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Abstract | Five cultivated species of Capsicum are reported as moderately sensitive to salinity and their
germination can be affected by high levels of salts in the soil. The objective of this study was to evaluate the
in vitro response of different Capsicum spp. genotypes to salinity and to identify those with greater tolerance
to salt stress. For this, eight Capsicum accessions were used, which were subjected to different levels (0.1,
0.3,0.5,0.7 and 0.9 g L") of sodium chloride (NaCl) and calcium chloride (CaCl) application under iz
vitro conditions. The results show that the seeds of the different accessions respond in a varied way to saline
treatments. Accessions ECU-2254b of C. annuum and ECU-9123 of C. chinense showed more tolerance
to different levels of salinity, while accessions ECU-2237 and ECU-12970b of C. frutescens were the most
susceptible. These results provide valuable information for genetic breeding programs seeking to develop
Capsicum cultivars with greater tolerance to abiotic factors such as salinity, which is crucial to improve
productivity in these areas.
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Introduction al., 2016). These provide a diverse range of beneficial
compounds to the human diet such as vitamins, anti-

he genus Capsicum includes sweet and spicy oxidants, B-carotene and flavonoids (Liu e# a/., 2013).
fruits that are grown and consumed as vegeta-  Five cultivated species of this genus have been report-

bles and/or spices throughout the world (Carrizo ez ed (C. baccatum Jacq., C. pubescens Ruiz and Pav., C.
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Sfrutescens L., C. chinense L., and C. annuum L.) and
more than 30 wild relatives (Tripodi and Kumar,
2019). By 2023, the cultivation of peppers and chili
peppers reached a global production of 39,972,494
t. In Ecuador, production totaled 8,665 t across an
area of 2,240 hectares (FAOSTAT, 2024). Accord-
ing to the III Agricultural Census, approximately
950 hectares are dedicated to monoculture in Ecua-
dor, managed by small and medium-sized producers.
‘These producers are in the provinces of Santa Elena,
Guayas, Manabi, E1 Oro, Imbabura, Chimborazo, and
Loja. A total harvest of 5,900 tons was reported, with
an average yield of 6.21 tons per hectare (Guevara,

2021; Amaiquema, 2020).

The genus Capsicum, which includes species such as
chili peppers and bell peppers, holds significant im-
portance for Ecuador both gastronomically and eco-
nomically. These crops are an essential part of the
local diet, and their demand is growing in domestic
and international markets due to their nutritional and
functional properties. Capsicum species not only en-
hance traditional Ecuadorian cuisine but also provide
development opportunities for small-scale producers,
particularly in rural regions of the country (Morales,
2011). However, Capsicum productivity in Ecuador
faces significant challenges due to soil salinity, espe-
cially in coastal areas. The accumulation of salts in the
soil impacts water and nutrient availability for plants,
ultimately affecting crop productivity and quality
(Lamz and Gonzilez, 2013).

Salinity is the excessive accumulation of soluble salts
(Ca?, Mg*, Na', NaCl, CaCl,, Na,CO; and others)
in water, constituting one of the main abiotic factors
that affect the cellular functioning of plants, inhib-
iting the growth and development of many crops
(Hameed ez al., 2021). This condition can cause the
tips and edges of leaves to suffer cell death (burned
appearance) and plants to appear dehydrated, even
when the soil is moist. This is because salinity in the
soil alters water absorption, causing crops to wither
and die due to their inability to absorb enough water
(Devi and Arumugam, 2019; Sheldon e a/., 2017).
As a result, agricultural productivity is negatively af-
fected, leading producers to obtain insufficient and
low-quality harvests (Daba and Qureshi, 2021; Egea
et al.,2023).

Salinity tolerance is a complex characteristic that in-
volves multiple physiological, biochemical and mo-

lecular mechanisms. In response to salt stress, plants
can undergo physiological, anatomical, biochemical
and genetic changes (Zhang and Shin, 2013; Adem
et al., 2014). According to Chartzoulakis and Klapaki
(2000), the presence of high concentrations of salts
in the soil can result in a decrease in the germination
rate of seeds, particularly in species of the genus Cap-
sicum. Difterent species of Capsicum turn out to be
sensitive to the effect of salinity (Penella ez a/., 2015)
and their germination can be negatively compro-
mised by high levels of salts in the soil (Munns and
Tester, 2008). Despite the above, there are differenc-
es in the response of Capsicum genotypes to salinity,
which depends on various factors, such as the species,
the duration of exposure to salt stress and specific
growth conditions (Acosta-Motos ez al., 2017; Hao
et al., 2021). Additionally, not all Capsicum genotypes
act in the same way, either due to influence on genetic
expression or due to different plant defense mecha-
nisms (Alvarez et al., 2019).

