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Abstract: Inadequate agronomic practices and unfavorable weather conditions
often hinder carrot cultivation. Therefore, this experiment evaluated the
effects of sowing date and mulching on the growth and yield of carrots during
the 2023/2024 main cropping season at Kersole, Legambo District. The experi-
ment involved three sowing dates (early, mid, and late in July) and four
mulching materials (no mulch, sawdust, straw, and dried grass), utilizing a
Randomized Completely Block Design (RCBD) with three replications. Except
main effects of sowing date, and interaction effects on days to 50% emergence
and root diameter, all other parameters were significantly (P<0.05) affected.
Early sowing combined with either sawdust or dried grass mulch resulted in the
highest marketable root yields respectively. Late sowing without mulch and
with dried grass mulch showed the lowest marketable root yield and minimum
weed density respectively. Early sowing with sawdust mulch also provided the
highest net benefit, while early sowing with dried grass mulch exhibited the
highest marginal rate of return. Therefore, early sowing with dried grass muich
can be recommended for carrot cultivation in study areas and similar agroe-
cologies. However, for optimal results, it is necessary to carry out the experi-
ment using several mulching materials and various sowing dates across seasons
and locations.

1. Introduction

Carrot (Daucus carota L.) is a commonly important root crop of the
Apiaceae family, widely distributed worldwide. Carrots are herbaceous
dicotyledonous plants that grow upright, reaching a height of 20-50 cm
when mature. The fleshy taproot is its primary edible part, which typically
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exhibits a straight, conical, and cylindrical shape. It
was originally wild in different parts of Asia and
Europe. It was primarily domesticated in rich
Afghanistan, considered the first center of origin, and
Turkey is believed to be the second center of origin.
From these centers of diversity, carrots gradually
spread across Europe, the Mediterranean, and
numerous countries in Asia. Over time, it was culti-
vated and introduced to local wild varieties across
the globe (Stolarczyk and Janick, 2018). Carrot roots
are highly valued for their abundance of carotenoids,
which serve as precursors to vitamin A (Tabor and
Yesuf, 2012). Additionally, carrots contain flavonoids,
vitamins, and minerals, making them a nutritious
crop that contributes to overall health and well-being
(zeleke and Derso, 2015). China is the leading global
producer, with Europe emerging as the rapidly
advancing carrot market. Notably, North America,
particularly the USA and Canada, boasts the most sig-
nificant shares in the carrot markets. As of 2020, the
world consumed 46.3 million metric tonnes of
turnips and carrots globally, according to FAOSTAT
2021 data.

Ethiopia has a relatively low production compared
to the global average. Its production has not been
adequately exploited as it faces several constraints
such as limited research activities on the topic, unfa-
vorable weather conditions, and poor agronomic
practices such as unplanned sowing dates, lack of
mulching practices, and improper weeding. In the
study area, the quality of carrot roots is also compro-
mised due to suboptimal agronomic practices, thus
discouraging farmers from engaging in carrot produc-
tion. Typically, farmers in the study area sow carrots
on bare beds without applying mulches. Similarly,
they often sow carrots in late July, thus leading to
poor seed germination, inadequate growth, and
development as well as exposure to severe winter
conditions (soil moisture deficit and lack of rainfall)
towards the end of summer. The research by
Mengistu (2009) reveals that the pre-termination of
rainfall, occurring during critical developmental
stages of the crop, especially the root initiation stage,
results in both quantitative and qualitative reduc-
tions in yield. Farmers relying on subsistence agricul-
ture within Legambo District have faced recurrent
droughts and famines resulting from severe weather
occurrences associated with climate change, such as
erratic rainfall, frost threats, and hailstorm flooding
(Cafer and Rikoon, 2017).

Within subsistence agriculture, the occurrences
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and regularities of climate extremes and variabilities
pose significant challenges comparable to average
annual shifts. The magnitude and implications of cli-
mate variability are not adequately examined in
Ethiopia. For subsistence agriculture, occurrences
and frequencies of climate extremes and variabilities
are equally affecting as of mean annual changes.
However, despite its climatic constraints, the region
still holds promise as a viable location for cultivating
carrots, especially through strategic adjustments in
sowing dates and the application of mulching tech-
nigques. The importance of adjusting the cropping
schedule is appropriate to adapt a weather and cli-
mate variations in the particular region (Desta et al.,
2020). The timing of sowing is essential as it aligns
with favorable climatic conditions and has been
demonstrated to impact the growth and yield of car-
rots (Gagopale, 2019). Moreover, the use of mulch
helps to regulate temperature extremes (Rajasekar et
al., 2020). Furthermore, cultivators must consider the
appropriate sowing date and mulching as one of the
most significant factors to maximize productivity and
quality, minimize weed occurrence, and maintain soil
health. Consequently, this study was conducted to
evaluate the effect of sowing date and mulching on
the growth and vyield of carrots in Kersole, Legambo
district.

2. Materials and Methods

Description of the study area

The experiment was conducted at Kersole Kebele,
Legambo district of agriculture and temperate fruit
nursery site, South Wollo Zone, Ethiopia in the
2023/2024 main cropping season (from July to
November). The site is located at 10°51’ N and 39°11’
E (Fig. 1) with an altitude of 2800 meters above sea
level (m a.s.l.). The area is situated 501 kilometers
north of Addis Ababa and 372 kilometers east of

Ethiopia regions
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Fig. 1- Map of the study area.
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Bahir Dar. The area experiences an annual rainfall
ranging from 700 to 1300 millimeters. The site has an
average minimum temperature of 3°C and an aver-
age maximum temperature of 18°C. The predomi-
nant soil type in the area is clay soil, characterized by
a pH of 5.57 (Regassa et al., 2023) (Fig. 2). The region
is predominantly characterized by its rolling terrain,
(Regassa et al., 2023). Approximately 68.54% of the
district features a temperate (Dega) agroecology,
with the next largest portion comprising alpine
(Wurch) landscapes at 29.53%. A small percentage of
1.93% and 0.0016% of the district area is covered by
subtropical (Woinadega) and tropical (Qolla) agroe-
cology, respectively.

Treatments and experimental design
The experiment contained two factors (sowing
date x mulching material). Sowing dates comprised

Precipitation (mm) Temperature maximum (°C)
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Fig. 2 - Monthly average weather data of the study area during
the experimentation period (2023/2024). Source:
https://power. larc.nasa.gov/data-access-viewer/

three levels (Early - July = 10% July (S1); Mid - July =
20" July (S2) and Late - July = 30*" July (S3)). Four lev-
els of mulching materials were: no mulch (MO0), saw-
dust (M1), straw (M2) (Fig. 3), and dried grass (M3).
The experiment arrangement used a Randomized
Completely Block Design (RCBD) in three replicates.
The whole experimental area was 218.3 m? (29.5 m x
7.4 m) in length and width respectively. This area was
divided into three blocks, and each block was further
subdivided into 12 plots. As a result, there were a
total of 36 unit plots. The treatments were assigned
randomly within each plot of the block. Each unit plot
had a net size of 3.6 m? (2 m x 1.8 m) which consisted
of 9 rows and 40 plants per row. The distance
between adjacent blocks was 1.0 meters, while the
distance between plots within a block was 0.5
meters.

Experimental materials and procedures

‘Nantes’ variety of carrots was used for the experi-
ment. The seeds of this particular variety were
sourced and acquired from the Debrezeit Agricultural
Research Center. Farmers are highly interested in this
variety of carrots for their good adaptation, high mar-
keting demand, and better root quality in the study
area. The experimental field was readied using tradi-
tional tillage methods and cultivated using oxen to
loosen the soil, catering to the deep and well-drained
soil requirements favored by carrots. The soil was
molded into raised beds to enhance drainage, pro-
mote extensive root growth, ensure uniformity, and
minimize soil compaction. After this, a field layout
was implemented, and each treatment was assigned
randomly to the experimental plots. Seeds were
sown as per each sowing date time on a 20 cm height
raised bed with 20 cm x 5 cm spacing between rows

Fig. 3 - Pictures of mulch during a field trial.
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and plants respectively. The straw and dried grass
mulch were cut into small pieces approximately 5-10
cm by machete, following the method outlined by
Olfati et al. (2008). After sowing the seeds on each
particular sowing date, mulching materials were
applied at about a rate of 4 t halsawdust and 6 t ha*
straw and dried grass. Fully rate of phosphorus (175
kg P,O, ha') was applied at the time of each sowing
date, while the nitrogen in the form of urea (150 kg
ha?) was applied in a split way: half of the rate was
applied at the time of each sowing date, and the
remaining half was topdressed in the spaces during
the active vegetative crop stage, which occurred 5
weeks after emergence (WAE). Weeds were lifted
manually and removed from the crop fields, while
harvesting was done at maturity by using a hand cul-
tivator.

Data collection

Days to 50% emergence and 90% physiological
maturity were obtained by counting the number of
days to days when 50% of the seeds emerged and
90% of the plants attained physiologically matured,
respectively. Carrot plants were physiologically
matured when their lower leaves turned yellow and
roots were at the harvestable size with their crown
attaining a diameter ranging from 2-3.8 cm as
described by UNECE (2018).

At physiological maturity stage, the plant height
and number of leaves per plant were obtained from
ten randomly selected plants from each unit experi-
ment. The height of ten randomly selected plants
from the ground level to the end of the uppermost
parts was measured using a ruler.

