 2018
(Supplementary Figure S1).

2.1. Cross section in leaves of |. curcas plants under salt stress

In the cross-section of J. curcas leaves it was observed a significant difference when comparing
1-year-old and 2-year-old J. curcas stressed plants (Figures 1 abd 2). For example, in the 1-year-old J.
curcas stressed plants, the total leaf thickness (Figure 1A), the adaxial (Figure 1C) and abaxial surface
thickness (Figure 1E), the thickness of the palisade parenchyma (Figure 1G), the thickness of the
spongy parenchyma (Figure 2A), and palisade number (2E) was slightly (Figures 1G and 2E) and
moderately (Figures 1A,C,E) increased as saline stress increased. On the other hand, all previously
described features showed a median (Figure 1B) or strongly (Figures 1D,F,H, and 2B) decreased value
in 2-year-old J. curcas stressed plants. Moreover, neither the number of palisades (Figure 2E F), the
air spaces in the mesophyll (Figure 2G,H), the area of crystals (Figure 21,]) nor the palisade to spongy
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parenchyma ratio (Figure 2C,D) changed significantly in any of the salt concentrations within the
time the plants were subjected to salinity.
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Figure 1. Total leaf thickness (A, B), adaxial epidermis thickness (C-D), abaxial epidermis thickness
(E-F), and palisade parenchyma thickness (G-H) of 1-year-old (A, C, E, G) and 2-year-old (B, D, F, H)
Jatropha curcas genotype CNPAE183, CNPAE218, and CNPAE171 subjected to irrigation water with
electrical conductivities of 0 dSm™,2.5dSm?, 5.0dSm?, 7.5 dSm™ e 10.0 dS m™'. All data are expressed
as means * SE. n = 500. Different lowercase letters denote a significance within salt concentration for
each genotype; different uppercase letters denote a significance within the genotypes for the same salt

concentration, and asterisks (*) denote significance within sample data (1- and 2-year-old plants).
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Figure 2. Spongy parenchyma thickness (A, B), palisade to spongy parenchyma (PP: PS) thickness
ratio, (C, D) palisade layers on mesophyll (E, F), air spaces in mesophyll (G, H), and oxalate crystals
in the mesophyll (I, J) of 1-year-old (A, C, E, G, I) and 2-year-old (B, D, F, H, ]) Jatropha curcas genotype
CNPAE183, CNPAE218, and CNPAE171 were subjected to irrigation water with electrical
conductivities of 0 dS m7, 2.5 dS m, 5.0 dSm, 7.5 dS m™ e 10.0 dS m™! of electrical conductivity on
irrigation water. All data are expressed as means + SE. n = 500. Different lowercase letters denote
significance within salt concentration for each genotype; uppercase letters denote significance within
genotypes for the same salt concentration, and asterisks (*) denote significance within sample data (1-

and 2-year-old plants).
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In 1-year-old J. curcas stressed plants, the adaxial epidermis surface cells were on average 1.7-
fold higher than those in abaxial epidermis surface. In 2-year-old J. curcas stressed plants, this ratio
was lower but with maximum and minimum value ranging from 1.1- to 2.2-fold higher. However,
on the abaxial surface, a greater presence of bistratified epidermis is observed (Figure 3A,B, E; green
arrows), distinct from the adaxial surface of the epidermis. The total leaf thickness, as well as the
density of the spongy mesophyll, is clearly visible (Figure 3). An increase in palisade and spongy
parenchyma with saline is also evident. Similarly, the appearance of more than one palisade layer it
is also common. Thus, the palisade cell number seems to increase as the salt concentration increases
(Figure 2 E,F), in both 1-year-old, and 2-year-old J. curcas plants.

Adaxial epidermis

Substomatal chamber

Stomata

Abaxial epidermis ~Stomata

Figure 3. Light micrographs of cross-sections of the CNPAE183 (A-B), CNPAE218 (C-D), and
CNPAE171 (E-F) 1-year-old Jatropha curcas genotypes subjected to irrigation water with electrical
conductivities of 0 dSm, (A, C, E) or 10 dSm (B, D, F) of electrical conductivity on irrigation water.
PP, palisade parenchyma. SP, spongy parenchyma. VB, vascular bundles. Green arrows represent the
bistratified epidermis in the abaxial surface. Scales = 100 pm.

Similarly with mesophyll thickness, leaf blade, xylem thicknesses, the length and width of the
midrib, and the vessel diameter were significantly decreased when exposed to a high level of salinity
(Supplementary data file). The median value has a strong positive correlation with salinity and salt
exposure time where a cross section of the leaf blade displays more evidence that salt provokes many
changes in the leaf blade to cope with water stress imposed by salinity. In this sense, as salt stress
increases, the lumen vessel area (Figure 4A,B), xylem area (Figure 4EF), total xylem area (Figure
4G,H), thickness of xylem (Figure 4L]), midrib thickness (Figure 5A,B), midrib length (Figure 4C,D),
and midrib area (Figure 4E,F) decrease in a similar proportion. The correlations corroborate this
pattern, since a correlation between salt concentration and xylem feature is medium to strongly and
inversely correlated to the lumen vessel area (v = -0.546), xylem area (r = -0.479), total xylem area (r =
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-0.724), thickness of xylem (r = -0.547), midrib thickness (r = -0.754), midrib length (r = -0.726), and

midrib area (r = -0.634) (Supplementary data file).
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Figure 4. Lumen vessel area (A, B), vessel element density (C, D), sum xylem area (E, F), total xylem
area (G, H), and thickness of xylem (I, J) measured in 1-year-old (A, C, E, G, and I) or 2-year-old plants
(B, D, F, H, and ]) and 3 genotypes (CNPAE183, CNPAE218, and JCAL171) of Jatropha curcas under
control (brown), 2.5 dS m™! (orange), 5.0 dS m™ (yel-low), 7.5 dS m*! (green), and 10.0 dS m™! (blue)
promoted by the addition of NaCl to the Hoagland solution. All data were measured in 100 repetitions
per treatment, where in each repetition, all vessel elements were com-puted as Material and Methods.
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Different lowercase letters de-note significant differences bet-ween salt concentrations within in the
same genotype, and different uppercase letters denote significant differences between genotypes
within the same salt concentration. Asterisks denote significant differences between 1-year-old and
2-year-old J. curcas plants.
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Figure 5. Midrib thickness (A, B), midrib length (C, D), total midrib area (E, F), and potential
conductivity of vessels (KL; G, H) measured in 1-year-old (A, C, E, and G) or 2-year-old plants (B, D,
F, and H) and 3 genotypes (CNPAE183, CNPAE218, and JCAL171) of Jatropha curcas under control
(brown), 2.5 dS m™! (orange), 5.0 dS m! (yellow), 7.5 dS m (green), and 10.0 dS m™ (blue) promoted
by the addition of NaCl to a Hoagland solution. All data were measured in 100 repetitions per
treatment, where in each repetition all vessel elements were computed as Material and Methods.
Different lowercase letters denote significant differences between salt concentrations within the same
genotype, and different uppercase letters denote significant differences between genotypes within the
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same salt concentration. Asterisks denote significant differences between 1-year-old and 2-year-old J.
curcas plants.