Genetic improvement of Capsicum spp. to increase
their tolerance to salinity is an important objective in
agricultural research. In vitro culture techniques con-
stitute alternative procedures to field experiments for
the study and selection of promising genotypes with
tolerance to salt stress in a controlled environment
(Custédio ez al., 2022). These techniques have prov-
en effective in assessing salinity tolerance in various
plant species, representing a promising approach in
the process of genetic improvement of Capsicum spp.
genotypes. Therefore, this study aims to evaluate the
phenotypic response of different genotypes of Capsi-

cum spp. to salt stress under in vitro conditions.
Materials and Methods

Location and description of the experimental site

The research was conducted in the Biotechnology
Laboratory of the Faculty of Agricultural Engineer-
ing at the Technical University of Manabi. The lab-
oratory is situated at an altitude of 60 m.a.s.l, with
geographic coordinates of 1°12°25” S latitude and
80°22’15” W longitude. The area is characterized by
the following climatic conditions: an average annual
temperature of 26.5°C, annual precipitation of 669.3
mm, relative humidity ranging from 70% to 90%, and
an annual solar radiation of 1,146 hours (INAMHI,
2024).

Plant material
For the experiment, eight accessions of Capsicum spp.
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were used: two accessions of C. frutescens (ECU-2237
and ECU-12970b), three of C. chinense (ECU-9123,
ECU-12984, and ECU-2239b), and three of C. an-
nuum (ECU-2254b), all originating from the Gene
Bank of the National Institute of Agricultural Re-
search (INIAP). These accessions represent various
regions of Ecuador. Additionally, two accessions of C.
annuum (A2a and 2Cf), collected from home gardens
in the Santo Domingo parish of Esmeraldas province,
were also included in the study.

In vitro establishment of capsicum seeds

Capsicum seeds were sanitized with liquid soap and
sterile distilled water. Subsequently, for disinfestation,
under sterile conditions inside a laminar flow cham-
ber, the seeds were immersed in 70% ethyl alcohol for
30 seconds, after which they were rinsed with ster-
ile distilled water, and immediately placed in a solu-
tion of 1% Sodium hypochlorite (NaClO) with 0.1%
Tween-20 for 20 minutes. Finally, they were rinsed
three times with sterile distilled water. Next, the seeds
were placed in 150 x 25 mm glass test tubes con-
taining Murashige and Skoog (MS) culture medium
(Murashige and Skoog, 1968), supplementing with
NaCl and CaCl, salts at concentrations of 0.1, 0.3, 0.
5,0.7 and 0.9 g L". The MS culture medium was so-
lidified with the addition of 7 g L* of agar (Plant TC)
and was adjusted to a pH of 5.8 + 0.2 before being
sterilized in an autoclave at 121 °C for 20 minutes at
1.05 kg/cm?. The culture conditions were adjusted to
a photoperiod of 16 hours, with a temperature of 24 +
2 °C and a light intensity of 3000 lumens.

Experimental design

The experiment was evaluated under a completely
randomized design (CRD) with three factors: eight
Capsicum genotypes, two types of salts, and six con-

centrations of salts, resulting in a total of 96 treatment
combinations. Each treatment was replicated four
times, leading to a total of 384 experimental units,
which consisted of test tubes containing the previous-
ly described culture medium. The details of the factors
are provided in Table 1.

Table 1: Evaluated factors in the study of salt stress tol-
erance in capsicum genotypes under in vitro conditions.

Capsicum genotype  Salt type Salt concentration (gL™)
ECU-2254b NaCl 0

Aa CaCl, 0.1

2Cf 0.3

ECU-9123 0.5

ECU-12984 0.7

ECU-2239b 0.9

ECU-2237

ECU-12970b

Variables evaluated

'The variables associated with the different germina-
tion indices of Capsicum seeds were calculated follow-
ing the procedures of Lozano-Isla ez a/. (2018), which
are detailed in Table 2.

To determine the effect of salinity levels on the
growth of Capsicum genotypes, the following varia-
bles were evaluated:

Seedlings height (cm)

'The height measurement of each seedling was carried
out at 60 days, from the base of the stem to the apical
part. The following equation was used (Lozano-Isla

et al.,2019):

_SHS
TS

Table 2: Germination indices used durin g the evaluation of salt stress tolerance in Capsicum genotypes.

Variables Abbreviation Formula Detail Units
Germination G GS GS: Germinated seeds; T'S: Total number of seeds sown %
percentage G = EX 100
Emergency E EP EP: Emerged plants; TS: Total number of seeds sown %

t E=—X100
percentage TS
Average MGT nxg) o Number of germinated seeds; g: Number of days from  Time
germination MGT = Z sowing to the respective count; N: Total number of germi-
time N nated seeds.

The mean germination rate (MGR) is expressed as the reciprocal of MGT

GSP
GSP = Z
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Where; SHS: Sum of the height of the seedlings. T'S:
Total of seedlings.

Number of leaves
‘The number of leaves was evaluated 60 days after
sowing. Only seedlings that had the first embryonic

leaves were considered for the recording of this vari-
able. The formula used was (LLozano-Isla ez a/.,2019):

NL= SNL/TS

Where; SNL: Sum of the number of leaves. T'S: Total
of seedlings.