After harvesting, the root length and diameter of ten
randomly selected marketable carrot roots from each
unit experiment was recorded using a digital caliper.
The root diameter was obtained approximately two
centimeters below the root collar (at middle) accord-
ing to Zelalem (2019). Then the root fresh weight was
recorded by weighing ten randomly selected mar-
ketable carrot roots from each net plot area and each
replication after harvesting using a sensitive balance
and the mean values were computed for further
analysis. However, marketable carrot roots were
those that were free from mechanical damage, dis-
ease, insect pest attack, undersized (<50 g), and
cracks. The weight of those roots obtained from the
designated plot was measured in kilograms using a
scale balance and the yield was expressed as a ton
per hectare. Carrot roots that were diseased, insect
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pest-damaged, cracked, branched, and undersized
(<50 g) were considered unmarketable roots and
their weight was measured in kilograms using a scale
balance and their yield was also expressed as a ton
per hectare.

Weed density was assessed determining the num-
ber of weeds in each plot during the second and
fourth weeks after sowing. Samples were collected
from a designated area measuring 0.25 square
meters (0.5 m x 0.5 m) at two randomly selected
points within each plot. The mean values were com-
puted for further analysis and expressed as a quanti-
ty per square meter.

Data analysis

All the collected data were subjected to analysis
of variance (ANOVA) using the statistical procedures
described by Gomez and Gomez (1984) with the help
of R-software version 4.2 and package Agricolae (R
institute, 2022). The mean separation was conducted
using the Least Significant Difference (LSD) at 5% of
the required probability level. A simple correlation
analysis was conducted to determine the relationship
between growth and yield parameters of carrots as
influenced by sowing date and mulching. Moreover,
Partial budget analysis was conducted to evaluate
the economic feasibility of sowing date and
mulching, following the procedures below described
by CIMMYT (1988). In brief:

Total root yield (TRY): The average yield of each
treatment, measured in tons per hectare.

Adjusted total root yield (AjTRY): The average
yield was decreased by 10% to accommodate the
tendency for experimental yields to exceed what
farmers could attain using identical treatments. In
economic assessments, farmer yields are typically
adjusted to be 10% lower than research findings to
align with practical expectations.

Adjusted total root yield (AjTRY) = TRY x (1 - 0.1)

Gross field benefit (GFB): Determined by multiplying
the farm/ field gate price received by farmers for the
carrots when sold by the adjusted marketable yield.

Gross field benefit (GFB) = AjTRY x price of carrot at farm gate

Total variable costs (TVC): The expenses for mulch,
the application cost of mulch, and labor costs for
weeding varied across the treatments. The costs of
additional inputs and production practices like land
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preparation, sowing, fertilizing, and harvesting were
either consistent or negligible across the treatments.

Net benefit (NB): Obtained by deducting the total
variable costs for inputs (TVC) from the gross field
benefit (GFB).

Net benefit (NB) = Gross field benefit (GFB) - Total variable costs
(TVC)

Marginal rate of return (MRR%): Calculated as the
division of the change in net benefit by the change in
total variable cost.

Marginal rate of return (MRR%) = [Change in net benefit
(ANB)]/[Change in total variable cost(ATVC)] x 100

3. Results

Phenological parameters

The analysis of variance (ANOVA) showed that
except for the effects of sowing date on days to 50%
emergence, days to 90% maturity were significantly
affected (P<0.05) by sowing date, mulching, and their
interactions (sowing date with mulching materials).
In the case of mulching materials, sawdust mulch
(M1) resulted in a minimum of 13.00 days, while bare
soil (MO) led to a maximum of 15.00 days for 50%
emergence. A maximum (101.66 days) number of
days to achieve 90% maturity was observed from late
sowing in July with growing carrots on bare soil
(S3MO0). Whereas, the minimum (97.00 days) number
of days to 90% maturity was recorded from early
sowing in July with sawdust mulch (S1M1) (Table 1).

Growth and yield parameters

ANOVA revealed that all the growth and yield
parameters were significantly (P<0.05) affected by
sowing date, mulching, and their interactions.
However, root diameter was not significantly influ-
enced by the interaction effects of sowing date and
mulching. The maximum plant height (23.94 cm), and
number of leaves (9.80) were observed from early
sowing with sawdust mulch (S1M1). Conversely, min-
imum plant height (18.65 cm) and leaf numbers
(6.80) were obtained from late sowing without mulch
(S3MO0) (Table 2). The maximum root length (17.43
cm), and root fresh weight (106.78 g) were observed
from early sowing with sawdust mulch (S1M1).
While, minimum root length (14.00 cm) and root
fresh weight (54.87 g) were obtained from late sow-

Table 1 - Effects of sowing date and mulching on days to 50%
emergency (DE) and 90% maturity (DM) Asian
economic status

Factors DE bM
(no.) (no.)
Sowing dates (S)
51 13.83a 99.50 ¢
S2 1391a 100.25 b
S3 14.00 a 101.00 a
Mulching (M)
MO 15.00 a 101.55a
M1 13.00 ¢ 98.44d
M2 13.88 b 100.77 b
M3 13.77 b 100.22 ¢
Interaction (S X M)
S1MO 15.00 a 101.33a
SimM1 13.00 c 97.00d
S1M2 13.66 b 100.00 b
S1M3 13.66 b 99.66 b
S2MO0 15.00 a 101.66 a
S2M1 13.00 c 98.33 ¢
S2M2 14.00 b 101.00 a
S2M3 13.66 b 100.00 b
S3MO0 15.00 a 101.66 a
S3M1 13.00 c 100.00 b
S3M2 14.00 b 101.33 a
S3M3 14.00 b 101.00 a
LSD (0.05) 0.25 0.84
CV (%) 1.87% 0.49%

Mean values within rows and columns followed by a different
letter(s) are significantly different at a 5% probability level. CV =
coefficient of variation. LSD = least significant difference.

ing without mulch (S3M0). Moreover, root diameter
showed a linear decrease as the sowing date was
delayed in which the maximum (2.67 cm) and mini-
mum root diameter (2.39 cm) were recorded from
growing carrots on sawdust mulch (M1) and without
mulch (MO) respectively (Table 2).

On the other hand, early sowing with sawdust
mulch (S1M1) resulted in the highest marketable
root yield (26.19 t ha) and the minimum (0.71 t ha')
unmarketable root yield. Following closely, the early
sowing with dried grass mulch (S1M3) recorded a
marketable root yield of 23.57 t ha™. In contrast, late
sowing without mulch (S3MO0) resulted in the lowest
marketable root yield of 13.19 t ha'and the maxi-
mum (2.12 t ha!) unmarketable root vyield.
Furthermore, marketable root yield showed a linear
decrease as the sowing date was delayed. Conversely,
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Table 2 - Effects of sowing date and mulching on plant height, number of leaves, root length, root diameter, and root fresh weight

Factors Plant height Leaves Root lenghts Roort diameter Root.fresh
(cm) (No.) (cm) (cm) weight
Sowing dates (S)
S1 21.94 a 8.20a 16.14 a 2.68a 80.65 a
S2 21.06b 7.82b 15.41b 2.51b 65.82 b
s3 20.30c¢ 7.49c 14.86 ¢ 245b 60.40 c
Mulching (M)
MO 19.63 d 7.23¢ 14.75c 2.39¢ 60.87 c
M1 22.49a 8.76 a 16.32 a 2.67a 80.55a
M2 20.89 ¢ 7.50 b 15.35b 2.53b 66.13 b
M3 21.38b 7.79b 15.46 b 2.61ab 68.28 b
Interaction (S X M)
S1IMO 20.25 ef 7.45c 15.47c 2.50 cde 63.98 cd
SimM1 23.94 a 9.80a 17.43 a 2.86a 106.78 a
S1IM2 21.68 bc 7.65¢ 15.76 bc 2.64 be 73.45b
S1M3 21.88 be 7.90 be 15.90 b 2.74 ab 78.37b
S2MO 19.99 f 7.45 ¢ 14.78 e 2.35ef 63.77 cd
SIM1 22.39b 8.35b 16.02 b 2.62 bed 67.62 ¢
SIM2 20.34 ef 7.60 ¢ 15.39 cd 2.48 def 65.29 cd
S2M3 21.53¢ 7.90 bc 15.44c 2.60 bcd 66.61 c
S3MO 18.65g 6.80d 14.00 f 2.32f 54.87 e
$3M1 21.15cd 8.15b 15.51¢c 2.54 cd 67.24
S3M2 20.66 def 7.45 ¢ 14.92 e 2.47 def 59.66 de
$3M3 20.74 de 7.58¢ 15.04 de 2.49 cde 59.84 de
LSD (0.05) 0.74 0.49 0.38 0.09 5.57
CV (%) 2.09% 3.75% 1.46% 3.72% 4.93%

Mean values within rows and columns followed by a different letter(s) are significantly different at a 5% probability level.

CV = coefficient of variation. LSD = least significant difference.

unmarketable root yield showed a gradual increase as
the date of sowing was delayed (Table 3).

Weed density

ANOVA revealed that sowing date, mulching, and
their interactions significantly affected weed density
(P<0.01). The density of weeds showed a progressive
decrease as the date of sowing was delayed in which
the maximum (109.36 n m2) and minimum (68.00 n
m2) densities of weeds were recorded from early
(S1) and late (S3) sowing in July respectively.
Whereas, in the cases of mulching maximum (179.87
n m2) and minimum (35.62 n m2) densities of weeds
were recorded from growing carrots on bare soil and
dried grass mulch (M3) applications respectively
(Table 3).