Also, the lumen vessel area, xylem area, and vessel element density show a positive correlation
with the potential conductivity of vessels (Kp) measured with positive correlation like 0.460, 0.486,
and 0.640, respectively, denoting more and lesser xylem cells contributing positively to the water
transportation system in xylem. Similarly, the combined all xylem area (total xylem area, thickness
of xylem, midrib thickness, and midrib length) shows negative (-0.201, -0.204, -0.140, -0.149)
correlation with Kp (Supplementary data file).

2.2. Scanning electron microscopy of the epidermis (SEM)

In a frontal view, both epidermises are composed of polymorphic cells, arranged with stomata
densely (abaxial) or sparsely (adaxial) located. Paracytic stomata with ordinary cells of different sizes
appear on both epidermis surfaces. The stomata density (SD) ranged from 169 to 424 stomata per
mm? in the abaxial surface in 1-year-old J. curcas plants and from 227 to 440 stomata per mm? in 2-
year-old J. curcas plants. In the adaxial epidermis surface, SD ranged from 49 to 219 stomata per mm?
in 1-year-old J. curcas plants and from 33 to 234 stomata per mm? in 2-year-old J. curcas plants (Figures
6 and 7). In both surfaces of the epidermis, the SD increased as salt stress increased with CNPAE218
10 dS m! showing a higher SD as the salt stress increased. The SD ranged from 124% to 379% higher
in abaxial than adaxial (Figures 6 and 7) epidermis surfaces. In respect to salinity, the CNPAE218 and
CNPAE171 genotypes both increased the SD, while the in CNPAE183 SD in 10 dS m plants were
69.3% and 82.3% lower than 0 dS m!, respectively in 1-year-old and 2-year-old J. curcas plants.

Similarly, abaxial ordinary cell density (OCD:ba) ranged from 1817 to 2819 cells mm2 (Figure 8C)
in 1-year-old J. curcas plants and from 1611 to 3009 cells mm-2 (Figure 8D) in 2-year-old J. curcas plants.
Ordinary adaxial cell density (OCDada) ranged from 859 to 1689 cells mm?2 (Figure 8C) in 1-year-old
J. curcas plants and from 813 to 1919 cells mm? (Figure 8D) in 2-year-old J. curcas plants (Figure 7C-
D).

Considering only the CNPAE183 genotype, the SD of the abaxial epidermis surface decreased
from 339 to 207 (-39%; 1-year-old) and from 352 to 227 (-35.5%; 2-year-old) comparing both stressed
plants (10 dS m?) and its control plants. At the same time, these plants showed a reduction in the
OCDaba of 32.5% (1-year-old) and 17.6% (2-year-old). Thus, the stomatal index of these plants was 9%
(1-year-old) and 19.4% (2-year-old) lower in salt-stressed plants. These permit us deduce that the
reduction of the stomatal index (SI) in the CNPAE183 genotype was governed to a greater extent by
SD than by OCD. Inversely, the genotypes CNPAE218 and CNPAE171 showed an increase in SD. In
the CNPAE218 stressed plants, the SD increased by 43.8% and 26% compared from its controls,
respectively for 1-year-old and 2-year-old plants. In these plants the OCDaba increase in 1-year-old
plants was 24.6% and in 2-year-old plants, 60.2%. Also, this tendency permits us to speculate that
changes in the SI of the CNPAE218 genotype were more influenced by SD in the 1-year-old plants
and by OCD in 2-year-old plants. The increase in SD of CNPAE171 (150% in 1-year-old and 80% in
2-year-old), with a corresponding increase of 58% and 40% in OCD is sufficient data to argue that in
CNPAE171 the increase in SI was governed by SD more than OCD.

On the adaxial surface, the trend continues in the CNPAE183 genotype which showed a decrease
inits SD by 52.3% and 66.7%, respectively in the 1-year-old and 2-year-old plants. In these plants the
OCD was decreased by 43.5% and 12.8%, confirming the fact that in the CNPAE183 genotype, the SD
was the force that governed the modulation in the SI. On the other hand, in genotypes CNPAE218
and CNPAE171, the SD was increased by 147% and 157% (CNPAE218; 1-year-old and 2-year-old
plants) and by 113% and 79% (CNPAE171; 1-year-old and 2-year-old), while OCD was decreased by
smaller magnitudes, also confirmed that in these genotypes, SD was the factor that most strongly
contributed to the increase of SI in CNPAE171 plants (2-year-old) and stability in the CNPAE218
genotype. This is a confirmation that the SD is the main factor that affects the SI urge, even from the
strong positive correlation between the SD and the SI on the abaxial epidermis surface (r = 0.753),
while the correlation with the OCDaba was 0.512. On the adaxial epidermis surface, the magnitude of

d0i:10.20944/preprints202307.0048.v1
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force for Sl is shared in equal strength by SD and OCDada, with the correlations being negative in the
order of -0.149 and -0.143 for SD and OCDada, respectively.

In a general way, the ordinary cell area (OCA), stomatal complex area, and stomatal area follow
the same tendency when compared to their density. Higher density led to smaller cells, while lower
density led to larger cells (Figures 8 and 9). Similarly, there were slight variations in features between
times of salt. Alternatively, the differences between the abaxial and adaxial epidermis surfaces were
quite distinct. For example, the OCA was 1.1- to 2.7-fold higher on the adaxial than the abaxial
epidermis surfaces among 1-year-old J. curcas plants and between 1.6- to 2.6-fold higher among 2-
year-old J. curcas plants. For the stomatal area, the ratio between adaxial to abaxial ranged from 1.1-
to 1.4-fold in favouring the adaxial surface (Figures 8 and 9). Distinctly, the stomatal pore area was
much greater when measured in the abaxial versus the adaxial epidermis surface. The ratio between
abaxial and adaxial stomatal area ranged from 1.2- to 47.8-fold higher in abaxial than adaxial surface
(in 1-year-old J. curcas plants).
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Figure 6. Stomatal density (A, B), ordinary cell density (C, D), and THE stomatal index (E, F) measured
in the abaxial surface on a leaf of a 1-year-old (A, C, and E) or 2-year-old plants (B, D, and F) and 3
genotypes (CNPAE183, CNPAE218, and JCAL171) of Jatropha curcas under control (brown), 2.5 dS m-
! (orange), 5.0 dS m™! (yellow), 7.5 dS m™! (green), and 10.0 dS m™ (blue) promoted by the addition of
NaCl to a Hoagland solution. All data were measured in 20 repetitions per saline treatment, wherein
each repetition all features were computed as Material and Methods. Different lowercase letters
denote significant differences between salt concentrations within the same genotype, and different
uppercase letters denote significant differences between genotypes within the same salt
concentration. Asterisks denote significant differences between 1-year-old and 2-year-old J. curcas
plants.
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Figure 7. Stomatal density (A, B), ordinary cell density (C, D), and stomatal index (E, F) measured in
leaf adaxial surfaces of leaves from a 1-year-old (A, C, and E) or 2-year-old plant (B, D, and F) and 3
genotypes (CNPAE183, CNPAE218, and JCAL171) of Jatropha curcas under control condition (brown),
2.5 dS m (orange), 5.0 dS m™ (yellow), 7.5 dS m™! (green), and 10.0 dS m-! (blue) promoted by the
addition of NaCl to a Hoagland solution. All data were measured in 20 repetitions per saline
treatment, where in each repetition all features were computed as Material and Methods. Different
lowercase letters denote significant differences between salt concentrations within the same genotype,
and different uppercase letters denote significant differences between genotypes within the same salt
concentration. Asterisks denote significant differences between 1-year-old and 2-year-old J. curcas
plants.

