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Abstract: Plants adapt to saline conditions through various strategies, including changes in
their morphology and anatomy. Thus, this study aimed to investigate the influence of salt stress
and proline application on the leaf anatomy of ‘Biquinho’ pepper (Capsicum chinense)
cultivated under salt stress conditions. Fully expanded leaves were sampled from four plants
for each combination of treatments, which included five levels of irrigation water salinity (0.50,
1.30, 3.25, 5.20, and 6.00 dS m™*) and five doses of proline (0.00, 2.90, 10.00, 17.09, and 20.00
mM). The sections were hand-cut transversely using a sharp blade, cleared with 1% sodium
hypochlorite, stained with 10% safranin, mounted on semi-permanent slides with glycerin, and
photomicrographed under a microscope. The variables analyzed included the thickness of the
adaxial cuticle, thickness of the abaxial cuticle, thickness of the adaxial epidermis, thickness of
the abaxial epidermis, length of the vascular bundle, diameter of the vascular bundle, thickness
of the palisade parenchyma, thickness of the spongy parenchyma, leaf thickness, palisade to
spongy parenchyma ratio, stomatal density of the adaxial epidermis, and stomatal density of the
abaxial epidermis. Salt stress in C. chinense caused a reduction in abaxial cuticle thickness and
an increase in adaxial epidermis thickness. The vascular bundle diameter and leaf thickness
were also affected. The application of proline at a concentration of 5.35 mM increased the
thickness of the adaxial cuticle. Conversely, 20 mM of proline enhanced the thickness of the
abaxial epidermis, palisade to spongy parenchyma ratio, and stomatal density. These results
support the notion that proline improves the leaf anatomy of peppers, potentially increasing
their tolerance to salt stress.
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Introduction

Peppers of the genus Capsicum are
common in everyday life, whether fresh in
dishes and salads, dried as condiments, or
processed into jellies, sauces, and
appetizers (Sanatombi and Rajkumari,
2020). Among the cultivated species,
Capsicum chinense Jacq. is widely grown in
various regions of Brazil (Ribeiro et al.,
2018), with the ‘Biquinho’ genotype being
particularly popular and extensively
cultivated (Martinez et al., 2021). However,
this crop can be affected by various abiotic
stresses, including salinity (S& et al., 2019).

Salinity stands as a significant
environmental stressor for plants in arid and
semi-arid regions (Al-Elwany et al., 2022).
It’s estimated that one-third of irrigated land
globally contends with salinity,
exacerbating desertification (Shaaban et al.,
2022). Roughly 23% of agricultural lands
and 33% of irrigated areas grapple with this
issue, which worsens due to improper
fertilization and irrigation practices.
Projections suggest that by the mid-century,
50% of agricultural lands could fall victim
to salt stress (Shahid et al., 2018; Chourasia
etal., 2022).

Salinity increases the content of reactive
oxygen species (ROS) in plant cells, such as
superoxide (O2), hydrogen peroxide (H20>),
and hydroxyl radicals (OH"), which are
overproduced from chloroplasts during
photosynthesis (Sachdev et al., 2021). This
surge in ROS levels can cause profound or
irreversible effects on tissue and organ
development, often resulting in abnormal
growth or plant death (Mittler, 2017,
Tognetti et al., 2017). ROS interact with
epigenetic  modifiers and hormones,
influencing plant development and stress
responses (Zeng et al., 2017; Kong et al.,
2018). At higher levels, ROS pose a
significant threat, potentially leading to
DNA damage and triggering programmed
cell death (Huang et al., 2019).