Correlation

The correlation analysis using Pearson correlation
coefficients (r) was performed to assess the relation-
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ship between the growth and yield parameters of
carrots, considering the effects of sowing date and
mulching. The results showed a significant positive
correlation among all the growth parameters of the
carrots, indicating a direct relationship where the
effect of one parameter depends on another.
However, the growth parameters, namely plant
height and leaf number, exhibited a negative correla-
tion with weed densities (WD). Accordingly, the total
yield of carrots positively correlated with plant height
(r =0.77**), number of leaves per plant (r = 0.61**),
root length (r = 0.75**), root diameter (r = 0.69*%*),
root fresh weight (r = 0.64**), and marketable root
yield (r = 0.6**). Furthermore, except for the unmar-
ketable root yield (URY), all the yield parameters
were negatively correlated with weed densities
(Table 4).

Partial budget analysis
The minimum (375 USD ha') and maximum
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Table 3 - Effects of sowing date and mulching on marketable
root yield (MRY), unmarketable root yield (URY), and
weed density (WD)

Factors MRY URY WD
(tha?) (that) (nm?)
Sowing dates (S)
S1 23.40a 0.96 b 109.36 a
S2 21.65b 1.48 a 86.01b
S3 19.16 ¢ 1.56 a 68.00 c
Mulching (M)
MO 17.60c 1.75a 179.87 a
M1 23.74 a 0.99d 46.42 ¢
M2 21.79b 1.36b 89.25b
M3 22.49 ab 1.23¢ 35.62d
Interaction (S X M)
S1IMO 20.57 cd 1.31de 231.03 a
S1IM1 26.19a 0.71i 61.35f
S1M2 23.31b 0.97 gh 93.03d
S1M3 23.57b 0.85 hi 52.02g
S2MO0 19.04d 1.82b 172.50 b
S2M1 23.25b 1.07 fg 4563 g
S2M2 22.1bc 1.62c¢ 90.40 de
S2M3 22.23 bc 1.44 cd 35.51h
S3MO0 13.19e 2.12a 136.10c
S3M1 21.79 bc 1.20 ef 32.3h
S3mM2 19.97 cd 1.49 cd 84.3e
S3M3 21.69 bc 1.42d 19.33i
LSD (0.05) 2.45 0.19 8.12
CV (%) 6.76% 8.76% 5.46%

Mean values within rows and columns followed by a different
letter(s) are significantly different at a 5% probability level.
CV = coefficient of variation. LSD = least significant difference.

(863.33 USD ha?) total variable cost (TVC) was
obtained from early sowing in July with no mulching
(S1MO0) and late sowing in July with sawdust
mulching (S3M1) respectively and all the remaining
treatments were confined between these two ranges
(Table 5). According to the results of the partial bud-
get analysis, early sowing with sawdust mulch (S1M1)
yielded the highest net benefits of 11266.67 USD per
hectare with a remarkable marginal rate of return
(799.4%). Following closely was early sowing in July
with dried grass mulch (S1M3), which had a net ben-
efit of 10555.67 USD per hectare and the highest
marginal rate of return (12,199.7%). On the other
hand, late sowing in July with no mulching (S3MO0)
resulted in the lowest net benefit of 6489.5 USD per
hectare and an unacceptable marginal rate of return
(MRR%) (Table 5).

4. Discussion and Conclusions

Phenological parameters

Despite the sowing date, mulching regulates
important seed emergence factors. In line with a
study conducted by Mengistu and Yamoah (2010),
most carrot varieties exhibited a typical emergence
period ranging from 10 to 15 days. Mulching
regulates essential factors for seed germination and
emergence, including soil moisture, temperature,
and air conditions. This optimized environment
created by mulching can contribute to faster and

Table 4 - Correlation analysis of growth and yield parameters of carrot as influenced by sowing date and mulch

Par DE DM PH NL RL RD RFW MRY URY TRY WD
DE 1 0.77 ** -0.76 **  -0.66 **  -0.67** -0.65** -0.54** -0.72** 0.66** -070%** 0.77 **
DM 1 -0.85**  -0.86** -0.84** -0.73** -0.79**¢ -060** 0.74** -0.56** 049 **
PH 1 0.84 ** 0.88 ** 0.85 ** 0.81 ** 0.80 **  -0.85 ** 0.77 **  -0.50 **
NL 1 0.86 ** 0.70 ** 0.83 ** 0.64 **  -0.70 ** 0.61 ** -0.40 *
RL 1 0.82 ** 0.85 ** 0.78 **  -0.86 ** 0.75**  -0.32ns
RD 1 0.73 ** 0.72 ¥*  -0.79 ** 0.69 ** -0.4 2%
RFW 1 0.67 **  -0.72 ** 0.64 **  -0.23 ns
MRY 1 -0.77 ** 0.60 ** -0.42 *
URY 1 -0.72 ** 0.40 *
TRY 1 -0.41 *
WD 1

Par = parameters, DE = days to 50% emergence, DM = days to 90% maturity, PH = plant height, NL = number of leaves, RL = root length,
RD = root diameter, RFW = root fresh weight, MRY = marketable root yield, URY = unmarketable root yield, TRY = total root yield, WD =
weed densities, ** = highly significant (p < 0.01), * = significant (p < 0.05), Ns = not significant.
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Table 5- Partial budget and marginal rate of return (MRR) analysis for a response of carrot to sowing date and mulching
o Tot.al root i?tfltfob;f . Growth . 'Total Net benefit Marginal
Treatment combinations yields yield field benefit variable cost (USD) rate return  Rank
(Kg ha?) (Kg ha') (USD) (USD) (%)
S,M, 21880 19692 9846 375 9471 --
S,M, 20860 18774 9387 387.5 8999.5 D
S;M, 15310 13779 6889.5 400 6489.5 D
S,M, 24420 21978 10989 433.33 10555.67 12199.7 1
S,M, 23670 21303 10651.5 445.83 10205.67 D
S;M;, 23110 20799 10399.5 458.33 9941.16 D
SM, 24280 21852 10926 541.66 10384.33 531.8 3
S,M, 23720 21348 10674 554.16 10119.83 D
S;M, 21470 19323 9661.5 566.66 9094.83 D
S,M, 26900 24210 12105 838.33 11266.67 799.4 2
S,M, 24320 21888 10944 850.83 10093.17 D
S;M, 22990 20691 10345.5 863.33 9482.16 D

D = dominated, selling price of carrot at farm gate = 0.5 USD kg™, labor cost = 2.5 USD Man per day.

more efficient seed emergence. The moisture
content should be sufficient for the seeds to absorb
water and germinate. Low soil moisture content
delays or inhibits seed germination in the field,
reduces uniformity of seedling performance, and
total stand establishment, and ultimately reduces the
yield of carrots (Muhie et al., 2024). The delayed
maturity observed in late sowing (S3) could be
attributed to unfavorable weather conditions
typically experienced towards the end of summer
(August). Insufficient rainfall during the critical
growth stages such as root development may
adversely affect plant phenology. Throughout the
vegetative growth stages of the late sowing date,
minimum temperatures were received. This might
have requested a prolonged time to reach 90%
maturity. In contrast, the vegetative growth periods
(July and August) associated with early sowing in July
benefited from sufficient rainfall and relatively
favorable temperatures (Fig. 2). Indeed, this
promoted better vegetative growth, which is vital for
achieving early 90% maturity. Sandler et al. (2015),
support the current finding, that a proper sowing
date could help to minimize damage from cold,
moisture deficit, weeds, pests, and diseases.
Similarly, the accelerated maturity of carrot roots
might be associated with the easy uptake of
nutrients as the available water helps the plant to
dissolve the nutrients and move through
transpiration pull which in turn helps carrot roots to
mature early (Muhie et al., 2024). In contrast to
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growing carrots without mulch, the practice of
mulching generally enhanced the likelihood of
achieving early maturity. Mulching achieved this by
providing organic matter, effectively regulating soil
temperature and moisture levels. In agreement with
this experiment, Singh and Jaysawal (2021) observed
that sawdust mulching has a significant influence on
the harvesting period (maturity).

Growth and yield parameters

The higher plant height and leave numbers
observed from the early sowing in July (S1) could be
attributed to maximum rainfall and temperature in
July and August (Fig. 2). Moreover, they contributed
to improving various vegetative aspects, including
plant height and leaf number. Additionally, carrots
require a sufficient amount of water for proper
growth and development consequently, these
conditions play a crucial role in accelerating the
crop’s physiological processes. Considering the
combined effect of precipitation and temperature,
carrot farmers must plan their planting and
cultivation schedules accordingly. Sowing during
periods of adequate rainfall can improve the chances
of successful growth. This result is consistent with
Kabir et al. (2013), who observed that all
environmental conditions, especially temperature,
facilitated vegetative growth. Furthermore,
researchers have observed that early sowing may
result in maximal photosynthesis and a longer
growth period than late sowing, which encountered
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harsh winter months immediately following sowing
and thus diminished growth (Lavanya et al., 2017).
However, mulching offers vital soil microclimate
elements such as moisture, temperature, nutrients,
aeration, and weed control, which can enhance crop
growth and development.