Statistical analysis

'The experiment was set with an 8 x 2 x 6 factorial
scheme (Capsicum genotypes x Salts x Salt Concen-
trations). Assumptions of normality were analyzed
using the Shapiro-Wilk test and homogeneity of
variances with the Bartlett test. In cases where these
assumptions were not confirmed, the data were trans-
formed using the formula \y obs + 0.5. Subsequent-
ly, an analysis of variance (ANOVA) was performed.
When the ANOVA was significant, the Scott-Knott
multiple comparison test was applied (p> 0.05). Lin-
ear regression analysis was performed to establish the
relationship between salt concentration and plant
growth. All graphs and statistical analyzes were per-
tormed using the ggplot2, ExpDes.pt packages and
Treatments.ad, available in R 4.3.2 software (R Core
Team, 2023).

Results and Discussion

Seed germination indices
Germination indices showed significant statistical

differences according to the effect of the salt factor
(NaCl and CaCl), salt concentration, genotype and
the interactions of these three factors. The germina-
tion percentage presented significant differences (p <
0.001) for all factors except for the salt x genotype
interaction (p = 0.1241). The mean germination time
(MGT), mean germination rate (MGR) and germi-
nation speed (GSP) presented statistical differences
(p < 0.0001) in the simple effects and interactions be-
tween the study factors (Table 3).

Sodium chloride (NaCl) concentrations significantly
affected (p < 0.001) the germination percentage
of seeds of Capsicum spp. (Figure 1A). The highest
percentages of germination were observed in the
control treatments (0 g L' of NaCl) in relation to
those treated with NaCl, where the highest percentage
of germination was presented by the genotypes
ECU-2254b, A2a, ECU-9123, ECU-12984 and
ECU-2239b with an average of 74%, while the lowest
value was observed for ECU-2237 with 45%. At the
concentration level of 0.1 g L of NaCl, the genotypes
ECU-2254b, ECU-2239b and ECU-9123 presented
95% germination, followed by the genotypes A2a,
ECU-12984 and ECU-12970b with average of 72%.
Similar results were observed at the concentration of
0.3 and 0.5 g L™ of NaCl. At the level of 0.7 g L' of
NaCl, the genotypes ECU-2254b, A2a, ECU-2239b,
ECU-9123 and ECU-12984 presented an average
of 89% germination, while the rest of the genotypes
exhibited germination of less than 20%. Similar
behavior was observed in the treatment with 0.9 g L

(Figure 1A).

Table 3: Probability values (p-values) of the analysis of variance (ANOVA) for germination indices in the study of the
effect of salinity on genotypes of Capsicum spp. under in vitro conditions.

Source of variance De- Germination (%) Mean germina- Mean germination Germination
grees of tion time (MGT) rate (MGR) speed (GSP)
free-  Mean p-value Mean p-value Mean p-value Mean p-value
dom square square square square
Salt 1 8719.8067 0.00001 509.6410 0.00001 0.0967  0.00001 876.6258 0.00001
Salt concentration 5 2794.6698 0.00001 25.2952 0.00001 0.0041  0.00001 37.7666 0.00001
Genotype 7 52085.0241 0.00001 256.8478 0.00001 0.1650 < 0.0001 1677.51 0.00001
Salt x Salt concentration 5 427.5201 0.00001 28.8236 0.00001 0.0049  0.00001 41.7804 0.00001
Salt x Genotype 7 2585.0241 0.1241 39.2756 0.00001 0.0553 < 0.0001 590.4339 0.00001
Salt concentration x Genotype 35 742.5322  0.00001 8.6583  0.00001 0.0039  0.00001 32.2199 0.00001
Salt x Salt concentration x Genotype 35 470.3099 0.0012 7.9193  0.00001 0.0044  0.00001 38.8056 0.00001

P < 0.05, statically significant values; p 2 0.05 no statically significant values.
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Figure 1: Effect of NaCl (A) and CaCl, (B) concentration on the
germination percentage (%) of eight Capsicum genotypes under in
vitro conditions. Genotypes: g1 = ECU-2254b; g2 = A2a; g3 = 2Cf;
g4=ECU-9123; g5 = ECU-12984; g6 = ECU-2239b; g7 = ECU-
2237; and g8 = ECU-12970b. p < 0.001, indicates highly signifi-
cant differences according to the Scott-knott test.

Calcium dichloride (CaCl,) concentrations also sig-
nificantly affected (p < 0.001) seed germination of
Capsicum spp. (Figure 1B). At the level of 0.1 g L™
of CaCl, the genotypes ECU-2254b, ECU-12984,
ECU-2239b and ECU-9123 showed 91% germi-
nation, followed by the genotypes A2a and ECU-
12970b with an average of 65%; while the lowest ger-
mination percentage was observed in genotype 2Cf
with 45%. At the concentration of 0.3 g L™ the geno-
types ECU-12984, ECU-2239b, ECU-9123, ECU-
2254b, A2a and ECU-12970b showed an average
of 85%, unlike the rest of the genotypes with values
less than 40%. The 0.5 g L' concentration showed
that ECU-12984, ECU-2239b and ECU-9123 ex-
hibited average values of 97% germination, followed
by ECU-12970b, ECU-2254b and A2a genotypes
with 78%, opposite to the rest of the genotypes that
presented germination less than 25%. The genotypes
ECU-2239b, ECU-2254b, ECU-9123 and ECU-
2239b treated with 0.7 g L' of CaCl, showed an av-
erage of 89% germination, followed by the genotypes
ECU-12970b, A2a and ECU-2237 with an average
of 68%, higher than the 2Cf genotype with 20%. Fi-
nally, ECU-12984, ECU-9123 and ECU-2239b and
ECU-12970b presented germination averages of
94% at the 0.9 g ! concentration of CaCl, differ-
ent from the genotypes A2a, ECU-2237 and ECU-
2254b with an average of 67%, these in turn being

higher than 2Cf with 20% (Figure 1B).