Several morpho-anatomical
modifications occur in leaves under salinity
conditions, and these changes can indicate
greater tolerance to stress. Among the most

relevant anatomical adaptations is the
increase in cuticle thickness, which acts as
a physical barrier against excessive water
loss, protecting the plant from dehydration.
Additionally, the thickening of the
epidermis, especially on the adaxial side of
the leaves, can also be a protective response,
helping the plant minimize the excessive
absorption of toxic ions. The thickness of
internal tissues, such as palisade and spongy
parenchyma, can indicate  greater
photosynthetic efficiency under adverse
conditions, optimizing the use of light and
nutrients. Another important aspect is
stomatal density, which can influence gas
exchange regulation and transpiration.
Increased or optimized stomatal density can
help the plant balance the need for CO;
absorption for photosynthesis with water
loss  through  transpiration.  These
anatomical changes, when present, are
indicative of greater resilience and
tolerance to salt stress and should be clearly
discussed in the introduction, justifying the
importance of the research and the impact
of the results obtained.

The authors should correlate the
importance of the Biquinho pepper with its
potential production in saline areas,
establishing it as an alternative crop that
could promote socio-economic
development in these regions. Highlighting
this practical significance emphasizes the
need for research that explores solutions for
saline soil challenges.

Plants respond to saline conditions
through various strategies, including ion
homeostasis and compartmentalization, ion
transport, osmotic adaptation, stimulation
of antioxidant machinery, and polyamine
biosynthesis  (Freitas et al.,, 2019).
Morphoanatomical modifications in roots,
stems, and leaves, as well as alterations in
the size and number of organelles such as
chloroplasts, mitochondria, and
peroxisomes, are crucial adaptations to cope
with salinity. These changes help optimize
water and nutrient use, enhance resistance
to reactive oxygen species, and maintain
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ionic homeostasis within cells (Acosta-
Motos et al., 2017).

Given that plants can exhibit an increase
in the number and size of chloroplasts and a
reorganization of chloroplast membranes to
optimize photosynthesis despite adverse
conditions, coupled with a reduction in
mesophyll cell size and an increase in
intercellular space, they can enhance water
use efficiency and maintain cellular
turgidity  (Srivastava, 2022). These
morphoanatomical adaptations are crucial
for plant survival and productivity in high
salinity conditions.

The  application  of  compatible
osmolytes, such as proline, can also lead to
modifications, as proline contributes to
maintaining the integrity of mitochondria
and peroxisomes, thereby aiding plants in
managing oxidative damage caused by
excess ROS produced under high salinity
conditions (Srivastava, 2022). Proline acts
as a compatible protein hydrotope,
enhancing the solubility of hydrophobic
compounds (Butt et al., 2020), supports
cytoplasmic acidosis, and maintains the
NADP*/NADPH ratios necessary for
cellular metabolism. The application of
proline can improve water use efficiency
and plant water relations under salt stress by
inhibiting water efflux and stabilizing
cellular membranes. Furthermore, foliar
application of proline enhances stomatal
conductance, transpiration, photosynthetic
rates, and water use efficiency (Kaya and
Tuna, 2006).

Soil salinity presents a significant
challenge to agriculture, particularly for
solanaceous crops like C. chinense,
adversely affecting plant growth and
development. One noticeable consequence
of this stress is observed in leaf anatomy,
where the thickness of the cuticle and
epidermis is influenced, compromising the
plants’ resilience to stress and cellular
integrity. This underscores the necessity to
explore mitigating agents to alleviate these
detrimental effects, such as proline.

Although proline is recognized for its
role in regulating plant  growth,

development, and physiology in response to
salt stress, the understanding of its specific
effects on leaf anatomy, particularly in
‘Biquinho’ pepper plants, remains limited.
While previous research, such as that by
Butt et al. (2016), has primarily focused on
the metabolic and physiological aspects of
proline, there is a significant gap in
understanding how it directly influences the
production and deposition of anatomical
components essential for the
acclimatization of ‘Biquinho’ pepper plants
to salt stress.

These adaptations play a crucial role in
water conservation within plant tissues
under stress conditions. From this
perspective, this study tests the hypothesis
that the exogenous application of proline to
‘Biquinho’ pepper plants cultivated under
salt stress results in  anatomical
modifications in the leaves that contribute
to enhanced salt stress resistance by
stabilizing cellular structure and improving
water use efficiency.