Figure 10 shows the arrangement of epidermal cells, both on the adaxial (Figure1l0A) and abaxial
(Figure 10B) epidermis surface. Completely closed or all open stomata are rarely observed in the
captured images (Figure 10C). As for the stomata, they may have subsidiary cells (Figure 10D) with
or without visible striations (Figure 10E) oriented in an orthogonal plane with the stomata. The
abaxial epidermis is very hairy (Figure 10F,G) with brightly coloured and unicellular epidermal hairs
originating from epithelial cells. It seems reasonable to assume that these hairs favour stomatal
opening by producing a microclimate close to the stomata or even providing another barrier to water
loss, making water loss difficult, even microphotographs if no previous procedure is taken.
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Figure 8. Ordinary cell area (A, B), stomatal complex area (C, D), stomatal area (E, F), and stomatal
pore area (G, H) measured in the abaxial surfaces of leaves from 1-year-old (A, C, E, and G) or 2-year-
old plants (B, D, F, and H) and 3 genotypes (CNPAE183, CNPAE218, and JCAL171) of Jatropha curcas
under control condition (brown), 2.5 dS m™ (orange), 5.0 dS m™ (yellow), 7.5 dS m*! (green), and 10.0
dS m (blue) promoted by the addition of NaCl to a Hoagland solution. All data were measured in
500 (A, B) and 30 (C-H) repetitions per treatment, wherein each repetition, all features were computed
as Material and Methods. Different lowercase letters denote significant differences between salt
concentration within the same genotype, and different uppercase letters denote significant differences
between genotypes within the same salt concentration. Asterisks denote significant differences

between 1-year-old and 2-year-old J. curcas plants.
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Figure 9. Ordinary cell area (A, B), stomatal complex area (C, D), stomatal area (E, F), and stomatal
pore area (G, H) measured in the adaxial surface of leaves from of 1-year-old (A, C, E, and G) or 2-
year-old plants (B, D, F, and H) and 3 genotypes (CNPAE183, CNPAE218, and JCAL171) of Jatropha
curcas under control conditions (brown), 2.5 dS m-! (orange), 5.0 dS m™! (yellow), 7.5 dS m-! (green),
and 10.0 dS m™ (blue) promoted by the addition of NaCl to a Hoagland solution. All data were
measured in 500 (A, B) and 30 (C-H) repetitions per treatment, wherein each repetition all features
were computed as Material and Methods. Different lowercase letters denote significant differences
between salt concentration within the same genotype, and different uppercase letters denote
significant differences between genotypes within the same salt concentration. Asterisks denote
significant differences between 1-year-old and 2-year-old J. curcas plants.
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Figure 10. Scanning electron microscopy (SEM) showing abaxial (A-B) and adaxial (C) epidermis
surfaces with fully open, partially-opened, and closed stomata. In D and E display stomata with the
highest magnitude which exhibit both striated (D) and non-striated open stomata, both on the abaxial
epidermis surface. In F, a low magnitude of abaxial epidermis surfaces displaying a very hairy and
reflective abaxial epidermis which is detailed as shown in G. Scales: A-C, 50 um; D-E, 10 pm, and F-
G, 100 um. All images were captured in 2-year-old Jatropha curcas plants under 0 dS m! (A-B, D-E)
and 10 dS m™ (C) after SEM preparation.

2.3. Transmission electron microscopy of chloroplasts (TEM)

In this study, only the control and 10 dS m™! treatments were evaluated at three different points
in times (Figure 11), before stress (Figure 12), in 1-year-old plants (Figure 13), and in 2-year-old plants
(Figure 14). NaCl affected the ultrastructure of the chloroplast (Figure 2). In the leaf fragments
visualized before stress, very well-formed chloroplasts are observed in a regular ellipsoidal-shaped
arrangement with rare plastoglobules and some small, formed starch granules, was observed only in
the images of the CNPAE171 genotype. In non-stressed plants, a well-formed structure of thylakoid
granas and thylakoidal and stromal lamellas were described in tune with each other was verified;
while chloroplasts from salinity-impacted cells swollen thylakoids were very frequent, especially in
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the CNPAE218 and CNPAE171 genotypes. The disorganization of thylakoid membranes within
chloroplasts is often accompanied by the disappearance of grana stacking (Figures 12-14), resulting
in significant alterations to the photosynthetic machinery. This disruption can lead to impaired light
harvesting and electron transport processes, ultimately affecting the overall efficiency of net
photosynthesis [1].
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Figure 11. Chloroplast features measured in a 5 mm? ultra-thin of 1-yr old, 2-yr old, plus control of
Jatropha curcas plants under 10.0 dS m! promoted by NaCl addiction on Hoagland solution. All
measurements data were taken from 25 ultra-thin cuts (5 mm?) from at least 3 replicates as described
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in Material and Methods. Different lowercase letters denote significant differences between salt
concentration within the same genotype, and different capital letters denote significant differences
between genotypes within the same salt concentration.