Acharyya et al. (2020) verified this result, sawdust
mulch maintains ideal soil temperature, which
promotes vegetative development and overall crop
yields to a satisfactory level. Based on the trends
shown in figure 2, the fluctuations in precipitation
and temperature can impact the enhancement of
root growth (root length, diameter, and weight)
throughout the entire growing season. Crops that
were sown early have a greater opportunity to
experience relatively optimal temperatures and
precipitation throughout their entire growing
periods, consequently, this favorable condition of
early sowing can result in increased leaf production
and canopies, which have the potential to capture
more sunlight. This can contribute to improved root
growth and ultimately lead to higher crop yields. On
the other hand, the root developmental periods of
late sowing in July (September and October) were
characterized by lower maximum (19.1°C) and
minimum (8.6°C) temperatures (Fig. 2). These were
below the physiological range of temperatures (15-
20°C), and might potentially hinder root growth by
disrupting the normal physiological processes of
crops. This experimental result is supported by the
findings of different researchers, who reported that
carrots are a temperature-sensitive root crop and
their root growth was developed under suitable
environmental conditions (Kabir et al., 2013).

The observed maximum root length, root
diameter, and root weight in the sawdust mulch
could be attributed to several factors such as mulch
contributes to the improvement of soil structure and
aeration, this creates a favorable environment for
root development, allowing roots to penetrate the
soil more easily and access nutrients effectively. In
addition, the mulch layer helps to maintain the
temperature of the soil by providing insulation,
which can mitigate extreme temperature
fluctuations. This stable soil temperature promotes
optimal root growth and function. Furthermore,
mulch supports beneficial microbial flora in the soil.
These contribute to nutrient cycling and availability,
promoting nutrient uptake by roots and enhancing
root growth. Whereas, the cultivation of carrots on

bare soil encounters unfavorable soil conditions,
leading to the production of carrots with poor root
quality. Findings of this experiment align with,
Shahadot (2021), indicating that the application of
sawdust mulch is likely associated with the provision
of consistent moisture and nutrients to the root
zone. This favorable supply of moisture and nutrients
promotes rapid cell division and cell elongation,
ultimately leading to the production of long and
thicker roots. In addition, consistent findings of the
maximum fresh weight of roots were reported in
multiple studies using sawdust mulch, including
those conducted by Ladumor et al. (2020), Acharyya
et al. (2020), and Paunovic et al. (2020).

Figure 2 reveals a decrease in precipitation levels
from July to November. Carrots require a sufficient
amount of water for proper growth and develop-
ment. Inadequate rainfall during critical stages, such
as root development, can lead to stunted growth and
reduced vyields. The success of crop establishment,
yield, and profitability could be attributed to the
favorable precipitation and temperature observed
during the vegetative growing periods (July and
August) of early-sown crops. An optimal environment
for the crops, promotes healthy growth and develop-
ment, ultimately leading to higher yields and
increased profitability. Furthermore, improved vege-
tative performance, characterized by increased net
photosynthetic rate, stomatal conductance, and leaf
chlorophyll content, plays a vital role in enhancing
root quality. Conversely, late-sown crops faced chal-
lenges due to inadequate rainfall and lower tempera-
tures experienced during the vegetative growing
periods (August and September) (Fig. 2), thus unfa-
vorable conditions during critical growth stages
might have negatively impacted crop performance,
leading to potential yield reductions.

Mulching offers a comprehensive supply of essen-
tial resources, thereby enhancing the quality of roots
for the market. This study is in line with, Hasan et al.
(2018), who reported that the use of mulch resulted
in the highest marketable root yield. The maximum
unmarketable root yield observed in bare soil could
be attributed to fluctuating soil moisture, tempera-
ture, and inadequate soil aeration. These contribute
to the development of poor-quality roots, character-
ized by branching, cracking, forking, under-sizing,
underweight, and green shoulder roots. Whereas,
minimum non-marketable root yield observed in car-
rot cultivation with sawdust mulch could be attrib-
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uted to the regulating effect of mulching on fluctuat-
ing soil conditions, especially moisture and tempera-
tures. By maintaining more stable soil conditions,
mulching reduces the occurrence of root branching
and cracking, resulting in roots that are highly desir-
able to both consumers and the market.
Furthermore, mulching contributes to the production
of fewer green shoulder roots by protecting the soil
against cracking and direct exposure to light. Green
shoulder roots, which have a bitter taste, negatively
impact root appearance and quality, unsuitable for
consumption and market. The present experimental
result is consistent with Paunovi¢ et al. (2020) who
revealed that various mulching materials such as
sawdust affected the availability of nutrients to the
plants. The application of sawdust mulch reduces the
loss of phosphorous due to excessive precipitation,
thus leading to an increase in the production of quali-
ty roots (Sarolia and Bhardwaj, 2012).

Weed density

The reason for the density of weeds showing a
progressive decrease as the date of sowing was
delayed could be, that at the onset of summer (July),
there was a higher amount of rainfall and a faster
rate of temperature rise compared to the end of
summer (Fig. 2). Consequently, these conditions con-
tribute to the proliferation of weeds, resulting in
higher weed growth and densities. The availability of
water resources encourages weed species to flourish
and compete with desired plants for resources. The
result is consistent with Singh et al. (2019), who
found that weed emergence is comparatively weaker
during the latter part of summer and early autumn
compared to the early summer and spring periods.
The reason for minimum weed density within dried
grass mulch might be attributed to its slow decompo-
sition rate, which has the potential to suppress weed
growth and promote positive plant growth supported
by Hayati et al. (2023). Among the different mulch
materials studied, the straw mulch was the least
effective in terms of weed suppression potential. This
can be attributed to the loose nature of straw mulch,
which does not provide tight coverage of the soil. As
a result, straw mulch does not offer effective weed
control efficacy when compared to dried grass and
sawdust mulch. Furthermore, the current investiga-
tion aligns with Ossom et al. (2019), who suggested
that mulches effectively inhibit weed growth by
blocking the penetration of light or excluding specific
wavelengths of light required for weed germination
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and growth. Additionally, Biswas and Das (2019)
reported that straw mulch decomposes rapidly, lead-
ing to a short duration of weed control efficiency.

Correlation

This finding suggests that both the application of
sowing date and mulching positively impacted the
yield of carrots by influencing important yield com-
ponents of the crop. As a result, the yield of carrots
was increased. This could be attributed to the fact
that increased weed presence leads to a reduction in
crop growth and yield. Weeds compete with the crop
for essential resources such as nutrients, water,
space, and light, as supported by the findings of
Manthy et al. (2020). In general, there was a positive
correlation between the total yield of carrots and the
growth parameters. Enhanced vegetative growth
such as plant height and leaf performance, con-
tributed to the production of higher quantities of
photoassimilates, consequently leading to increased
root yield. This concept is supported by the findings
of Acharyya et al. (2020), who reported that the use
of organic mulching promotes improved vegetative
growth, ultimately resulting in increased root yield.

Partial budget analysis

From the economic point of view, all treatments
with a marginal rate of return higher than the mini-
mum rate of return are considered advantageous
and economically viable. The results indicated that
the most economically productive treatment combi-
nation, offering the highest marginal rate of return,
was early sowing with dried grass mulch (S1M3),
making it an ideal choice for small-scale farmers.
Additionally, for resourceful cultivators or investors,
the application of early sowing in July with sawdust
mulch (S1M1) proved to be profitable despite its
higher cost, resulting in the highest net benefit
among all the treatments.

In the study area, characterized by a temperate
climate, farmers typically cultivate carrots on bare
beds and frequently sow carrots in late July, attrib-
uted to severe winter conditions, such as soil mois-
ture deficit due to insufficient rainfall, at the end of
summer. This leads to suboptimal yield and, as a
result, farmers are discouraged from engaging in car-
rot cultivation. For this reason, this study focused on
implementing management practices such as proper
sowing dates and mulching to minimize adverse
effects on root yield and suppress weed growth. The
result showed that sowing date and mulching had a
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significant influence on almost all parameters except
for days to 50% emergence. Early sowing with saw-
dust mulch resulted in the maximum plant height,
number of leaves, root length, root fresh weight, and
marketable root yield. Additionally, early sowing with
no mulch (S1MO0) resulted in the maximum weed
density. While late sowing with dried grass mulch
(53M3) had a minimum weed density. The correla-
tion analysis showed that the growth parameters and
the majority of the yield parameters of carrots exhib-
ited positive correlations with both marketable and
total root yields. Based on the partial budget analysis,
early sowing in July with sawdust mulch (S1M1)
resulted in the highest net benefit. However, the
highest marginal rate of return was recorded from
early sowing in July with dried grass mulch (S1M3).
This research evidences that early sowing with saw-
dust mulch resulted in the highest marketable root
yield and net benefit, despite the associated higher
costs. For resource-full producers, it can be recom-
mended as the second-best alternative. However, for
the economical production of carrots, a temporary
recommendation is to utilize an early sowing in July
with dried grass mulch. This particular combination
exhibited the highest marginal rate of return, making
it the most desirable agronomic management prac-
tice for small-scale farmers in the study area.
However, this investigation specifically emphasizes
agronomic practices. In addition, it is a one-time
experiment. Therefore, it is necessary to carry out
the experiment using several mulching materials
under various sowing dates and locations. This com-
prehensive approach will lead to efficient results and
sound recommendations.
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Abstract: Butterhead lettuce (Lactuca sativa var. capitata) is a nutrient-rich
leafy vegetable beneficial for human health. Lettuce growth and yield
performance hampered under water stress conditions. This study aimed to
assess its growth and recovery under short-term shallow water conditions in
the tropical urban ecosystem. A randomized block design was used with three
water table treatments: 16.7 cm, 12.7 cm, and 9.7 cm from the substrate
surface. The Results showed that butterhead lettuce is intolerant of excess
water, with stunted growth at the 9.7 cm water level, by affecting leaf length,
leaf width, leaf initiation, and canopy area. Substrate moisture also indicated
excess water at this level. Optimal recovery was observed two weeks after
water stress. Leaf length and leaf width were analyzed using zero-intercept
linear regression and the results were reliable predictors of leaf area (y =
0.6076LLXLW; R% = 0.9694). In conclusion, butterhead lettuce is sensitive to
excess water, as shown by morphological changes, and requires two weeks to
recover after water stress.