Given the increasing salinization of
agricultural lands, the cultivation of
salinity-tolerant crops like the ‘Biquinho’
pepper offers a promising alternative. The
increasing salinity stress not only threatens
crop yield but also exacerbates socio-
economic challenges in affected areas,
emphasizing the importance of research
focused on enhancing the resilience of
crops. Additionally, the physiological
aclimatations of the ‘Biquinho’ pepper to
saline conditions, including changes in leaf
anatomy, are critical to its survival and
productivity. Understanding these
adaptations can provide insights into
effective farming practices and contribute
to the sustainability of agriculture in saline-
prone areas. By promoting the cultivation of
the ‘Biquinho’ pepper, it can provide
smallholder farmers with viable options that
enhance food security and economic
stability,  highlighting the practical
significance of this research. Therefore, this
study aimed to investigate the influence of
salt stress and proline application on the leaf
anatomy of ‘Biquinho’ pepper (Capsicum
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chinense) cultivated under salt stress
conditions.

Materials and Methods
Experiment site

The experiment was conducted in a
protected environment at the Center for
Agricultural Sciences (CCA), belonging to
the Federal University of Paraiba (UFPB),
in Areia (6° 57° 42” S, 35° 41° 43” W, 573
m), Paraiba, Brazil, with a climate classified
as As’, characterized by hot and dry
summers and rainfall in the winter. The
structure was covered with a polyethylene
material, which is known for its high light
transmittance, typically around 80-90%.
This covering allows a significant amount
of direct and diffused light to enter the
greenhouse, promoting optimal
photosynthetic conditions for plant growth.
During the experiment, it was observed that
approximately 60% of the light entering the
greenhouse was direct sunlight, while about
40% was diffused light. The average
temperature and relative humidity observed
during the experiment was 31.7°C and
57.8%, respectively. Data were recorded
daily (Figure 1) using a digital thermo-
hygrometer model AK28 (AKSO®, Sio
Leopoldo, RS, Brazil) installed within the
protected environment.
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Figure 1: Maximal and minimal

temperatures, and relative humidity

monitored within the protected environment

throughout the experimental period.

Experimental design

The treatments were distributed in
randomized blocks using the Box central
composite design (Mateus et al., 2001,
Tekindal et al., 2014), combining electrical
conductivity of irrigation water (ECw) and
proline  concentrations (PRO). The
minimum (-o) and maximum (o) values
ranged from 0.5 to 6.0 dS m™* for ECw and
from 0 to 20 mM for proline, totaling nine
treatments, with four replicates and four
plants per replicate (Table 1).

Table 1: Treatments generated by the Box central composite design

Treatments Electrical conductivity (dS m™) Proline (mM)
1 0.50 10.00
2 1.30 2.90
3 1.30 17.09
4 3.25 0.00
5 3.25 10.00
6 3.25 20.00
7 5.20 2.90
8 5.20 17.09
9 6.00 10.00

Plant material

Seeds of ‘Biquinho’ pepper (Capsicum
chinense) subcategory Pimenta Doce
(Feltrin®  Sementes, Farroupilha, RS,
Brazil) were sown in plastic trays with 200
cells, filled with commercial substrate

Mecplant® (MecPrec Ind. e Com. LTDA.,,
Telémaco Borba, PR, Brazil) and three
seeds per cell were placed. After
emergence, the seedlings were transplanted
into polyethylene plastic pots with a
volumetric capacity of 5.0 dm?, filled with
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4.5 kg of soil, cattle manure, and fertilized
according to soil analysis (Table 2) and
recommendations  for  bell  pepper
cultivation (Cavalcanti, 2008). Irrigation

was carried out daily with the volume
established by the field capacity method.

Table 2: Chemical attributes of the substrate used in the experiment

pH P K* Nat H'+APRY AP Ca® Mg®* SB CEC Vv OoM
I-_|zO ---mg dm-3-- cmol. dm3 % gkg!
(1:2.5)

5.97 45.68 202.0 0.51 9.9 0.5

1.4 1.4 331 1321 25.05 8.16

pH — soil solution hydrogen potential; P — phosphorus; K* — potassium; Na* — sodium; H*+AI" — potential soil acidity; AI3* —
aluminum; Ca?* — calcium; Mg?* — magnesium; SB — sum of bases (Ca®* + Mg?* + Na*); CEC — cation exchange capacity =
[SB + (H* + AI*%)]; V — base saturation = (SB/CEC) x 100; OM — organic matter.