Figure 12. TEM showing regular ellipsoidal-shaped chloroplasts of CNPAE183 (A, B), CNPAE171 (C,
D), and CNPAE218 (E, F) Jatropha curcas genotypes before salt stress. All images show granal lamellae

(large white arrows), plastoglobulus (P), and starch grains (SG). A, C, and E show an overview of
chloroplasts while B, D, and F display an overview of granum and stroma lamellae. Also in C,
mitochondria (Mt) are visible. Scales: A, C and E, 1 um, and B, D, and F, 500 nm.
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Figure 13. Transmission electron microscopy (TEM) showing regular ellipsoidal-shaped chloroplasts
of CNPAE183 (A, B), CNPAE171 (C, D), and CNPAE218 (E, F) in 1-year-old Jatropha curcas genotypes
under to 10 dS m! EC. All images show large starch grains (5G), granal lamellae (big white arrows;
GL), plastoglobulus (P), and stroma lamellae (SL). A, C, and E show an overview of chloroplasts and
B, D, and F display an overview of granum and stroma lamellae. In A, the cell walls (CW) are visible;
and in F, a disruption of the outer envelope (black arrows) is highlighted. Scales: A, C and E, 1 um,
and B, D, and F, 500 nm.
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Figure 14. Transmission electron microscopy (TEM) showing regular ellipsoidal-shaped chloroplasts
of CNPAE183 (A, B), CNPAE171 (C, D), and CNPAE218 (E, F) 2-year-old Jatropha curcas genotype
plants under to 10 dS m'* EC. All images show big starch grains (SG), granal lamellae (large white
arrows; GL), plastoglobulus (P), and stroma lamellae. A, C, and E show an overview of chloroplast
and B, D, and F displays an overview of granum and stroma lamellae. In C, numerous plastoglobules
are visible. In D, and F a disruption of thylakoids caused by large starch grains is highlighted, as a
contrast against A which displays intact grana and stroma lamellae. Scales: A, C and E, 1 pm, and B,
D, and F, 500 nm.
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The density of chloroplast per parenchyma cell was 34, 30, and 31 chloroplasts per cell,
respectively in genotypes CNPAE183, CNPAE218, and CNPAE171], in plants evaluated before stress.
However, this value dropped to 29 (-14.5%), 26 (-13.2%), and 27 (-15.3%) in the 1-year-old plants and
to 31 (-9.5%), 19 (-37.8%) and 26 (-26%) in 2-year-old stressed ]. curcas plants, respectively in
CNPAE183, CNPAE218, and CNPAE171 (Figure 11A). While chloroplast density per cell had a slight
drop, the chloroplast size (Figure 11B) was more strongly affected in the salt-stressed . curcas plants,
both in 1-year-old or in 2-year-old salt-stressed J. curcas plants. The size of chloroplasts before stress
was 62 um, 57 um, and 54 pm, respectively in CNPAE183, CNPAE218, and CNPAE171 and dropped
to 53 um (-14.9%), 46 um (-18.5%), and 50 um (-6.3%) in the 1-year-old plants and to 50 um (-19.9%),
37 um (-35.3%), and 47 um (-11.8%) in the 2-year-old plants. Also, chloroplast density showed a
significant decrease as salinity increased. This perception must be evaluated using two methods: the
cell area occupied by chloroplast (Figure 11A) and chloroplast area (Figure 11B) or by the negative
correlation between cell area occupied by chloroplasts x salt exposure (r = -0.335), cell area occupied
by chloroplasts x salt concentration (¥ = -0.169) or chloroplast area x salt concentration (v = -0.762)
(Supplementary data file).

The grana thickness of the CNPAE183 genotype was lightly reduced by 16.4% in the 2-year-old
plants (Figure 11C). However, the grana thickness of the CNPAE183 genotypes was on average 42%,
51%, and 18% thicker than the average grana of the CNPAE218 and CNPAE171 genotypes at times
0, 12, and 24 months (Figure 11). The grana width (Figure 11D) except the CNPAE171 genotype 2-
year-old plants, which showed no significant difference in any other treatment or genotype; was a
factor that was reflected in the thickness to width grana ratio (Figure 11E).

The chloroplast area occupied by grana lamellae (above 5 lamellae per grana) (Figure 11F) was
significantly increased in the CNPAE183 and CNPAE218 genotypes in the 1-year-old plants even
though in the 2-year-old plants the percentage had significantly decreased in all the genotypes. The
percentage of grana lamellae among granal and stromal lamellae dropped from 80.9% to 67.7%, and
64.7% (genotype CNPAE183 in the 0 to 1-year-old, and the 2-year-old plants), from 69.5 % to 62.1%
and 54.5 (CNPAE218 genotype in the 0 to 1-year-old plants and 2-year-old plants), and from 72% to
63.6% and 58.2% (CNPAE171 genotype 0 to 1-year-old, and 2-year-old plants). This greater or lesser
stacking of the lamellae can also be verified in the lamellae by grana, where the genotype CNPAE183
did not change its percentage while in CNPAE218 and CNPAE171 they showed a sudden drop.

Both, the presence of starch grain and plastoglobulus increase as the salt stress increases.
However, this increase was genotype-dependent. While in CNPAE183, the relative starch granules
per chloroplast increased from 11.2% to 32.8% (+193% in 1-year-old) and 14.4% (+29% in 2-year-old),
the increase in CNPAE218 was 14.4% to 67.3 (+368% in 1-year-old) and 50.9 (+254% in 2-year-old),
and CNPAE171 increased from 14.2% to 67.9% (+377% in 1-year-old), and 36.9% (+159% in 2-year-
old). The plastoglobulus density increased from 1.8 to 6.5 (+267% in 1-year-old) and 3.1 (+76% in 2-
year-old) for CNPAE183; from 2.2 to 11.1 (+403% in 1-year-old) and 12.4 (+461% in 2-year-old) for
CNPAE218; and from 1.9 to 12.9 (+595% in 1-year-old) and 13 (+600% in 2-year-old) for CNPAE171.

Morphologically, in accordance with the plants lifetime, the previously healthy chloroplasts,
with well-formed and easily identified structures, became primarily starch-storing chloroplasts,
which, due to their density, gradually squeezed the granal lamellae against the chloroplast walls,
causing the walls to rupture almost completely (Figures 13 and 14) and caused the formation of many
plastoglobules (Figures 13 and 14).

It was also verified that the chloroplasts acquired a readaptation-like capability with regards to
the salinity; a fact that was very clear in the 2-year-old plants of the CNPAE218 genotype. This
genotype restarted a very slow process of reorganizing the granal lamellae (Figure 14D), even if still
very incipient, and showed a significant formation of plastoglobules (Figure 14C). The CNPAE171
genotype, which in the 1-year-old plants, did not show a clear formation of granal lamellae, resumed
the formation of granal lamellae after the acclimatization of the 2-year-old plants. (Figure 14E,F).