The mean germination time (MGT) of the geno-
types of Capsicum diftered significantly (p < 0.001)
depending on the different concentrations of the salts
studied. At the 0.1 g L! concentration of NaCl, the
highest MGT was observed in genotype 2Cf with an
average of 9 days, followed by genotypes A2a, ECU-
9123, ECU-12984, ECU-2239b and ECU-12970b
with average of 5.4 days; ECU-2237 did not present
MGT values for this salt concentration. At the con-
centration of 0.3 g L7, the highest MGT was ob-
served in the genotypes A2a, 2Cf, ECU-2239b and
ECU-12970b with 7.10 days, higher than the gen-
otypes ECU-9123 and ECU-12984 with 4.7 days,
while the lowest values were shown by ECU-2254b
with 3 days. The genotypes 2Cf and ECU-12970b
with the concentration of 0.5 g L™ showed MGT of
7.8 days, followed by the genotypes A2a, ECU-9123,
ECU-12984 and ECU-2239b with an average of 5.9
days, both groups were superior to the ECU-2237
genotype. In the case of 0.7 g L™ of CaCl,, the gen-
otypes ECU-2254b, A2a, ECU-9123, ECU-12984,
ECU-2239b, ECU-2237 and ECU-12970b present-
ed averages of MGT 5.3 days. Finally, genotypes A2a,
ECU-2239b and ECU-12970b exhibited an average
of 6.5 days of MGT at doses of 0.9 g L'}, while the
lowest MGT values were shown by genotypes ECU-
2254b, ECU-9123 and ECU-12984 with 4.01 days.
In general, in relation to the salt treatments, the con-

trols showed higher MGT values (Figure 2A).

When the genotypes were treated with CaCl, at a
concentration of 0.1 g L, all were statistically similar
to each other, with an average MGT of 6.95 days.
Similar results to the previous case were observed
with the concentration of 0.3 g L', where all gen-
otypes showed statistically similar values. In treat-
ments with 0.5 g L of CaCl,, the MGT was high-
er in the genotypes ECU-2254b, A2a, ECU-9123,
ECU-12984, ECU-2239b, ECU-2237 and ECU-
12970b with 8.84 days, difterent from genotype 2Ct
with 1.75 days. Meanwhile, genotypes treated with
0.7 g L of CaCl, were statistically equal with MGT
of 7.93 days. Finally, at the level of 0.9 g L™ CaCl,
the genotypes ECU-2254b, A2a, ECU-9123, ECU-
12984, ECU-2239b, ECU-2237 and ECU-12970b
resulted in the average production of 8.23 days, being
higher than 2Cf (Figure 2B).

Salts and their concentrations significantly affected (p
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< 0.0001) the mean germination rate (MGR) in the A B

eight genotypes of Capsicum spp. The dose of 0.1 g L = e N L .

of NaCl generated lower MGR in the 2Cf and ECU- 1: T e ] [T T e

2237 genotypes with values lower than 0.10, while N o

the highest values were observed in ECU-2254b and 01gL" G

ECU-12984 genotypes with 0.29. In the case of the oy ST = -
concentration of 0.3 g L', the highest MGR was i -t R

observed in the ECU-2254b genotype with 0.3, fol- " — T

lowed by ECU-12984 with an index of 0.25, while z i ot e Genotype
values lower than 0.20 were found in the rest of the ‘E‘ =R °] o s Z;
genotypes. In the same way, with doses of 0.5 g L % o- = | o =K
the genotype ECU-2254b showed higher MGR with g 2t ST g "
0.28, while the rest of the genotypes presented values  §°1 .M | | o 2. SSETE| S
below 0.20. This index in conditions of 0.7 g L™ was § : - T o = = .
higher in the genotypes ECU-2254b, A2a, ECU- o7gLt 0oL

9123, ECU-12984, ECU-223% and ECU-12970b . I 2| e e o e

with an average of 0.20, while the genotypes ECU- et ., e J | ] e

2237 and 2Cf reported an MGR of 0.05 and 0.00, re- 5 S ’ —

spectively. Finally, ECU-2254b and ECU-9123 gen- ol ' e e e e
otypes showed the highest MGR with indices of 0.30 R R R e e B

and 0.28, respectively, with a concentration of 0.9 g ) N O N A o) S I - -

L of Na(l, followed by the response of the ECU- T Redeey Y T by T

12984 with 0.23, while the other genotypes presented  Figure 2: Effect of NaCl (A) and CaCl, (B) on the mean germi-
an MGR less than 0.18. On the other hand, the gen-  nation time (days) for eight Capsicum genotypes under in vitro

. . .. conditions. Genotypes: g1 = ECU-2254b; g2 = A2a; g3 = 2Cf; g4
otypes treated with CaCl, did not present statistical = FCU-9125 g5 = ECU-12984; g6 = ECU-2239%; ¢7 = ECU-
differences between themselves in any of the concen- 2237; and g8 = ECU-12970b. Boxs with same letters are not statis-

trations studied (Table 4). tically different according to the Scott-Knott fest (p < 0.05); ns = Not
significative differences.