1. Introduction

The vegetables need of urban communities can be met through the
optimization of cultivation in urban areas. Agriculture in urban areas is one
of the efforts to support food sustainability (Abdoellah et al., 2023). The
benefits of urban farming to the food resilience of urban populations today
are beginning to be recognized, especially after the COVID-19 pandemic
(O’Hara and Toussaint, 2021; Murdad et al., 2022). In addition, urban
farming is an effort to preserve and enhance social space, green
infrastructure, and biodiversity (Pradhan et al., 2023). The optimization of
urban farming is also essential, especially when reviewed from an aesthetic
point of view. More thoroughly, Nicholas et al. (2023) stated that urban
farming was very beneficial, especially in the environmental, social, and
psychological contexts. The benefits of urban farming can also be seen from
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the nutritional security and economic perspectives. Lal
(2020) reported that beside being beneficial for
improving environmental ecosystems, urban farming
plays an important role in contributing to food and
nutrition security as well as being economically
beneficial. In line Ebenso et al. (2022) who emphasized
that developing urban farming is important in
supporting nutritional security. Furthermore, Yuan et
al. (2022) mentioned that urban farming will increase
community income thereby bringing economic
benefits on both micro and macro scales.

Climate uncertainty is an issue that must be
addressed, especially in tropical ecosystems.
According to Sheldon (2019), climate change causes
climate uncertainty that impacts ecology and
evolution. As a result, this condition requires
adaptation for several types of activities, one of
which is activities related to agriculture. Climate
change has a significant impact on the availability of
water on agricultural land. Rainfall with high intensity
is an impact of climate change. According to Eccles et
al. (2019), excess water is one of the impacts of
climate change that can occur in the tropics. This
condition causes excess water availability, so plants
experience excess water stress. In a riparian wet
land, similar to this study site, excess water stress
can occur through flooding. Several cases of excess
water that negatively affect plant growth have been
reported, such as tomatoes (Yin et al., 2023) and
Brassica napus (Guo et al., 2020).

The efforts to find vegetable crops and their
cultivation techniques under conditions of excess
water stress continue to be developed. Susilawati and
Lakitan (2019) reported that chickpea (Phaseolus
vulgaris L.) plants were able to grow at a water table
of 20 cm below the soil surface. Meanwhile, in other
plants, such as tomato plants, 5 cm and 10 cm below
media surface, did not reduce leaf growth rate,
specific leaf weight, and leaf water content (Meihana
et al., 2017). Recovery is an effort to restore plant
growth performance after experiencing excess water
stress. Hud et al. (2023) stated that the recovery
ability of white cabbage was considered satisfactory
after experiencing excess water stress. However, each
plant has its period to recover from excess water
stress. Nazari et al. (2019) emphasized that the longer
the recovery period, the better the changes after
experiencing the effects of hypoxia, especially in the
roots. Meanwhile, some plants show a better
response after recovering from excess water stress, as
has been reported in grass pea (Wiraguna et al.,
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2021).

Experiments on the effect of a water table on
vegetable growth, particularly on butterhead lettuce,
have been few and far between. This validates the
fact that vegetables are a kind of plant that is
susceptible to stress. A shallow water table
experiment on butterhead lettuce will provide an
understanding, particularly of this lettuce’s level of
tolerance to climate uncertainty, particularly in excess
water conditions. The study was aimed to evaluate
the growth of butterhead lettuce on several shallow
water tables as well as its ability to recover afterward.

2. Materials and Methods

Research site and agroclimatic conditions

The research was carried out at the Jakabaring
Research Facility in Palembang, South Sumatra,
Indonesia (104°46’44"’E and 3°01’35’S). The study
began on July 18, 2023, and ended on September 16,
2023. The study site is a lowland urban area with a
tropical ecosystem. The study area has entered the
dry season, which is characterized by low rainfall, but
air humidity is high, often exceeding 70% (Fig. 1).
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Fig. 1- Daily rainfall-relative humidity (A) and air temperature-
sunshine duration (B) at the research location during the
research was carried out. Source: Meteorological,
Climatological, and Geophysical Agency, 2023.



Research protocol

Twenty days old butterhead lettuce seedlings
were used in the study. The seedlings were
transplanted into pots (27.5 cm of height and
diameter). As the growing substrate, the pots were
filled with topsoil. The plants that had been
transplanted to the growing substrate were placed in
an open field until 4 weeks after transplanting.
Fertilization was performed by NPK (16:16:16)
fertilizer after 3 weeks, and watering was performed
regularly in the afternoon when it was not raining.

In 4 weeks after transplanting, butterhead lettuce
was treated with water maintaining 16.7 cm water
tables (WT1), 12.7 cm (WT2), and 9.7 cm (WT3) from
the substrate surface (Fig. 2). Each treatment was
repeated 3 times. This stage was carried out in an
experimental pond measuring 4 m (length) x 2 m
(width) x 0.5 m (height). The pond was equipped with
an outlet to allow water to flow out in the event of
excessive rain. As a result, water level can be
controlled based on the water table treatments.
During this stage, the plants get their water from the
bottom of the pot via capillary water movement, so
no watering is required.

After 7 days of water treatments (WT1, WT2 and
WT3) butterhead lettuce was return to the open
area. As additional treatments, several recovery
times were treated, including no recovery, one week
of recovery, two weeks of recovery, and three weeks
of recovery. During this phase, butterhead lettuce
was watered minimally and only when there was no
rain for three days in consecutive days.

Data collection
Butterhead lettuce growth data was collected
consisting of individual leaf growth, canopy diameter,

Fig. 2 - The illustration of the shallow water table treatments
application. WT1: 16.7 cm below the substrate surface;
WT2: 12.7 cm below the substrate surface; WT3: 9.7 cm
below the substrate surface.

Muda et al. - Butterhead lettuce exposed to shallow water tables

canopy area, fresh weight and dry weight organ.
Individual leaf growth was monitored daily for length
and width, starting when the leaf was fully unfolding.
The canopy diameter was measured daily on the
cross-sectional widest canopy to track canopy
diameter growth. The butterhead lettuce canopy area
and leaf number were measured weekly. The canopy
area was measured using the image scanner Easy
Leaf Area software for Android (Easlon and Bloom,
2014). Meanwhile, substrate moisture was measured
using a moisture meter (Lutron Soil Moisture Meter
PMS-714).

Destructive observation was conducted to collect
fresh weight and dry weight data of plant organs. To
obtain dry weight, each plant organ was thinned and
then dried in an oven at 100°C for 24 hours.

Experimental design and statistical analysis

The study used a randomized block design. The
shallow water table treatments consisted of 16.7 cm
(WT1), 12.7 cm (WT2), and 9.7 cm (WT3) from the
substrate surface. All data collected were subjected
to analysis of variance (ANOVA), then significance
among treatments using the least significant
difference (LSD) at P<0.05. The significance of
differences among treatments was also tested using
independent t-test at P<0.05. The analysis was
performed using RStudio (v2023.06.0+421) for
Windows 10 (Rstudio team, PBC, Boston, MA, USA).
Meanwhile, data trend on the selected variables
were analyzed using Microsoft Excel for Windows 10
(Microsoft Inc., Redmond, Washington, USA).

3. Results

Individual leaf growth

Butterhead lettuce leaf length increased up to 5
days after leaf unfolding (DAU). Furthermore,
beginning at 8 DAU, leaf length gradually stagnated.
The shallowest water table (WT3) affected the
inhibited leaf length during the treatment (Fig. 3).
Leaf widening was also observed with the shallow
water table treatment. Butterhead lettuce grown in
WT1 produced larger leaves. Meanwhile, butterheads
planted at the shallowest water table (WT3)
experienced inhibited leaf widening, resulting in
narrower leaves. The butterhead lettuce leaves, on
the other hand, continued to widen until 9 DAU. As a
result, the width of the leaves stagnated and
experienced senescence, which caused the tips of the
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Fig. 3- Daily leaf length of butterhead lettuce on different
shallow water tables. The shallow water tables (WT)
consisted of WT1 (A), WT2 (B), and WT3 (C). The
measurement was carried out when leaf was fully
unfolded. WT1: 16.7 cm below the substrate surface;
WT2: 12.7 cm below the substrate surface; WT3: 9.7 cm
below the substrate surface.

leaves to dry out, resulting in a decrease in leaf width
(Fig. 4).

The leaf shape is represented by the leaf length-
width ratio. Leaves with a length-width ratio over
one indicate elongated leaf growth. If the leaf length-
width ratio is less than one, it indicates the leaf
growth has widened. There was no difference in the
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Fig. 4 - Daily leaf width of butterhead lettuce on different
shallow water tables. The shallow water tables (WT)
consisted of WT1 (A), WT2 (B), and WT3 (C). The
measurement was carried out when leaf was fully
unfolded. WT1: 16.7 cm below the substrate surface;
WT2: 12.7 cm below the substrate surface; WT3: 9.7 cm
below the substrate surface.

dynamics of changes in the shape of butterhead
lettuce leaves in each water table treatment.
Butterhead lettuce leaves widened as they aged as a
whole (Fig. 5).