2.4. Principal component analysis (PCA)
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The PCA is composed of PC1 + PC2, totalling 0.732, i.e. all possible variation could be
represented by this PCA with 73.2% of possibilities. With 42% similarity, the PCA shows the
formation of 4 groups including all treatments. The 1%t group is a cluster of 6 combinations of
genotype and salt concentration. The 274 group is a cluster of 3 treatments of CNPAE183 (0, 2.5, and
5dS m) plus CNPAE171 5 dS m™. The 3 group is a cluster of 4 combinations of genotype and salt
concentration, and finally, the 4" group contains a singular analysis composed of only one treatment
(CNPAE171 2.5 dS m) (Figure 15A,B). Figure 15C shows that the featured grana area, grana width,
grana stacking, grana thickness, chloroplast area, lamellae per grana, starch, and plastoglobulus are
in the same PCA slot, showing that there are shared similarities. However, to understand the
relationship between them, grana stacking will be isolated, as it will be better presented in Section 3
(discussion), it is one of the best indicators for analyzing the integrity of chloroplasts. So, the
correlation between grana stacking and grana area, and grana width, return median and positive
correlation is measured as 0.234, and 0.312, respectively. Other correlations with grana stacking were
strong as evidenced by grana thickness (r = 0.864), chloroplast area (r = 0.765), and lamellae per grana
(r=0.776). Two other correlations between grana stacking and starch (r = -0.748) and plastoglobulus
(r=-0.949) were strongest but negatively correlated. Lamellae per grana and plastoglobulus also have
a strong negative (r = -0.866) correlation. Thus, we can argue that the integrity of chloroplasts is
promoted by the size of the starch grains, the size of the chloroplasts and the average number of
lamellae per grana. The presence of starch grains, due to their high density, presses the grains against
the chloroplast wall (Figures 13A,C and 14F) destroying the walls and generating a large
concentration of plastoglobules, since the correlation between starch grains and plastoglobules was
rather high (r = 0.812).

The heat map analysis (Supplementary Figure S2) reviews all features analyzed in this study.
With this point of view, it is easy to perceive that as salt stress increase, there is an increase in the
number of xylem cells for all genotypes and salt conditions. There is also a decrease in the thickness
of xylem cells, midrib thickness, midrib length, and midrib area as salt stress increases. Additionally,
the salt stress increases the stomatal pore area on the abaxial epidermis surfaces on CNPAE183 and
CNPAE171, while on CNPAE218, it decreases. The same pattern was observed on the stomatal
complex area and stomatal area, both on adaxial epidermis surfaces. However, in 2-year-old plants
both features strongly increase for all genotypes and salt stresses, mainly in CNPAE218 and
CNPAE171 genotypes. It's clear that the starch granules and plastoglobulus significantly increase in
both 1-year-old and 2-year-old J. curcas plants under 10 dS m™ of electric conductivity.

3. Discussion

Salt-stressed ]. curcas plants produce smaller leaves [1,2,9,27]. Smaller leaves show closely
packed epidermal cells and other tissues, causing a higher stomata density, an ordinary leaf area
density and higher xylem cells per area. As previously reported for cotton [28], the abaxial surface of
the epidermis may be more active during salt stress than the adaxial surface. This finding is a result
of the increase in the abaxial/adaxial ratio and from the fact that only the abaxial surfaces have
reflective trichomes described, situated close to the veins (Figure 10F,G). With an increased salinity,
smaller leaves have higher convection coefficients and a lower resistance to heat transfer through leaf
boundary layers than larger leaves, and leaf size may change to optimize leaf temperature [29,30].
Larger leaves may be intrinsically vulnerable to drought-induced embolism due to the lower vein
length and larger xylem conduit diameters [31,32].

d0i:10.20944/preprints202307.0048.v1
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Figure 15. Multivariate analysis to assess all anatomical and ultrastructural characteristics of Jatropha
curcas genotypes. In (A), all treatments are displayed in PC1 and PC2 to sh a cluster formation. In B,
a dendrogram based on similarities between genotypes and salt treatments is shown. In (C), the
spatial distribution of all analyzed features displays the strength of each anatomical and
ultrastructural characteristic: AbET, Abaxial epidermis thickness; AAET, Adaxial epidermis thickness;
Chl area, Chloroplast area; AOC, Area occupied by chloroplast; LpG, Lamellae per Grana; OCA,
Ordinary cell area; OCD, Ordinary cell density; PP, palisade parenchyma; SA, stomatal area; SCA,
Stomatal complex area; SD, stomatal density; SI, Stomatic index; SP, spongy parenchyma; SPA,

stomatal pore area; Stk, Grana stacking; TLT, total leaf area.
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It is well established that abiotic stresses, in this case, salt stress, can cause significant changes in
the leaf structure [33,34]. However, it is not well-established how salt stress acts on the leaf mesophyll,
even though some authors argue that salinity causes changes in tissue thickness [4]. Different authors
describe that plants of ]. curcas under salt stress presenting a thickening of the mesophyll, sometimes
more pronounced [2], sometimes less pronounced [4]. The present data agree with previous data in
reporting that salt stress increases the total leaf thickness [2,4,19-23], however, in contrast to our
results [35-38], other authors report that salt stress does not have any influence on leaf thickness [39].
In this point of view Taratima, ef al. [35] and Taratima, et al. [40] describe that anatomical adaptations
also occur under salinity stress, e.g. an increase in the cuticle, epidermis, and leaf thickness occurs to
prevent water loss. The reduction of leaf area in salt-stressed J. curcas plants was previously reported
[2,7,41], and this reduction leads to an increase in leaf thickness as a result of tissue condensation —
more sclerophyllous leaves. In accordance with Terletskaya and Kurmanbayeva [21] the leaf
thickness could be explained by an increase in cuticle thickness. Our findings, in part, disagree with
those presented by Silva-Santos, et al. [2]. The difference between our results and Silva-Santos, et al.
[2] results are in salt exposure. While the studies described by Silva-Santos, ef al. [2] were evaluated
after 50 hours of salt stress, this study subjects the salt exposure J. curcas plants for either 1 or 2 years
with a basal salinity. Among the changes that can occur in plants under salt stress, the thickness of
spongy parenchyma increased in plants under salt stress, but this increase was not the same for other
tissues, and as a result, did not cause a significant effect of saline stress on leaf thickness [39].
Regardless of this, an increase in palisade tissue thickness is related to an increase in the number of
chloroplasts as well as a decrease in the thickness of spongy tissue, which facilitates CO: reaching
chloroplasts in the palisade parenchyma. These anatomical alterations could be an adaptation
strategy to facilitate the photosynthesis process under saline stress conditions [19,22]. However, in
this study, we described a positive correlation (r = 0.311) between palisade and spongy parenchyma,
a negative correlation (v = -0.176) between palisade parenchyma and chloroplast area and, a non-
significant correlation between palisade thickness and cell area occupied by chloroplasts
(Supplementary data file).