Table 4: Effect of NaCl and CaCl, on the mean germination rate (days™) of eight Capsicum genotypes under in vitro
conditions.
Genotype Salt concentration
OgL? 01gL? 03gL! 05gL? 0.7gL™? 09gL™?
NaCl CaCl, NaCl CaCl, NaCl CaCl, NaCl CaCl, NaCl CaCl, NaCl CaCl,

ECU-2254b 0.15+ 0.14+ 030+ 0.12+ 030+ 012+ 028+ 012+ 023+ 013+ 030+ 0.13=
0.01 NS 0.01 NS 0.001a 0.01 NS 0.00a 0.00NS 0.02a 0.01NS 0.02a 0.01NS 0.00a 0.02NS

A2a 010+ 012+ 020+ 011+ 013+ 010+ 0.18+ 0.11+ 0.18+ 0.12+ 0.18+ 0.11+
0.01 0.01 0.00b 0.01 0.03d 0.00 0.03b 0.01 0.03a 0.01 0.01c¢ 0.01
2Cf 010+ 012+ 010+ 013+ 015+ 012+ 015+ 004+ 000+ 0.09+ 0.00x 0.11=+

0.02 0.01 0.00c 0.01 0.03d 0.04 0.00c 0.04 0.00c 0.03 0.00e 0.04

ECU-9123 013+ 014+ 020+ 013+ 020+ 013+ 020+ 0.13+ 020+ 0.13+ 028+ 0.13+
0.01 0.01 0.00b 0.01 0.00c 0.01 0.00b 0.01 0.04a 0.01 0.02a 0.01

ECU-12984 0.12+ 0.14+ 028+ 0.14x 025+ 014+ 020+ 013+ 020+ 013+ 023+ 0.13=
0.01 0.01 0.02a 0.01 0.03b 0.01 0.00b 0.01 0.00a 0.01 0.02b 0.01

ECU-2239 0.12+ 0.12+ 020+ 0.13+ 015+ 013+ 015+ 013+ 020+ 014+ 013+ 0.12=
0.01 0.01 0.001b 0.01 0.03d 0.01 0.03¢ 0.01 0.00a 0.01 0.03d 0.01

ECU-2237 013+ 0.12+ 000+ 0.14+ 0.00+ 016+ 000+ 013+ 0.05+ 013+ 000+ 0.13=+
0.001 0.01 0.001d 0.001 0.00e 0.01 0.00d 0.01 0.03b 0.01 0.00e 0.01

ECU-12970b 0.15+ 0.15+ 0.18+ 0.13+ 0.13+ 011+ 015+ 012+ 020+ 012+ 013+ 0.11=
0.01 0.02 0.03b 0.01 0.03d 0.01 0.03¢ 0.01 0.00a 0.01 0.02d 0.01

Columns with same letters are not statistically different according to the Scott-Knott fest (p < 0.05); NS = Not significative differences.
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Table 5: Effect of NaCl and CaCl, on the germination speed (GSP) (%) of eight Capsicum genotypes under in vitro

conditions.
Genotype Salt concentration
OgL! 01gL! 03gL! 05gL? 0.7gL! 09gL™?
NaCl CaCl, NaCl CaCl, NaCl CaCl, NaCl CaCl, NaCl CaCl, NaCl CaC(Cl,
ECU-2254b 14.69+ 1376+ 3330+ 1226+ 33.30+ 1235+ 2995+ 11.74+ 2320+ 12.63+ 30.58=+ 13.33
0.93NS 0.95NS 0.00a 0.52NS 0.00a 0.15NS 2.25a 0.50NS 1.31a 144NS 1.70a 1.92NS
A2a 1047+ 1223+ 1723+ 11.43: 1420+ 10.46= 1595= 1127+ 1640z 12.03+ 1620+ 11.10=
0.98 0.72 0.68¢c 1.04 0.53¢ 0.28 0.74¢ 077 0.80b 0.64 1.39d 1.23
2Cf 1042+ 1223+ 1118+ 1321+ 13.88=% 11.91=% 1290=% 3.57x 0.00x 8.57= 0.00:+ 10.86=
1.51 0.72 0.43d 1.07 1.81c 4.01 219¢ 357 0.00d 3.03 0.00e 3.72
ECU-9123 1251+ 1391+ 1840+ 1280+ 2093+ 13.01+ 1870+ 12.80+ 1830+ 1252+ 24.63+ 13.07 +
1.21 1.43 0.86c 1.20 0.87b 0.67 029b 1.21 270b 1.05 0.38b 0.78
ECU-12984 12.82+ 1428+ 2453+ 10.04+ 2185+ 1400+ 19.03+ 12.66+ 2293+ 1324+ 2130+ 13.04=
1.01 0.69 0.48b 1.10 1.83b 0.56 0.96b 0.83 0.42a 1.15 1.45¢ 0.99
ECU-2239b 1241+ 11.67+ 19.15+ 1311+ 1480+ 13.05+ 1555+ 1326+ 16.85+ 13.57+ 15.53 =+ 12.26 =
0.59 0.83 0.61c 0.61 1.19¢ 1.06 092¢ 111 1.33b  0.99 1.23d 0.49
ECU-2237 1238+ 1226+ 0.00x 1351+ 0.00+ 1548+ 0.00x 1292+ 500+ 12.64x 0.00x 13.22=
0.30 0.60 0.00e 0.37 0.00d 0.69 0.00d 1.38 2.89¢ 0.78 0.00e 0.72
ECU- 14.77 £ 1482+ 1573+ 1334z 1490=x 1143+ 1428+ 1229+ 1835=% 11.54= 1573+ 11.02 =
12970b 1.09 1.85 041c 097 0.60c 0.69 0.89¢c 1.06 0.95b 0.74 1.43d 0.53