Different water table treatments influenced the
growth canopy of butterhead lettuce. Butterhead
lettuce with the shallowest water table (WT3)
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exhibited lower canopy growth. The stunted growth
of leaves in WT3 resulted in a low canopy width. In
contrast, better leaf growth in WT1 and WT2,
respectively, resulted in a wider canopy (Fig. 6).
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Fig. 6 - Daily canopy diameter of butterhead lettuce on different
shallow water tables. The shallow water table consist of
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substrate surface; WT2: 12.7 cm below the substrate
surface; WT3: 9.7 cm below the substrate surface.

Weekly growth of butterhead on different shallow
water tables

The WT1 exhibited a better trend for butterhead
lettuce leaf initiation than the WT2 and WT3.
However, statistically, no significant difference was
found between the three treatments (WT1, WT2, and
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WT3). The leaf number grows in line with the plant’s
age. The increase in leaf number follows a
polynomial curve (Fig. 7).

The canopy area of butterhead lettuce differed
among the treatments. During early vegetative
growth (1 and 2 WAT), WT1 exhibited the most
expansive canopy area, indicating significant
differences in the canopy area. The canopy of
butterhead lettuce showed no difference at later
ages. However, when compared to the WT2 and WT3
treatments, the trend of canopy area growth of
butterhead lettuce in WT1 remained higher, with
canopy area growth following a polynomial curve.

40

There are signs that WT1’s canopy area growth has
stagnated, especially after 4 WAT, when the WT1
butterhead lettuce canopy area is almost the same as
the WT2 treatment (Fig. 8).

Butterhead growth performance during recovery time

After recovery from water stress, the production
of edible and non-edible butterhead lettuce leaves
fluctuated. All treatments showed peak edible leaf
production at 2 weeks after recovery (WAR). At this
time, butterhead lettuce in WT3 has the highest
edible leaf production. Meanwhile, non-edible leaf
production was highest in WT2 compared to the
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Fig. 7 - Leaf number of butterhead lettuce (A) and their trend (B) during on different shallow water table. WT1: 16.7 cm below the
substrate surface; WT2: 12.7 cm below the substrate surface; WT3: 9.7 cm below the substrate surface. The ns indicated each

treatment non-significant at LSD0.05.
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other water table treatments (WT1 and WT3) (Fig. 9).
Additionally, according to shoot fresh weight,
butterhead lettuce shoots on all shallow water tables
reached their peak growth at 2 weeks after recovery
(WAR). Following the recovery time, the WT3
treatment showed improved shoot growth in

Muda et al. - Butterhead lettuce exposed to shallow water tables

comparison to WT 1 and WT 2 (Fig. 10).

Leaf estimation

The butterhead lettuce leaf has a morphology

with pinnate veins. The pinnate leaf blade makes it
possible to assign leaf length (LL) and leaf width (LW)
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as primary predictors. The results showed that the
combination of LL x LW using the zero-intercept
linear regression type most reliably represented leaf
area (R?=0.9694) (Table 1).

The physiological capacity of a leaf is determined
by its leaf area. The findings revealed that increased
leaf fresh weight was linearly related to increased
leaf area (R2=0.8744). This suggests that larger leaves
have more biomass and water. The opposite
condition occurred in narrow leaves (Fig. 11).

Water status on different water table treatment

Butterhead lettuce grown in the WT3 treatment
receives more water than those grown in WT1 and
WT2. This is an indication of excess water, as
indicated by the moisture level of the substrate in
each treatment. The shallow water table in WT3
causes water to fill the substrate pores faster,
resulting in higher substrate moisture than in the
other treatments. As a result of this condition, the
aerobic space in the WT3 substrate is lower than in
the WT1 and WT2 substrates (Fig. 12).
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Fig. 11 - Relation between leaf area and leaf fresh weight of

butterhead lettuce.

4. Discussion and Conclusions

Plant growth response under excess water conditions

The shallower the water table, the deeper the pot
is submerged, hence the less aerobic space available
to the plant. Aerobic space is incredibly beneficial to

Table 1 - Butterhead leaf estimation involve leaf length (LL), leaf width (LW), and LL x LW as predictors

Predictors Regression type Equation R?
Leaf length (LL) Linear Y=5.0467(LL)-12.66 0.8674
Exponential Y= 2.6911026%(L) 0.7598
Logarithmic Y=29.963In(LL)-32.71 0.7534
Quadratic Y=0.1327(LL)>+3.0079(LL)-5.7844 0.8752
Power Y=0.6121(LL)*7%% 0.8681
Zero intercept linear Y=3.5771(LL) 0.9491
Zero intercept quadratic Y=0.2172(LL)*+1.5467(LL) 0.8715
Leaf width (LW) Linear Y=9.0909(LW)-18.948 0.8464
Exponential Y= 1.891504829(LW) 0.6645
Logarithmic Y=38.424In(LW)-33.461 0.7777
Quadratic Y=0.118(LW)?+7.908(LW)-16.239 0.8469
Power Y= 0.6148(LW)?26%5 0.8055
Zero intercept linear Y=5.5761(LW) 0.9312
Zero intercept quadratic Y=0.7056(LW)?+1.508(LW) 0.8310
LLxLW Linear Y=0.5548(LLxLW)+2.9686 0.8813
Exponential Y= 6.8069g00267(LLxLW) 0.6010
Logarithmic Y=17.35In((LLxLW)-34.847 0.7874
Quadratic Y=-0.0027(LLxLW)?+0.8335(LLxLW)-2.3609 0.9039
Power Y=0.5508(LLxLW)0323 0.8780
Zero intercept linear Y=0.6076(LLxLW) 0.9694
Zero intercept quadratic Y=-0.002(LLXLW)?+0.7422(LLxLW) 0.9026

Coefficient of determination (R2) indicated strength level of each predictor and regression
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plants as a source of oxygen for many kinds of crucial
metabolic activities. Oxygen plays an essential role in
several metabolisms in plants, including respiration,
carbohydrate formation, protein synthesis, and
nutrient solubility (Moreno Roblero et al., 2020; Xu et
al., 2020). Oxygen plays an important role in the
growth of some soil microorganisms (Wichern et al.,
2020). As a result, if the amount of oxygen in the pot
is insufficient, plant growth will decrease.

Based on the results, butterhead lettuce grown at
the shallowest water table (WT3) showed a stunted
growth response. Actually, each plant has different
tolerance abilities in excess water conditions. As a
consequence of excessive water stress, each plant
exhibits specific symptoms. In the case of butterhead
lettuce, the plants exhibited stunted leaf and canopy
growth. On other hand, plant growth performance
was inhibited, as evidenced by data trend of fresh
weight and dry weight of edible leaf and shoot on 0
week after recovery before recovery (WAR) (Fig. 9
and 10). Plants respond to excessive water stress by
changing their physiology, anatomy, and morphology
(Jia et al., 2021; Kumar et al., 2022). According to
Zhou et al. (2020), plants grown under excess water,

change metabolic  energy, respiration,
photosynthesis, and endogenous hormone
regulation.

Hypoxia conditions further hinder plant growth.
Some leafy vegetables, such as tomatoes (Tareq et
al., 2020) and broccoli (Casierra-Posada and Pefia-
Olmos, 2022), have been shown to have stunted
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growth. However, some plants, such as white
cabbage, are potentially water-tolerant (Hud et al.,
2023). Thus, excess water is a problem for some
crops, including butterhead lettuce. In response to
excess water, several approaches have been tried,
including enriching CO, in the substrate (Pérez-
Romero et al., 2019) and utilizing the role of ethylene
(Khan et al., 2020).

Recovery as an effort to restore plant growth
performance

Recovery by returning to open areas was aimed to
restore the butterhead lettuce growth after
experiencing excess stress. Plant organ architecture
and physiological regulation will improve as a result
of recovery (Yin and Bauerle, 2017). Depending on
the level of stress, each plant requires a different
amount of time to recover and return to average or
near-normal growth. Our observations indicate that
butterhead lettuce takes 2 WAR to restore its growth
performance after being grown in shallow water
table treatments, was shown clearly in the WT3. The
fresh weight of edible leaf and plant organs indicates
this. In another case, Nazari et al. (2019) found that
even 4 days after recovery, hypoxia did not affect
Cicer arietinum.

After recovery, each plant treated with a different
shallow water tables demonstrated a different level
of endurance. Interestingly, the shallowest water
table (WT3), which had stunted growth when treated
with shallow water, had the best recovery growth.
Because of the residual pretreatment, the water
availability in WT3 was adequate, resulting in better
growth. WT3, the shallowest water table, causes the
most water retention in the substrate when
compared to WT1 and WT2. Plants use excess water
during the recovery process since they are rarely
watered during this period. According to Bateman et
al. (2019), substrates with adequate water storage
will promote plant growth.

Leaf area estimation and leaf morphological
characterization

The role of the length and width of butterhead
lettuce leaf as a predictor is essential for a plant with
a pinnate leaf shape. These predictors were also
tested on leaves with similar leaf shapes, such as
citrus (Muda et al., 2023) and Swiss chard (Ria et al.,
2023). Furthermore, complex leaf shapes, such as
Amorphaphalus mullieri, can be estimated by
considering leaf morphology (Nurshanti et al., 2022).
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Furthermore, the choice of regression type
influences predictor reliability in predicting leaf area.
According to the findings, the zero-intercept linear
regression with the LL x LW predictor was the most
dependable. The logic behind zero intercept
regression is that if the predictor is 0, the leaf area
will also be 0 (Lakitan et al., 2022). The use of zero
intercept regression in estimating leaf area has been
confirmed in cassava (Lakitan et al., 2023) and chaya
(Gustiar et al., 2023).