Several plant species accumulate calcium oxalate crystals in specialized crystal idioblast cells.
Labelling and genetic evidence suggest that the oxalate is derived from ascorbate [42,43]. The
occurrence of calcium oxalate (CaOx) crystals is formed from endogenous oxalic acid and calcium
from the environment [4]. The functions of CaOx crystals, including Ca ion regulation, mechanical
support, protection against grazing and chewing insects, and metal detoxification, depending upon
the amount of the crystals, morphology, and distribution within the tissues [44]. The true function of
calcium crystals in stressed plants is not well documented; however, Grigore and Toma [45] describe
that calcium also plays an important role in maintaining the integrity of plant cell membranes.
Hunsche, et al. [46] describe that calcium oxalate crystals can build up a reservoir to ensure calcium
supply for metabolic processes when its absorption and translocation are hindered due to
environmental stresses such as salinity. Regarding this, calcium oxalate crystals form a physiological
barrier to free diffusion of potentially toxic ions prevalent in a saline environment. In the present
study, we verified a greater distribution of idioblast-calcium-oxalate-type crystals in 2-year-old J.
curcas plants in comparison to their 1-year-old counterparts. On the other hand, it is quite evident
that there is a reduction of idioblasts with the increase of saline concentration, as previously described
for J. curcas [2,4] and Grewia tenax [46].

Plants are remarkable organisms that have evolved various strategies to cope with challenges
such as seasonal drought. One crucial adaptation involves changes in hydraulic conductance (Kp),
which refers to the movement of water through the plant's vascular system [47,48]. When faced with
limited water availability, plants adjust their Kp to maintain a favourable water balance [47,49-52].
By regulating the flow of water, plants can allocate it efficiently, ensuring that essential processes like
photosynthesis and nutrient uptake are sustained even in dry conditions. These adjustments in Kp
allow plants to optimize their water use, enabling them to survive and thrive in environments prone
to seasonal drought. Hydraulic studies on |. curcas are still very scarce [12,53]. In our study, Kp shows
a pattern more or less constant, without a defined pattern, but with a tendency to decrease. Similar
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results were described in Hordeum vulgare [26]. Several studies have demonstrated a relationship
between the water potential that induces stomatal closure and that which triggers cavitation of the
stem xylem [52]. Even though Kp did not show a very clear trend, its positive relationship with the
stomatal pore area on the adaxial surface of the epidermis is visible (r = 0.339; Supplementary data
file), but this is not the case with the stomata on the abaxial surface (p = 0.481). This relationship
becomes clearer with a positive correlation between the potential conductivity of vessels and the
stomatal area in the adaxial surface of the epidermis. Thus, the greater the vapour pressure deficit
(VPD), the smaller the stomatal opening, the lower the potential conductivity, and the lower the
pressure under the conductive vasculature for embolism [54]. However, the opposite premise is true;
the smaller VPD with greater stomatal opening, the greater the Kp and the greater the need to replace
the water in the conducting vessels that must reduce their osmotic potential to be able to capture
water. A decrease in Kp reduces the risk of xylem embolism [55,56]. In accordance with Santana et al.
[57] a decrease of 56% to 87% in whole-plant hydraulic conductivity, as well as a 38% decrease in
total biomass, resulted in significantly low biomass water use efficiency in water deficit conditions as
compared to irrigated plants [57]. Moreover, significant decreases of 57% to 65% in stem Kp were
demonstrated in water deficit plants of . curcas, which were completely recovered after six days of
rehydration [12]. The authors also reported no changes in Kp in two of the ten genotypes evaluated,
despite the decreases in stomatal conductance and transpiration rate, demonstrating a highly positive
characteristic of water use efficiency under drought. Therefore, it is possible to suggest that some
genetic materials may have the ability to recover and/or maintain Kp by a mechanism that is still
unknown. For example, in our study, the Kp shows a positive correlation with salt exposure (time in
years; r =0.564) but does not show a positive correlation with salt stress. With these data, we can infer
that J. curcas, as a species with a moderate tolerance to salinity, presents a plasticity that allows it to
live in saline environments, since the plant established itself there and acclimatized over time, similar
to previous observations for some Cyprus sp. [52], Pinus ponderosa [58], and Eucalyptus camaldulensis
[59]. A trade-off with ‘stress time” for hydraulic conductivity was previously reported in some Cyprus
species, where, in the 1t year, any significant effect of the moderate drought treatment on hydraulic
conductivity was demonstrated, instead, there are significant effects in 24 year of study [52]. The
same results were shown in Pinus sylvestris and Quercus pubescens [54]. The positive correlation
between Kp and lumen vessel area (r = 0.460) and the vessel element density (r = 0.640) allow us to
infer that the pressure on the xylem permits an adaptation of the vessel elements. In accordance with
Atabayeva, et al. [26], under salt stress, a decrease in cell size, changes in the number of stomata, and
reduction in the thickness of the epidermis of leaves of the apical meristem, cortex and central
cylinder diameter were shown [26]. A decrease in vascular bundle vessels as consequence to water
stress is commonly associated with a lowered water potential. Also, NaCl causes an inhibition of the
growth of the vascular system in a similar manner that occurs due to the water stress [26,60]. I totum,
we speculate that with more and smaller calibre vessel elements available, the plants must control
Kp in a certain way to avoid embolism, even if this was not directly measured. A positive correlation
between the Kp x lumen vessel area was previously reported for Cyprus sp. [52], Quercus pubes, Pinus
sylvestris [54], Spergularia marina [23], and others [60-62]. It is noteworthy that the largest vessels (J.
curcas) are the most efficient, but they are also the most vulnerable to cavitation; so, the reduction in
the lumen vessel area is a very important strategy to withstand and escape salt stress. Other key
factors also contribute to the increase and decrease of resistances for the xylem, and consequently to
variations in hydraulic conductance, such as the feature of secondary wall thickening, perforation
plates, vessel dimensions and density [53,63]. Xu, Zhang and Li [53] analyzed the relationships
between a vessel's anatomical traits and water transport inside of the xylem of J. curcas. They showed
that, despite the xylem vessel providing a low resistance path for water transport, changes in the
vessel inner diameter significantly affected the total resistance. Neves, et al. [64] observed that water
deficit conditions affected stem and leaf xylem characteristics, such as decreases in the length and
width of vessel elements and an increased frequency and density of these cells. Melo, et al. [4]
describes the lower vessel area in salt-stressed |. curcas plants. Likewise Oliveira et al. [12] showed
changes in density and the number of vessels in the stem xylem of water deficit plants of |. curcas,
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which directly impacted water transport. These authors also managed to demonstrate that a 34%
increase in the density of vessels in a drought-tolerant genotype was associated with an increased Kp
under water deficit. Thus, J. curcas can be described as following a drought avoidance strategy with
a conservative root system. The xylem of absorbent roots in plants under drought conditions contains
only a small quantity of narrow vessels, which explains the low root Kp [65,66]. Notwithstanding,
the maximum Kp and maximum photosynthetic rate are both closely related to the leaf vein density
[28]. In general, leaf transpiration is directly related to the stomatal density and stomatal size [28,67].
Similarly, in Toona ciliata, the number of fine veins and stomatal density are both regulated by leaf
expansion so that leaf Kp and photosynthetic rates promoted by stomatal conductance remain
proportional [68].