Anatomical analysis

Leaf sampling for microscopic analysis
was conducted at the end of the experiment
(60 days after traspanting). Ten fully
expanded leaves were sampled from four
plants per treatment combination. The
selected materials for anatomical analyses
were fixed in FAA solution (5%
formaldehyde, 5% acetic acid, and 90% of
70% ethanol) for 48 h and stored in 70%
ethanol (Johansen, 1940). Cross-sections
were hand-cut using a sharp blade (with
Styrofoam support), then cleared with 1%
sodium hypochlorite, stained with 10%
safranin, mounted on semi-permanent
slides with glycerin, and photographed
under a microscope.

Variables analyzed

For the evaluation of adaxial cuticle
thickness (um), abaxial cuticle thickness
(um), adaxial epidermis thickness (um),
abaxial epidermis thickness (um), vascular
bundle length (um), wvascular bundle
diameter (um), palisade parenchyma
thickness  (um), spongy parenchyma
thickness (um), leaf thickness (um),
palisade to spongy parenchyma ratio (um),
adaxial epidermal stomatal density (um?),
and abaxial epidermal stomatal density
(um?), leaves were always taken from the
same node (Figure 2).

The epidermis and cuticle thickness of
the stem and leaf were determined by
averaging measurements from five different
sections of the same stem or leaf using the

Hayear® program. Stomatal counting was
conducted using paradermal sections of
leaves, with a base of 1 mm? using a
Neubauer counting chamber.

Figure 2: Location of the sections and
measurements of Capsicum chinense.

Statistical analysis

The data were subjected to normality
analysis of residuals using the Shapiro-Wilk
test, homogeneity of variances using the
Bartlett test, followed by analysis of
variance using the F test (p < 0.05), and
polynomial regression analysis up to the
second degree. These analyses were
conducted using the R 3.6.3 platform with
the ExpDes.pt package (Ferreira et al.,
2018). The response surface equations were
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generated using the rsm package (Lenth,
2009) and GA (Scrucca, 2013).

Results

For the adaxial cuticle thickness of
pepper leaves, maximum values of 17.97
pum  were observed at a proline
concentration of 0.0 mM and low ECw of
0.50 dS m™ (Figures 3a and 4). In contrast,
the thickness of the abaxial cuticle
decreased with increasing salinity, with a
reduction from 15.57 to 12.28 pm (a
decrease of 21.13%) between the
conductivity of 0.5 and 6.0 dS m™, without
the application of proline. With proline
application, a higher value of 17.91 um was
obtained in plants grown under ECw of 0.52
dS m* and sprayed with a concentration of
0.02 mM (Figures 3b and 4).

Concerning the adaxial epidermis
thickness of pepper leaves, a linear increase
was observed with rising water salinity.
There was an increment of 5.30 pm in
adaxial epidermis thickness compared to
plants subjected to the lowest ECw of 0.5
dS m?, reaching a maximum value of 115
um at ECw of 6.0 dS m™ (Figures 3c and 4).
Additionally, as proline doses increased,
there was a 3.67% increment in adaxial
epidermis thickness at the highest dose (20
mM) compared to the lowest dose utilized
(Figures 3d and 4).

The thickness of the abaxial epidermis
also did not show a significant interaction
between the evaluated factors, exhibiting a
linear reduction with increasing water
salinity up to an ECw of 4.31 dS m™, where
estimated minimum values of 101.09 pm
were observed. From this point onwards,
there was a tendency for an increase
(3.40%) in thickness, reaching 104.37 pm at
an ECw of 6.0 dS m™ (Figures 3e and 4). On
the other hand, the thickness of the abaxial
epidermis under foliar proline application
exhibited a quadratic behavior with
increasing concentrations, reaching an
estimated maximum value of 113.37 pum at
a concentration of 8.59 mM, followed by a
reduction of 17.37% at the highest ECw,

reaching a thickness of 93.64 um (Figures
3f and 4).