Columns with same letters are not statistically different according fo the Scott-Knott fest (p < 0.05, ); NS = Not significative differences.

The germination speed (GSP) presented significant
differences (p < 0.0001) considering the type of salt
and concentrations. In relation to the genotypes
treated with 0.1 g L of NaCl, ECU-2254b and
ECU-12984 presented the highest GSP with 33.30%
and 24.53%, respectively, followed by the genotypes
ECU-2239, ECU-9123, A2a and ECU- 12970b
with 19.15, 18.40, 17.23 and 15.74%, respectively.
The lowest GSP values were observed in 2Cf and
ECU-2237. At the concentration of 0.3 g L, like
the previous case, ECU-2254b genotype showed the
highest GSP with 33.30%, followed by ECU-12984
and ECU-9123 genotypes with 21.85 and 20.93%,
respectively; the rest of the genotypes showed GSP
lower than 14.90%. In treatments with 0.5 g L' of
NaCl, ECU-2254b genotype showed 29.95% GSP,
tollowed by ECU-9123 and ECU-12984 with an av-
erage of 18.86%, different from the A2a, 2Cf, ECU-
2239b and ECU-12970b with average of 14.67%
GSP. Genotypes with 0.7 g L, the highest GSP
was achieved with ECU-2254b and ECU-12984
genotypes with an average of 23.20 and 22.93%,
followed by the A2a, ECU-9123, ECU-2239b and
ECU-12970b genotypes with an average of 17.60%,
different from the rest of the genotypes that showed
GSP less than 5%. Finally, at the highest dose studied
(0.9 g L"), the most significant GSP response was
observed in ECU-2254b with 30.58%, followed by
ECU-9123, ECU-12984, A2a, ECU-12970b and

ECU-2239b genotypes with 24.63, 21.30, 16.20,
15.73 and 15.53%, respectively. On the other hand,
the different levels of CaCl, did not affect the GSP in
the Capsicum genotypes, with no statistical differenc-
es between them (Table 5).

High levels of relationship were observed between
the different germination indices of Capsicum geno-
types with the addition of NaCl (Figure 3A-C) and
CaCl, (Figure 3D-F). As the germination speed in-
creased, the percentage of germination also increased
in treatments with NaCl (R? = 0.80), while for treat-
ments with CaCl, the correlation was lower (0.53),
with a significant correlation (p < 0.001) in both cases
(Figure 3A, D). Likewise, a significant positive cor-
relation (p < 0.001) was presented between germina-
tion percentage and average germination rate for both
NaCl and NaCl, (Figure 2B, E), while the increase in
germination speed showed high correlation with the
average index germination (NaCl: R? = 0.98; CaCl,;
R? = 1.00) (Figure 3C, F).

Seedling growth

The growth of the different genotypes of Capsicum
spp. was affected by increasing concentrations of
NaCl (Figure 4A) and CaCl, (Figure 4B). To the
extent that when NaCl concentration increased, the

genotypes 2Cf, ECU-9123, and ECU-12970b were
negatively affected, that is, the increase in NaCl
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doses reduced plant growth. On the contrary, geno-
type A2a showed an increase in growth, resulting in
high tolerance to NaCl. The genotypes ECU-2254b,
ECU-12984, ECU-2239b and ECU-2237 were not
significantly affected by the increase in the NaCl con-
centrations studied.
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When the plants were treated with CaCl,, only the
genotype ECU-2254b was negatively affected by the
increase in the concentrations of this salt. Increasing
CaCl, concentrations did not significantly affect the
growth of the rest of the Capsicum genotypes.