Stomata, the crucial structure in the plant epidermis, plays a pivotal role in regulating essential
physiological processes. These stomatal pore helps to maintain an optimal balance between water
loss and CO: uptake, particularly when faced with challenging environmental conditions. By
controlling the size of their stomatal apertures, plants can modulate the rate of transpiration, thus
conserving water during periods of drought or salt stress [1,2]. In this study, we characterized the
leaf epidermis, both on the adaxial and abaxial surfaces. Lower stomata size and consequently, a
higher density (r = -0.704), were described in this study as well as described in other studies, for |
curcas [1,2,27], Eucalyptus globulus [69], Gossypium hirsutum [28], and other species [23,70]. Lesser
stomata size and higher density were recorded as significant anatomical adaptation characteristics
under drought and salinity stress to reduce transpiration [71]. Lei ef. al. [28] described that water
stress alters the stomatal density in abaxial surfaces but not in an adaxial surfaces. Our findings
disagree with these authors because the stomatal density of the most stressed plants (10 dS m™) was
increased both on the adaxial and abaxial surfaces, even though the abaxial epidermis is rich in
reflector trichomes (Figure 10 F,G). It is important to highlight that the increase in SD was only
registered in the CNPAE218 and CNPAE171 genotypes while in CNPAE183 there was a decrease
(Figures 6A,B and 7A,B), as previously described for an experiment prior to this one carried out by
this team [1]. However, the stomatal pore area was reduced with an increase in both of salt
concentration and exposure time, the last only affecting the abaxial surface. This finding is
corroborated with Hsie, ef al. [27] and Silva-Santos, et al. [2] for . curcas and Lei et. al. [28] for
Gossypium hirsutum. Also, Lei et. al. [28] describe that vein density was positively and significantly
correlated with stomata density on both the adaxial and abaxial surfaces. This last data disagrees
with our data, which described that salt-stressed ]. curcas plants significantly decrease the ratio of
stomatal density to vein density (Supplementary data file). This may demonstrate that the xylem
conduction system was not able to keep the stomata open in more severe treatments, unlike the data
presented by Lei et. al. [28]. It should be noted that in this work, the saline stress was uninterrupted
for 2 years, while in cotton [28], the plants were exposed to a water deficit for only 12 days.
Noteworthy, previous researchers proposed that small stomata can rapidly respond to changes in the
external environment [27,28,67,72,73].

As previously described, grana stacking is the best indicator of chloroplast integrity. We believe
that in non-stressed cells, with a good source-to-sink relationship, photosynthates are produced and
exported to the cytosol, where they are converted to other sugars and transported via the phloem
[74]. However, phloem loading essentially depends on (i) an osmotic potential differential within the
phloem vessels; (ii) utilization of photosynthate by sink organs, and (iii) a favourable transpiration
current for xylem ascension which should provide water to promote the osmotic potential differences
between source-to-sink [88]. The source-to-sink relationship is crucial to the phloem loaded to
transport the trioses phosphate into the phloem [75,76]. Thus, the sink strength of a particular organ
determines its force to mobilize photoassimilates from the source [76]. It is influenced by various
factors, including the sink size or capacity of the tissue or organ to import and store further
compounds from the source(s). Additionally, the sink activity, measured by the respiration rate, plays
a significant role in the overall dynamics of the source-to-sink relationship. Apart from this, the
management of the plant canopy also increases assimilate balance and improves the source-to-sink
growth [75]. To have a difference in osmotic potential to load phloem there must be an osmotic
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differential between mesophyll cells and xylem cells. For example, there was no significant
correlation between SDadaxial to Kp. Another observation shows that the SDabaxial has a smooth negative
correlation with Kp (r = -0,179) resulting in a weaker force to xylem load with water. A significant
correlation exists between Kp and the stomatal pore area of the abaxial stomata. This reflects the basic
principle of photosynthesis, opening stomata to capture CO: for photosynthesis and losing water to
the atmosphere or controlling stomatal opening for less severe times, even if this reduces net
photosynthesis. [77,78]. With a lower xylem ascension, lower metabolic rates under salt stress [1] and
lower sink strength, also caused by lower osmotic potential, there will be lower phloem loading.
Thus, in the first moments after the onset of salt stress or in the first hours of the day, the
photosynthetic rate can remain reasonable, even under salt stress and, if there are no conditions for
the translocation of photoassimilates, they remain in the chloroplast and are used for the primary
starch synthesis. As previously demonstrated, larger starch granules promote the destruction of
thylakoid lamellae and then a secondary reduction in the photosynthetic rate [79]. Furthermore,
favourable conditions must be present for phloem loading, which appear to be regulated by genes of
the type CsSTS (Cucumis sativus stachyose synthase) [80], StSUT2 (Spondias tuberosa sucrose
transporter 2) [81], and SWEET4 superfamily of genes [82]. However, when the metabolism is
reduced, the expression of genes involved in phloem loading may also be compromised, and as a
consequence, more starch granules are formed into the chloroplast [83-85].

4. Materials and Methods

4.1. Plant material and environmental conditions

Jatropha curcas, a globally cultivated plant, has gained recognition for its ability to thrive with a
meager amount of water [86-90]. This remarkable attribute not only provides drought tolerance but
also its impressive salt tolerance [10,91-94]. J. curcas can tolerate high salinity levels in the soil, making
it suitable for cultivation in coastal areas and regions with saline water sources [95-97]. Additionally,
this plant exhibits rapid growth, enabling it to establish itself quickly in a variety of environments.
Its adaptation to harsh agroclimatic conditions further enhances its desirability as a cultivated crop.
J. curcas is highly valued by farmers and researchers, as it offers a sustainable solution for areas facing
water scarcity and challenging climatic conditions, contributing to agricultural resilience and
productivity [95].

In this study, the experiments were conducted as described in detail in Pompelli, et al., [1]. The
global radiation intercepted by the plants varied widely during the experiment (Supplementary
Figure S1), reaching 19,443 M] m?2 in January 2017. However, when we consider the higher radiation
intercepted by the plants in each evaluation, March 03, 2018, stands out with a higher radiation
intercepted by plants (Supplementary Figure S1).