The diameter of the vascular bundle in C.
chinense leaves did not show a significant
interaction between the evaluated factors,
displaying a quadratic behavior in response
to the increase in ECw. It reached an
estimated minimum value of 246.73 pm at
an ECw of 4.96 dS m™, followed by a trend
of increase (Figures 5a and 6). Regarding
the increase in  applied  proline
concentration, the diameter of the vascular
bundle in plants decreased linearly,
showing a reduction of 15.12% at the
highest concentration (20 mM) compared to
plants that did not receive the mitigator
(Figures 5b and 6).

The longest length of the vascular bundle
in plants, measuring 910.14 pum, was
observed in C. chinense cultivated under an
ECw of 5.99 dS m with the application of
0.05 mM of proline (Figures 5c and 6).

The greatest leaf thickness, measuring
404.39 pm, was recorded in plants
cultivated under an ECw of 5.99 dS m™
without proline application (0.00 mM), as
shown in Figures 7a and 8. Additionally,
higher values in spongy parenchyma
thickness, reaching 251.76 pum, were
observed under the same salinity conditions
and absence of proline (Figures 7b and 8).

The thickness of the palisade
parenchyma showed a reduction with
increasing proline concentrations, being
most significant (140.62 pum) at a
concentration of 11.42 mM (Figures 7c and
8), followed by a trend of growth with
increasing concentration of the mitigator.
On the other hand, the ratio between
palisade and spongy parenchyma was
higher (0.95 um) in plants cultivated under
an ECw of 3.61 dS m™ with the application
of proline at a concentration of 19.99 mM
(Figures 7d and 8). Regarding the highest
stomatal density of the abaxial epidermis
(53.29 um?), it was observed in plants
subjected to an ECw of 0.50 dS m™ and a
proline concentration of 19.97 mM (Figures
9 and 10).
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** and * significant at p < 0.01 and p < 0.05, respectively, and ns — not significant by the F-test.
Figure 3: Adaxial cuticle thickness (a), abaxial cuticle thickness (b), adaxial epidermis

thickness (c and d), and abaxial epidermis thickness (e and f) of Capsicum chinense seedlings
subjected to salt stress and proline.
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VL

Figure 4: Thickness of the adaxial and abaxial epidermis and of the cuticle of the abaxial and
adaxial leaf surface of Capsicum chinense subjected to salt stress and proline. T1 — ECw of
0.50 dS m™ and 10.00 mM proline; T2 — ECw of 1.30 dS m™ and 2.90 mM proline; T3 — ECw
of 1.30 dS m™ and 17.09 mM proline; ep — epidermis; cu — cuticle; pp — palisade parenchyma;
pl — spongy parenchyma.
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Figure 4: (Continued). T4 — ECw of 3.25 dS m™ and 0.00 mM proline; T5 — ECw of 3.25 dS
m™ and 10.00 mM proline; T6 — ECw of 3.25 dS m™* and 20.00 mM proline; T7 — ECw of 5.20
dS m™? and 2.90 mM proline; T8 — ECw of 5.20 dS m™ and 17.09 mM proline; T9 — ECw of
6.00 dS m* and 10.00 mM proline; ep — epidermis; cu — cuticle; pp — palisade parenchyma; pl

— spongy parenchyma.
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Figure 5: Vascular bundle diameter (a and b) and vascular bundle length (c) of Capsicum
chinense subjected to salt stress and proline.