Butterhead lettuce has been proven to be
intolerant of excess water in growing environments,
such as at a water table of 9.7 cm from the substrate
surface. Butterhead lettuce that has experienced
excess water stress needs recovery with the most
optimal recovery time within 2 weeks. Butterhead
lettuce has a pinnate leaf morphology, and leaf area
can be estimated using the formula y = 0.6076 leaf
length x leaf width.
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Abstract: Growers in tropical and subtropical climates with higher afternoon
solar intensities face challenges while cultivating potted dahlias. Dahlias that
are cultivated in pots with limited capacity lose a great deal of their quality
when it gets hot outside. Heat waves that occur suddenly damage dahlia
plants’ appearance by exposing dry petal margins and marginal leaf blistering.
Despite these difficulties, no research has been done to yet to advise growers
on the best organic growth medium for dahlias that can maintain high-quality
flower production in an appropriate shadow regime. The dahlia cv. Babylon lila
rooted cuttings were transplanted into five-gallon (18.92-liter) earthen pots
that were filled with six distinct organic growing media formulations. According
to our research, dahlia plants grown in a medium containing soil, leaf mould,
and cocopeat (50:25:25 v/v) not only produced healthy tubers but also showed
better vegetative growth and flowering characteristics. In order to produce
higher-quality potted dahlia specimens in hot weather, the study especially
advises growing dahlia under shade nets that intercept at least one-third of the
incoming solar radiation in areas receiving scorching afternoon sun rays.

1. Introduction

Dahlia variabilis (Desf.), a member of the ‘Asteraceae family, is a popu-
lar tuberous-rooted flower native to Mexico and parts of Central and
South America (Dalda Sekere and Glilsen, 2016). People prize Dahlia flow-
ers for their exquisite blooms, which display a variety of inflorescence
styles and blossom colours (Evans, 1998; McClaren, 2004; Romer, 2008).
Dahlia is commercially grown in Australia, France, Germany, Italy, Japan,
Mexico, New Zealand, South Africa, the United States, and The
Netherlands (Marina, 2015). Every year, the Dutch dahlia producers host
the “Holland Dahlia Event” throughout the country to showcase the wide
variety of flowers and export about 50 million dahlia tubers annually.
Dahlia cultivation for the domestic flower market in India is restricted to
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the plains of the northwestern and central areas (De
and Bhattacharjee, 2011; Bhattacharjee et al., 2019).
The dahlia prefers temperatures between 18 to 23°C,
relative humidity between 75% to 78% and well-
drained, medium fertility sandy loam soils rich in
organic matter with a pH range between 6.0 to 8.0
for their successful growth and reproductive devel-
opment (De Hertogh and Le Nard, 1992; Marina,
2015). Dahlia cultivation in pots and as bedding has
grown in popularity recently to beautify community
parks and residential gardens (Yazici and Gunes,
2018). In addition to conventional field cultural prac-
tices, the capacity of potted dahlia to sustain growth
and flower production is largely dependent on the
growing media (GM) composition and the amount of
sunlight received. The physical and chemical charac-
teristics of the GM ingredients are essential for creat-
ing a favorable root zone environment that supports
plant growth in a finite volume of pot.

The physical and chemical characteristics of GM
have a substantial impact on the ability to retain
water, provide aeration, and maintain nutritional
status in a finite pot volume (Younis et al., 2014).
Furthermore, throughout a plant’s life cycle, the
amount of light it receives influences its growth,
development, and other physiological processes. The
quality and intensity of light influence leaf expansion,
stem length, branching patterns, flowering, and
tuberization in dahlia, besides shaping the overall
architecture of the plant (Hamrick, 2003). An
adequate light intensity induces transition from
vegetative to flowering phase and thereafter
influences the presentable life of flowers with varying
hues of colour (Paik and Hug, 2019).

Growers in tropical and subtropical regions face
certain challenges in cultivating potted dahlias
because of the higher light intensities (above 70,000
Lux) under open field conditions. Particularly during
the afternoon, dahlia leaves exhibit scorching, fading
of flower and leaf colour, and may often reveal tem-
porary wilting of plants when exposed to sun for an
extended time period. In subtropical locales, high air
temperatures (exceeding 40°C) coinciding with heat
wave events throughout summers are prevalent.
Because of the much lower humidity levels (less than
40%), these hot and dry weather conditions scorch
dahlia leaf margins and attract thrips and mite attack.
Although dahlias require full sunlight, they also bene-
fit from moderate shade, provided by shade nets that
block heat waves, particularly during the afternoon
(Menzel, 2016).
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The vegetative growth, reproductive
development, and tuber production of dahlia are
significantly influenced by edaphic factors, including
the texture and structure of GM, nutrient
composition, water retention capacity, total porosity,
and air-filled porosity of medium in a finite pot
volume (Reddy et al., 2023). The purpose of this
study is to examine how different levels of shade
affect Dahlia x hybrida growth, flowering, and tuber
formation in relation to different GM formulations.
To date, there is no scientific research that supports
the aforementioned claim.

Therefore, our study hypothesis suggests that
growing potted dahlia in GM amended with organic
manures will impact the plant’s development,
flowering, and ability to produce tubers at different
shade levels. With this research, we hope to provide
valuable insights and practical recommendations for
improving potted dahlia cultivation in regions
receiving higher sunlight intensity, inducing leaf
scorching, especially during afternoon hours.

2. Materials and Methods

Experimental site

The experiment was carried out in the Punjab
State in northwest India in the city of Ludhiana
(30°45’ N, 75°40’ E). The city has a uniform topogra-
phy, is 247 meters above sea level, and has sandy
loam soil with a pH of 7.80. The city receives a mean
annual rainfall of 640 mm, with sub-tropical exhibit-
ing distinct seasonal variations throughout the year.
It is divided into five distinct seasons: hot and dry
summer (April to June), hot and humid monsoon
(July to September), autumn (October), and winter
(November to January). The distribution of the pre-
cipitation is irregular, with July through September
accounting for around 70-80% of the total. The mete-
orological information, including air temperature, rel-
ative humidity, and light intensity during the period
of study, has been provided in figure 1.

Treatment details

The terminal softwood cuttings of the Dahlia x
hybrida ‘Babylon lila’ were derived from mother
stock plants. The tubers that were planted on nursery
beds on October 1, 2022, were used to raise the
stock plants at the research farm of the department
of Floriculture and Landscaping at Punjab Agricultural
University, Ludhiana, Punjab, (India). The variety is
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Fig. 1 - Meteorological data of air temperature (degree Celsius,
°C), relative humidity (%) and light intensity, Lux) during
the period of study (October 2022 to May 2023).

characterized by informal decorative inflorescence of
purple colored ray florets. The cuttings were planted
on raised nursery beds comprising sandy loam soil on
October 22, 2022. The basal portion of cuttings was
given a quick dip (5 sec) in 1500 mg L IBA (powder
initially dissolved in 20 ml of 70% ethanol).
Thereafter, the cuttings were gently inserted for
rooting on raised nursery beds composed of sandy
loam soil. The cuttings were placed in sand beds for
35 days, during which time they grew roots and were
subsequently transferred as a single rooted plant.
The rooted cuttings were transplanted in 5 gallon
(18.92 litres) earthen pots filled with six different GM
formulations with ingredients mixed in volumetric
proportions. Soil, well-rotted farmyard manure
(FYM), leaf mold (LM), and cocopeat (CP) were the
main components of GM. The different ingredients of
these media mixtures consisted of GM1 - Soil: FYM:
CP (75:25:0) control; GM 2 - Soil: FYM: CP (50:25:25);
GM 3 - Soil: 103 FYM: CP (25:25:50); GM 4 - Soil: LM:
CP (75:25:0); GM 5 - Soil: LM: CP (50:25:25); and GM
6 - 104 Soil: LM: CP (25:25:50). The GM were filled by
carefully tapping the pots to ensure consistent com-
paction levels. To ensure the establishment of young,
tender cuttings, the potted dahlia plants were first

kept in partial shade for 20 days. After that, they
were exposed to morning sunlight (until 12:00 pm)
for an additional 20 days before being placed under
two separate green shade nets of 35% (S2) and 50%
(S3) light transmittance with varying densities of
mesh size (9 pores per square inch and 60 pores per
square inch, respectively). The pore size of 35% shade
net measured 5 mm x 7 mm, and for 50% shade net it
was 4 mm x 2 mm. Until the completion of the trial,
the potted dahlia in the control treatment was kept
in full sunshine (S1, 0% shade).

Experimental design and statistical analysis

Using a factorial completely randomized design, a
total of three pots per three replications were posi-
tioned in each of the treatments, for a total of nine
pots per treatment. Two fixed factors comprising fac-
tor A, shade levels (3 levels), and factor B, growing
media (6 levels), were assessed for their effects on
vegetative growth, reproductive development, and
tuber production in potted dahlia. Observational data
were subjected to a two-way analysis of variance
(ANOVA) in SPSS IBM statistical software (Version 26)
to examine treatment effects through the general lin-
ear model (GLM) approach. Tukey’s confidence inter-
vals were used to determine the significance of mean
differences at the p<0.05 level of significance (Table
S1).