The number of leaves was significantly affected by
the effect of NaCl and its concentrations (p < 0.001)
(Figure 5A). At the 0.1 g L™ concentration of NaCl,
the highest number of leaves was observed in the

ECU-2254b and ECU-9123 genotypes with an av-

erage of 4.62 leaves, on the contrary, the lowest num-
ber of leaves was observed in 2Cf, ECU-12984 and
ECU-2237 genotypes, with a mean of 1.80. Similar
to the previous case, ECU-2254b presented the high-
est number of leaves (6.75) with 0.3 g L™ of NaCl,
differing significantly from the rest of the genotypes,
where the most affected genotypes were 2Cf and
ECU-12970b with 1.75 and 1.50 sheets, respectively.
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in vitro conditions. Genotype: g1 = ECU-2254b; g2 = A2a; g3 = 2Cf;
g4 = 9123; g5 = ECU-12984; g6 = ECU-2239%; g7 = 2237; g8 =
ECU-12970b. p-values indicate statistical significance or not for the
linear regression analysis; ns, indicates non-significant differences.
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Meanwhile, at the 0.5 g L concentration of NaCl,
ECU-2254b and A2a genotypes showed a great-
er number of leaves with 5.25 and 3.75, respective-
ly, contrary to the ECU-12970b genotype that was
greatly affected by the effect of NaCl with 1.50 leaves.
At the concentration 0.7 and 0.9 g L! of NaCl, the
responses of the genotypes were similar, with geno-
types 2Cf (0 leaves) and ECU-2237 (0 leaves) be-
ing the most affected by NaCl, unlike the genotypes
ECU-2254b and A2a, which were not significantly
affected by high doses of NaCl. Finally, the only gen-
otype that did not show leaves at all NaCl concen-
trations was ECU-2237, except for the control where
2.66 leaves were counted. The control treatments, in
general, showed a greater number of leaves in relation
to the NaCl treatments.

On the other hand, the number of leaves of the Cap-
sicun genotypes was also significantly affected (p <
0.001) by the different concentrations of CaCl, (Fig-
ure 5B). At the concentration of 0.1 g L'* of CaCl,,
the A2a genotype was mostly affected, producing on
average just 0.2 leaves, contrary to the ECU-2254b
and ECU-2239b genotypes that produced an aver-
age of 6.63 leaves. In turn, the 0.3 g L' concentra-
tion of CaCl, also affected the A2a genotype, while
the genotypes ECU-2254b, ECU-9123 and ECU-
2239b were not negatively influenced by CaCl,, with
an average of 4.60 leaves. The number of leaves was
also greatly reduced in genotypes 2cf and ECU-2237
at the doses of 0.5 g L'* with 0.70 and 1.10 leaves,
respectively. At concentrations of 0.7 g L* of CaCl,
the genotypes behaved very similar to the previous
concentration, with genotype 2cf being the most af-
tected by the CaCl, concentration. Finally, with 0.9 g
L of CaCl,, all genotypes showed an average of 3.68
leaves, except for the ECU-2254b and 2cf genotypes
that showed 1.15 and 0.00 leaves, respectively.

Seed germination rates

Salt stress is an important environmental stress that
affects plant growth and development (Zhao ez al.,
2021). Peppers are sensitive to high salt levels, with
approximately 14% of their yield reduction attrib-
uted to salinity (Abdelaal e# a/., 2020). The response
of Capsicum spp. seeds to different concentrations of
NaCl and CaCl, salts reveals a complex interaction
between genotype and salinity conditions. Our results
highlight the importance of these factors in germina-
tion and early seedling development. The germination
difference may be greater in the presence than in the

absence of salinity, attributing it to the fact that the
genotypic variation in the germination response is ex-
pressed to a greater degree under salt stress conditions
than under normal conditions (Yildirim e a/., 2011).

Sodium chloride (NaCl) treatment significantly af-
fected seed germination, with concentrations of 0.1
g L' and 0.3 g L' showing higher germination
percentages in genotypes, such as ECU-2254b and
ECU-9123. These results are consistent with previ-
ous studies that indicate that low concentrations of
NaCl can induce an adaptive response in some plant
species, improving their germination capacity under
saline conditions (IMunns and Tester, 2008). Howev-
er, at higher concentrations (0.7 g L'* and 0.9 g L"),
most genotypes showed a significant reduction in ger-
mination, suggesting a lower tolerance threshold for
these conditions. The differential response between
genotypes may be attributed to inherent genetic vari-
ations that confer different levels of salinity tolerance.
For example, the A2a genotype of C. annuum showed
high tolerance to NaCl, maintaining a good germi-
nation percentage even at high concentrations. This
finding is consistent with research suggesting that ge-
netic variability is crucial for adaptation to salt stress

conditions (Ashraf and Foolad, 2013).