Figure 6: Vascular bundle of Capsmum chlnense Ieaves subjected to salt stress and proline. T1
— ECw of 0.50 dS m™ and 10.00 mM proline; T2 — ECw of 1.30 dS m™ and 2.90 mM proline;
T3—-ECw of 1.30 dS m™and 17.09 mM proline; T4 — ECw of 3.25 dS m™ and 0.00 mM proline;
T5 — ECw of 3.25 dS m™ and 10.00 mM proline; T6 — ECw of 3.25 dS m™ and 20.00 mM
proling; T7 — ECw of 5.20 dS m™ and 2.90 mM proline; T8 — ECw of 5.20 dS m™* and 17.09
mM proline; T9 — ECw of 6.00 dS m™ and 10.00 mM proline; xi — xylem; fl — phloem.
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subjected to salt stress and proline.
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Figure 8: Cross-section showing the palisade and spongy parenchyma of Capsicum chinense

leaves subjected to salt stress and proline. T1 — ECw of 0.50 dS m™ and 10.00 mM proline; T2
— ECw of 1.30 dS m™ and 2.90 mM proline; T3 — ECw of 1.30 dS m™ and 17.09 mM proline;
T4 —ECw of 3.25 dS m™* and 0.00 mM proline; T5 — ECw of 3.25 dS m™ and 10.00 mM proline;

T6 —ECw of 3.25 dS m™ and 20.00 mM proline; T7 — ECw of 5.20 dS m™ and 2.90 mM proline;

T8 — ECw of 5.20 dS m™ and 17.09 mM proline; T9 — ECw of 6.00 dS m™ and 10.00 mM
proline; epda — adaxial epidermis; pp — palisade parenchyma; pl — spongy parenchyma; epab —
abaxial epidermis.
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** and * significant at p < 0.01 and p < 0.05, respectively, by the F-test
Figure 9: Stomatal density of the abaxial epidermis of Capsicum chinense leaves subjected to
salt stress and proline.
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3 SRS MO g ~ EA DR o
Figure 10: Stomatal density of the abaxial epidermis of Capsicum chinense leaves subjected to
salt stress and proline. T1 — ECw of 0.50 dS m™ and 10.00 mM proline; T2 — ECw of 1.30 dS
m and 2.90 mM proline; T3 — ECw of 1.30 dS m™ and 17.09 mM proline; T4 — ECw of 3.25
dS m™? and 0.00 mM proline; T5 — ECw of 3.25 dS m™ and 10.00 mM proline; T6 — ECw of
3.25 dS m* and 20.00 mM proline; T7 — ECw of 5.20 dS m* and 2.90 mM proline; T8 — ECw
of 5.20 dS m™ and 17.09 mM proline; T9 — ECw of 6.00 dS m™ and 10.00 mM proline.

Discussion

For the adaxial cuticle thickness, foliar
proline application resulted in
improvements in pepper plants, with the
highest value (15.97 um) observed in plants
subjected to a concentration of 5.35 mM
and low ECw of 0.50 dS m™ (Figures 3a and
4). This outcome suggests that under salt
stress  conditions, plants excessively
produce reactive oxygen species (ROS),
causing oxidative damage to proteins,
lipids, nucleic acids, and the cell’s plasma
membrane (Aboryia et al., 2022), which can
lead to a decrease in the adaxial cuticle
thickness of pepper leaves, compromising
their ability to withstand stress and maintain

cellular integrity. Proline application, in
turn, can act as a metabolic signal,
regulating antioxidants and directly
scavenging ROS, helping plant cells to
survive under stress conditions (Liang et al.,
2013; Fu et al., 2018), contributing to the
production and deposition of cuticle
components, resulting in a thicker layer.
The thickness of the abaxial cuticle
decreased with increasing salinity, from
15.57 to 12.28 um (a reduction of 21.13%)
between the conductivity levels of 0.5 and
6.0 dS m?, without proline application.
However, with proline application, a higher
value of 17.91 um was obtained in plants
cultivated under an ECw of 0.52 dS m™ and
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sprayed with a concentration of 0.02 mM
(Figures 3b and 4). Plants exposed to saline
conditions undergo osmotic imbalances,
leading to salt accumulation in the leaves
and an increase in abaxial cuticle thickness
as an additional physical barrier to reduce
water loss through transpiration and
excessive salt entry into leaf cells (Shahid et
al., 2020; Spiekerman and Devos, 2020;
Feng et al., 2020).