The genotype chosen was the same as presented in Pompelli ef al. [1] and Souza, et al. [98], with
CNPAE183, considered tolerant to salinity, and CNPAE218, considered sensitive, and JCAL171 with
an intermediate tolerance. After seedling production without salt, the J. curcas plants were
transplanted to the final site, namely 250-L barrels, filled with soil from the Petrolina region, as
previously described [1]. After 30-days, |. curcas plants were considered the plant source and then
irrigated with five salt concentrations in the irrigation water (0 dS m-, 2.5dS m+, 5.0 dSm*, 7.5 dS m-
1, and 10.0 dS m™), and 5 replicates. The plant irrigation was performed by 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 used for drip irrigation to the plants. All plants were irrigated every
other day using dripper tubes with a flow of 2.5-L h-!, having a nominal diameter of 13 mm, with two
drippers per plant, spaced 0.15 m apart. Irrigation was performed for 2 hours per day by applying 10
liters plant day-!. After that, all plants were cultivated for 12 or 24 months with sampling occurring
in this period for all features described below.

It is worth noting that before the collection of leaf samples, some stages of leaf primordia (less
than 2 cm in length) were marked with red tape to ensure that all leaves developed within the
treatment period and that they were not already formed in the field before samples were taken.
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4.2. Optical anatomy

Leaf fragments 5 cm? of the 31 attached fully expanded leaf from the apex were sampled in 12-
and 24-month stressed plants. In each plant, two leaf fragments were collected, promptly immersed
in FAAsox for 48 h and then stored in 70% (v/v) ethanol until analysis. Leaf samples were dehydrated
in an ethylic series and embedded in plastic resin (Historesin-Leica Microsystems Nussloch,
Heidelberg, Germany, part number 7592). Following this, all samples were processed as described in
detail in Mendes, et al. [99] according to the scheme presented in Supplementary Figure S3. For each
sample, 100 images were captured by a digital camera (Mikrosysteme Vertrieb GmbH, model ICC50
HD; Wetzlar, Germany) and interfaced with a computer. To estimate the potential hydraulic
conductivity (Kp), the principles of the Hagen-Poiseuille equation were done using equation 1.

TPw
= 12Srl)xVDxD,;t Eq.1

where Kp is the potential specific stem conductivity, n is the viscosity of water at 20°C (1.002 x 10
Pa), pw is the density of water at 20°C (998.2 kg m?), VD is the vessel density and D is the
hydraulically weighted vessel diameter (in m). Since vessels are not exactly circular, the diameter of

each vessel was calculated as the mean of the minimum and maximum diameters. The average Dn
was calculated as well as Sterck et al. [54]. As recommended by Scholz et al. [60] we measured at least
50 vessels per photomicrograph, resulting in 250 vessels (5 repetitions) per treatment.

4.3. Scanning electron microscopy

Leaf fragments ~0.5 cm? of the 3t attached fully expanded leaf from the apex were sampled in
12- and 24-month stressed plants and immediately fixed in a Karnovsky solution [100], prepared in
0.1 M cacodylate buffer (sodium cacodylate trihydrate, Sigma Aldrich, St. Louis, USA, part number
C4945), pH 7.4 and 2.5% glutaraldehyde (Sigma Aldrich, part number G5882) for 60 h at 4°C. All
preparation steps were done as described in detail in Pompelli et al. [1] with modifications proposed
by Pompelli et al. [101]. For each sample, 50 images were captured by x-ray (EDS) IXRF-Iridium Ultra
Version 1.3, Model 550i. For the stomatal area, stomatal pore area, stomatal complex area, ordinary
cell area and its ratios the methodology was schematized in Supplementary Figure S4. To this
analysis, a minimum sampling size (n) was calculated to determine how many cells must be
measured. This is calculated by using the formula below to find the number of cells to be measured
within the total number of cells available. In this case, we used the tolerable error rate of 15% as
recommended by Lin and Huang [102]

ron - (190

ECN = (@)2 +ECN + (

Eq.2

n =
sample m)2
e

where: ECN. Epidermal cells number; e. tolerable error rate

4.4. Transmission electron microscopy

Leaf segments of approximately 0.5 mm in length were taken from the middle section of the 34
attached fully expanded leaf from the apex and were sampled for the 12- and 24-month stressed
plants and immediately fixed in Karnovsky solution [100], prepared with 2% glutaraldehyde in 0.1
M sodium cacodylate buffer pH 7.4 [100]. Then, all leaf fragments were processed as described in
detail in Mendes et. al. [99]. For each sample 25 ultra-thin cuts (5 um?) from at least 5 replicates were
obtained with a transmission electron microscope, 50 kV, with a coupled digital camera (EM 109, Carl
Zeiss Microscopy Ltd., Jena, Germany).

4.5. Experimental Design and Statistical Analysis

The experiments were conducted in a completely randomized design composed of 3 |. curcas
genotypes (CNPAE183, CNPAE218, and CNPAE171), 5 electric conductivities in the irrigation water
(0dSm™,2.5d5Sm?,5.0dSm™, 7.5dS m7, and 10.0 dS m™) and one and two years old J. curcas stressed
plants. All data were processed by Two way ANOVA, in SigmaPlot for Windows v. 14.0 (Systat

d0i:10.20944/preprints202307.0048.v1
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Software, Inc., San Jose, CA, USA). The principal component analysis was estimated after a
multivariate analysis for all analyzed features in Minitab 18.1 (Minitab, Inc., Chicago, IL, USA). Heat
maps were used to compare the mean of each treatment, using the control (0 dS m) as a reference.
After log: transformation, the false colour method was used, including a colour scale. The heat maps
were constructed using Microsoft® Office 360 (Microsoft Corporation, Redmond, WA, USA) and
Corel DRAW Graphics Suite X8 (Corel Corporation, Ottawa, ON, Canada).

5. Conclusions

Our findings suggest that Jatropha curcas plants exposed to salt stress exhibit increased
mesophyll thickness, characterized by more compact cells in the spongy parenchyma and
occasionally a bistratified adaxial epidermis surface. The abaxial epidermis surface contains a higher
stomata density and ordinary cell density, often accompanied by reflective trichomes. The rise in
stomatal density appears to be regulated by a reduction in leaf area and is positively correlated with
the potential conductivity of vessels. This potential conductivity serves as a driving force for water
movement from leaves to roots and soil. The decrease in leaf area in salt-stressed J. curcas plants leads
to both lower and higher stomatal density on the surfaces of both epidermises. This variation in
stomatal density is likely a response to salt stress. Notably, our main findings suggest that potential
conductivity may be associated with certain chloroplast characteristics, including variations in
chloroplast density. Salt stress promotes a decrease or increase in chloroplast density as the plant
tries to sustain photosynthesis and ATP production under stressful conditions. However, further
studies are necessary to provide additional evidence for this hypothesis.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Supplementary Figures S1-54.
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