Regarding CaCl, concentrations, the genotypes also
showed significant variability in their germination
capacity. The results indicate that CaCl, may have a
mitigating effect on the growth inhibition caused by
NaCl, as has been observed in other plant species (Ta-
vakkoli e al.,2010). At concentrations of 0.1 g L and
0.3 g L, genotypes such as ECU-2254b and ECU-
2239b showed high germination percentages, which
suggests that CaCl, helps to stabilize cell membranes
since it does not generate greater damage to the cells
of different species of Capsicum. Mean germination
time (MGT) was significantly affected by salt con-
centrations, with genotypes 2Cf and ECU-12970b
showing the highest MGT at higher NaCl concen-
trations. This increase in MGT could be related to the
delay in imbibition and the start of germination due
to osmotic stress, as reported in other studies such
as Shabala and Munns (2017). The mean germina-
tion rate (MGR) and germination speed (GSP) also
presented significant differences depending on the
concentrations of NaCl and CaCl,. Genotypes ECU-
2254b and ECU-12984 showed the highest MGR
and GSP values, indicating greater germination effi-
ciency under these conditions. These results are con-
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sistent with studies that show that certain genotypes
can develop adaptive mechanisms to improve germi-
nation under salt stress (Flowers and Colmer, 2015).

'The significant positive correlation between the dif-
ferent germination indices suggests that the geno-
types ECU-2254b and A2a of C. annuum and ECU-
9123, ECU-12984 and ECU-2239b of C. chinense
with higher germination percentage also tend to have
a higher germination rate and speed. This pattern may
be indicative of the inherent ability of certain gen-
otypes to maintain superior performance under salt
stress conditions (Acosta-Motos ez al., 2017).

Seedling growth

The growth of the different genotypes of Capsicum
spp. was significantly affected by the increase in NaCl
and CaCl, concentrations. The sensitivity of geno-
types 2Ct, ECU-9123 and ECU-12970b to NaCl,
evidenced by the reduction in their growth, coincides
with studies that have shown that salinity can cause
osmotic and toxic stress, affecting the absorption of
water and nutrients (Munns and Tester, 2008). On
the contrary, A2a genotype showed a notable tol-
erance to NaCl, suggesting the presence of genetic
mechanisms that confer resistance to salinity, possibly
through the regulation of genes that control ionic ho-
meostasis and the synthesis of osmoprotectants (Pari-

da and Das, 2005; Flowers and Colmer, 2015).

'The analysis of the number of leaves also revealed sig-
nificant differences between the genotypes. The num-
ber of leaves was affected by NaCl concentrations,
being higher in genotypes treated with low concen-
trations of NaCl and CaCl,. Genotype ECU-2254b
showed a higher number of leaves at various NaCl
concentrations, while 2Cf and ECU-12970b were
the most affected. This suggests that the ECU-2254b
genotype has a better capacity to handle salt stress,
which could be related to better osmotic and physi-
ological adaptation under moderate stress conditions

(Zhu, 2001).

Regarding the effect of CaCl,, it was observed that
most of the genotypes were not significantly affected
by the increase in the concentrations of this salt, ex-
cept for genotype ECU-2254b. This result is consist-
ent with research that has shown that Ca plays a cru-
cial role in stabilizing cell membranes and reducing
sodium toxicity (Hasegawa ez a/., 2000; White and
Broadley, 2003). The ability of Calcium to mitigate

the negative effects of NaCl on the germination and
growth of Capsicum spp. could be related to its role
in cell signaling and the activation of antioxidant de-
fense mechanisms (Ranty ez a/., 2016).

Flowers and Colmer (2015) and Ibrahimova e al.
(2021) suggest that plants with a greater capacity
to maintain leaf growth under salt stress also show
greater accumulation of compatible solutes and ef-
ficient regulation of stomatal opening. While other
works also highlight the role of Ca in cell signaling
under stress conditions, improving membrane integ-
rity and promoting root growth (White and Broadley,
2003; Zorb et al., 2019). Ca supplementation has also
been shown to improve membrane stability and nu-
trient uptake in tomato plants under salt stress, sup-
porting the idea that calcium may play an important
protective role (Tuna ez a/., 2007).

'The addition of salts to the culture medium made the
use of NaCl more harmful compared to CaCl,, be-
cause NaCl inhibits plant growth, and it is presumed
that the inhibition of plant growth under salt stress is
associated with alterations in water relations, osmotic
effects, specific effects of ions and excess or deficien-
cy in soil nutrient availability (Roy and Chowdhury,
2021; Ludwiczak ez al., 2021; Munns, 1993). On the
contrary, CaCl, can counteract the negative effects of
NaCl, improving the plant’s tolerance to salinity and
even water stress, since being a source of Ca it is one
of the essential nutrients for the growth and develop-
ment of plants (Voutsinos-Frantzis ez a/.,2023). Since
the different species of Capsicum spp. are sensitive to
the effect of salinity, the plants are more tolerant to

CaCl, compared to NaClL
Conclusions and Recommendations

The response of Capsicum spp. seeds. to NaCl and
CaCl, concentrations depends largely on the gen-
otype and the inherent ability of plants to adapt to
salinity conditions. The genotypes ECU-2254b of C.
annuum and ECU-9123 of C. chinense proved to be
more tolerant, while others such as 2Cf of C. annuum
and ECU-2237 of C. frutescens were more susceptible.
These results provide valuable information for genet-
ic improvement programs, contributing to the search
and development of Capsicum cultivars with greater
tolerance to abiotic factors, which is crucial to im-
prove production in areas affected by soil salinity.
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