For the thickness of the adaxial
epidermis, there was no significant
interaction between the evaluated factors,
indicating that the analyzed factors did not
jointly influence the thickness. However,
water salinity showed a progressively linear
effect on adaxial thickness, meaning that as
salinity increased, there was also an
increase in adaxial epidermis thickness,
with a 5.30 pM increment compared to
plants exposed to the lowest ECw of 0.5 dS
mL, reaching a maximum value of 115 pM
at ECw of 6.0 dS m™ (Figures 3c and 4).
With increasing proline doses, a 3.67%
increase in adaxial epidermis thickness was
observed at the highest dose (20 mM)
compared to the lowest dose used (Figures
3d and 4).

Plants respond to salinity by adapting
through hormonal regulation, changes in
redox potential, epigenetic control of stress
genes, and biosynthesis of osmolytes such
as proline (Mansour and Hassan, 2022).
Specifically, proline promotes cellular
growth by increasing cell number and
resulting in a greater thickness of the
adaxial epidermis (Alnajjar et al., 2020).

In the thickness of the abaxial epidermis,
there was also no significant interaction
between the evaluated factors, showing a
linear reduction with increasing water
salinity up to an ECw of 4.31 dS mY,
achieving values of 101.09 puM, with a
subsequent trend of increase (Figures 3e
and 4). Salinity stress causes changes in
plant physiological and morphological
processes, such as reduction in osmotic
potential, which hinders water and nutrient
absorption by plants, leading to decreased
cell turgor (Sousa et al., 2022; Khan et al.,

2024), and consequently, a reduction in the
thickness of the abaxial epidermis.

The increase in salinity can induce the
production of plant hormones, such as
abscisic acid (ABA), which is the main
regulator of plant stress tolerance,
promoting various adaptive responses
including cell thickening as a defense
mechanism, helping plants enhance their
resistance to salt stress (Rai et al., 2024).
This explains the increase in the thickness
of the abaxial epidermis after reaching an
ECw of 4.31dS m™,

However, the thickness of the abaxial
epidermis showed a quadratic response to
increasing concentrations of proline,
reaching an estimated maximum of 113.37
MM at a concentration of 8.59 mM,
followed by a decrease at higher
concentrations (Figures 3f and 4). Proline
plays a crucial role in plant metabolism
under stress conditions, increasing cellular
respiration rate. This increase in respiration
leads to ATP production, which is essential
for cell division and growth. Therefore,
proline supports cell expansion and
thickening of the abaxial epidermis up to an
optimal point, beyond which the effect
diminishes, possibly due to excessive
proline accumulation or other negative
effects associated with high concentrations
(Taha et al., 2001; Alnajjar et al., 2011).

In the diameter of the vascular bundle, a
quadratic ~ behavior was  observed,
decreasing with increasing ECw. The
estimated minimum value was 246.73 uM
at an ECw of 4.96 dS m™, followed by a
tendency to increase (Figures 5a and 6).
This reduction is associated with restricted
water flow, decreased cellular turgor,
metabolic stress, and hormonal changes
(Khan et al., 2018; Betzen et al., 2019),
resulting in a constriction of conducting
vessels that affects water and nutrient
transport.

The diameter of the vascular bundle in
plants decreases linearly with increasing
concentrations of applied proline, with a
reduction of 15.12% at the highest
concentration (20 mM) compared to plants
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without the use of the mitigator (Figures 5b
and 6). High concentrations of proline,
acting as an osmotically active solute, lead
to water loss from vascular tissues. When
combined with the metabolic stress induced
by proline, it negatively affects the
regulation of cellular growth (Yong et al.,
2017), resulting in a decrease in the
diameter of wvascular bundles and,
consequently, in the area of xylem vessels,
which are essential components for the
transport of nutrients and water (Ortega et
al., 2006).

The longest vascular bundle length
observed in C. chinense plants was 910.14
UM, cultivated with ECw of 5.99 dS m™ and
a concentration of 0.05 mM proline
(Figures 5¢c and 6). This observation
suggests a potential adaptation of plants to
salt stress, where a longer vascular bundle
may facilitate more efficient transport of
water and nutrients, helping to mitigate the
adverse effects of stress and ensuring plant
survival (Abdelaal et al., 2021; Pandey et
al., 2022).

The greatest leaf thickness (404.39 uM)
was recorded in plants cultivated under an
ECw of 5.99 dS m™ without application of
proline (0.00 mM), as shown in Figures 7a
and 8. This pattern was also observed in the
thickness of the spongy parenchyma, with
higher values (251.76 uM) under the same
salinity conditions and absence of proline
(Figures 7b and 8). This result suggests that
the increased leaf thickness, particularly in
the spongy parenchyma, may be an
adaptation of C. chinense plants to reduce
water loss under saline stress conditions.
The spongy parenchyma with fewer
intercellular spaces indicates an adaptive
strategy to maximize photosynthetic
efficiency, allowing for faster and more
efficient gas exchange when water is
available (Elias et al., 2003; Wall et al.,
2022).

Regarding the thickness of the palisade
parenchyma, a reduction was observed with
increasing concentrations of proline, being
more significant (140.62 pM) at a
concentration of 11.42 mM (Figures 7c and

8), followed by a trend of growth with
higher concentrations of the mitigator. On
the other hand, the ratio between palisade
and spongy parenchyma was higher (0.95
puM) in plants cultivated under an ECw of
3.61 dS m* and with proline application at
a concentration of 19.99 mM (Figures 7d
and 8). Proline plays a crucial role in plant
adaptation to saline stress (Mansour and
Ali, 2017; Shafi et al., 2019). At higher
concentrations, it can influence both
cellular morphology and physiology,
affecting the organization of the palisade
parenchyma (Mbarki et al., 2018; Patriarca
etal., 2021).

For the stomatal density of the abaxial
epidermis (Figures 9 and 10), the highest
value (53.29 um?) was obtained in plants
subjected to an ECw of 0.50 dS m™* and a
proline concentration of 19.97 mM. Proline
can influence the levels of plant hormones,
such as abscisic acid, stimulating cellular
development and promoting the formation
of stomatal cells. Additionally, in response
to stress, proline can trigger plant
adaptation, including an increase in
stomatal density to improve gas exchange
and reduce water loss (Freitas et al., 2018;
Ghosh et al., 2022).

In saline environments, the reduction in
stomatal density can be important to
minimize water loss, suggesting that under
high salinity, plants decrease the abaxial
leaf surface, resulting in a lower
transpiration rate, considered a survival
strategy under water scarcity conditions
(Wasim and Naz, 2020). Similar results
have been observed in halophytes, such as
Sporobolus ioclados (Naz et al., 2016).

Indeed, the application of proline in
pepper plants under salt stress promoted
significant adaptations, such as increased
leaf thickness and stomatal density,
facilitating  photosynthesis and  gas
exchange.  Proline  also  regulated
antioxidants, helping to maintain cellular
integrity and cuticle thickness. Reductions
in vascular bundle diameter and changes in
epidermis and parenchyma thickness
showed adaptive responses to salt stress,
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highlighting proline as an important
mitigator for plant resistance and survival
under adverse conditions.

Conclusions

Salt stress negatively affected the
anatomy of ‘Biquinho’ pepper leaves. The
application of proline at a concentration of
5.35 mM increased the thickness of the
adaxial cuticle. On the other hand, 20 mM
of proline stimulated the thickness of the
abaxial epidermis, palisade parenchyma to
spongy parenchyma ratio, and stomatal
density. The results obtained reinforce the
idea that proline enhances the anatomy of
pepper leaves, potentially serving as an
alternative to increase tolerance to the
effects of salt stress. However, further
studies are needed to better understand the
mechanism of action of proline in plant
defense system signaling.

Thus, salt stress caused a reduction in
abaxial cuticle thickness and an increase in
adaxial epidermis thickness. The vascular
bundle diameter and leaf thickness were
also affected. Proline application mitigated
some effects, improving cuticle thickness
and stomatal density, as well as influencing
the palisade parenchyma.
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