Cultural practices

Fermented mustard cake was used as fertilizer for
the potted dahlia plants in each treatment. An organ-
ic fertilizer, mustard cake contains essential plant
micronutrients (zinc, calcium, sulphur, magnesium,
manganese, iron, and copper) and nitrogen, phos-
phorus, and potassium in a 4-1-1 ratio. In an earthen
pitcher, one kilogram of mustard cake was diluted
with 10 liters of water. Using a wooden stick, the mix-
ture was stirred once a day for up to 20 days, making
sure the cake was properly dissolved into the slurry
until the characteristic odor emanated, which indicat-
ed completion of fermentation, which took 21 days.
This fermented mustard cake slurry was given as a
soil drench by diluting in water (1:10 v/v), every two
weeks, beginning one month after planting and con-
tinuing until the emergence of flower buds. No addi-
tional supply of inorganic fertilizers was made during
the plant growth. The potted dahlias were main-
tained following necessary cultural practices (staking,
removal of dead or dried leaves, spent flowers, and
disbudding).
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Measurements

During the vegetative phase, 110 days after trans-
planting, before bud initiation, observations were
made on vegetative characters such as height (cm),
stem internodal length (INL, mm), stem girth (S,
mm), and stem length (SL, cm); leaf characters, such
as leaf length (L, cm), leaf width (L, cm), number of
leaf pairs (NoLP), leaf area (LA, cm?), leaf dry weight
(L,y,), and specific leaf area (SLA, cm? g* DM), com-
puted as the ratio of LA to L. The following flower-
ing traits were also noted during the harvesting pro-
cess: flower diameter (FD, cm), flower fresh weight
(FFW, g), days to full bloom (DtFB), duration of flow-
ering (DoF), number of tubers per plant (NoT), and
tuber weight (Tw, g).

Physical parameters such as bulk density (g cm),
water holding capacity (%), total porosity (%), and
air-filled porosity (%) were also analyzed for various
GM using standard laboratory protocols. Chemical
properties such as pH, EC, per cent nitrogen (N), per
cent phosphorus (P), per cent potasssium (K), and
per cent organic carbon (OC) were also examined
(Table 1). The soil core method (Blake and Hartge
1986) was used to calculate the bulk density (Db, Mg
m~3). The water holding capacity (WHC) of the air-
dried media samples was specifically determined
using Keen’s box, which had a perforated bottom, a
filter paper disc fixed with a steel ring at the bottom
end. The following formula was used to calculate the
overall porosity:

% f = (1- Db/Dp) x 100

Where ‘f" is total porosity (%), Db and Dp are bulk
density and particle density (Mg m3).

The air-filled porosity (fa) was determined at con-
tainer capacity moisture content as per the following
equation:

fa = (f-0)

where ‘f' is the total porosity (%) and 6 is the volu-
metric moisture content at field capacity (%). The pH
was determined in suspension by mixing 10 g of GM
with 50 ml of distilled water. The EC was measured in
the same suspension after 24 h in the supernatant
solution. The estimation of N was determined by the
alkaline potassium permanganate (KMNO,) method
described by Subbiah and Asija (1956). The available
P was determined on a spectrophotometer at 760
pum wavelength after shaking the media with extrac-
tant and filtering the suspension. The K in the media
was determined after digestion of the media mixture
and filtering the suspension for recording readings on
a flame photometer at 420 um. The determination of
OC was made with the standard procedure (Nelson
and Sommers, 1982).

3. Results

Vegetative characteristics

With the exception of the number of leaf pairs,
different GM had a substantial impact on the mean
values for vegetative and leaf attributes of dahlia.
When compared to the control group (GM1), the
mean height of plants grown in LM-based media con-
taining 25% CP (GMS5) was 17.2% higher and substan-
tially different. But in FYM-based formulations (GM2
and GM3) amended with 25% and 50% CP, as well as
in LM-based media with 50% CP (GM®6), no dis-

Table 1- Physico-chemical properties* of different growing media mixtures used for potted dahlia production

Physical properties

Chemical properties

: ; Water
Growing media ir fi
(GM) d::s”i(ty holding p;-:)cfsai[cy 2:;:)!53 pH EC N P K oc
H -1 0, [ ") 0,
o) P g ) @m?) % % % (%)
(]

GM1 1.10 46.81 47.2 22.3 7.38 0.12 0.51 0.19 1.61 0.58

GM 2 0.96 77.27 52.5 24.5 7.04 0.25 0.47 0.24 3.02 0.69

GM 3 0.44 115.31 62.1 30.4 6.75 0.37 0.42 0.37 3.54 0.78

GM 4 1.23 43.00 51.3 24.6 7.93 0.11 0.71 0.27 1.70 0.44

GM 5 1.14 58.83 59.4 28.7 7.48 0.38 0.42 0.34 3.17 0.59

GM 6 0.63 104.40 64.2 38.5 7.20 0.58 0.35 0.45 3.75 0.81

* Representative GM samples were estimated prior to the start of the experiment. GM1 - Soil: FYM: CP (75:25:0) control; GM 2 - Soil:
FYM: CP (50:25:25); GM 3 - Soil: FYM: CP (25:25:50); GM 4 - Soil: leaf mould: CP (75:25:0); GM 5 - Soil: leaf mould: CP (50:25:25); GM 6 -

Soil: leaf mould: CP (25:25:50).
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cernible variation in height was seen (Table 2). The
mean height of dahlia plants grown under different
shade levels showed a statistically significant differ-
ence (Fig. 2). Growing under 50% shade produced
plants that were 1.6 times taller than those exposed
to full sun (0% shade) and growing in 35% shade pro-
duced plants that were 28.1% taller. The maximum
stem INL was recorded in plants grown in LM-based
media (GM6), with a significantly higher (15.1%)
mean INL compared to the control (GM1). These dif-
ferences in stem INL were particularly pronounced in
plants grown under shaded conditions.

When plants were cultivated under 50% shade,
their maximum mean stem INL was observed to be
2.7 times longer than when plants were grown under
controlled conditions (S1). On the other hand, com-
pared to plants grown under control, plants exposed
to 35% shade showed a smaller (1.71 times) increase
in INL compared to the plants that were cultivated
under 50% shade, revealing a higher (2.7 times)
increment in stem INL relative to the plants under full
sun (51). The maximum S_in LM-based GM amended
with 50% CP was reported, and this was considerably
different from the S_ (which was measured to be
27.5% wider) in plants grown in GM1 (control). There
were no appreciable changes in the S_ measured in
any FYM-based GM when compared to control.
Significant variations in mean S_ were also observed
in dahlia plants subjected to different levels of shade.
The plants exposed to 50% and 35% shade showed a
greater increase (39.1% and 21.5%, respectively) in
S, in comparison to plants exposed to full sun (con-
trol). The variation in mean SL varied from 6.76-7.26,
which was determined to be non-significant.
Following increased plant exposure to shade, the SL

rose linearly. In comparison, the percentage increase
in S, for plants grown in 50% and 35% shade was
28.2% and 33.8%, respectively, compared to those
plants that were exposed to full sun.

Leaf characteristics

In comparison to the plants grown in FYM and
LM-based media mixtures, the mean L _in media
devoid of CP was found to be lower (Table 2).

Number of leaf pairs

Height (cm)
w
o
Internodal length (mm)

0
40 4 ]
30 30 L
20 6
20
10 4
10 o L L 2

S S2 s3 0
SIs2 0 s3

10 70

Leaf width (cm)
o
Leaf area (cm?)

Stem girth (mm)
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Leaf length (cm)
Stalk length (cm)

SPAD value index

S1 S2 S3 S1 S22 S3 S1 S2 S3

Fig. 2 - Effect of varying shade levels on vegetative growth
parameters of potted dahlia. Values represent mean val-
ues (n=9) + SEM for different observations. Letters above

Table 2 - Effect of growing media on vegetative and leaf characteristics of dahlia raised in earthen pots for the period 16 November

2022 to 10 May 2023

Vegetative characteristics

Leaf characteristics

Growing media Height INL SG SL LL LW LP LA LDW SLA
(mm) (mm) (cm) (cm) (cm) (No.) (cm?) (8) (cm™g'DM)

GM1 59.78a 48.78a 5.16a  6.44c 9.61a 7.1a 10.74  47.4a 0.080a 584.32ab
GM 2 65.70ab 52.40b 5.49a 6.86ab 10.31b 7.6ab 12.28 48.1ab 0.084ab 569.25a
GM 3 70.09b 5524c 5.73ab 6.90ab 10.10ab 7.4ab 12.52 51.6bc 0.086bc 596.29 ab
GM 4 61.47a 5234b 543a 6.76ab 951a 7.2ab 12.89  463a 0.082ab 560.13a
GM5 69.12b 54.82bc 6.26cd  7.26a 10.10ab 7.6ab 12.59 545c 0.08lab 668.05c
GM 6 68.62b 56.18c 6.58d  7.23a 10.03ab 7.8b 12.48 542c 0.088c 61533b

INL-stem internodal length; SG-stem girth; SL-stem length; LL- leaf length; LW- leaf width; NoLP-number of leaf pairs; LA-leaf area, LDW-
leaf dry weight; SLA- specific leaf area; Mean values are representative of observations obtained from nine pots from each of the
treatment. Values followed by different letters differ significantly within different growing media treatments, computed following

Tukey’s mean separation test at p = 0.05 level of significance.
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Significant differences in L were seen between the
various shade levels, and these differences grew as
shade exposure increased while the percentage
increment differed from the control. In comparison
to plants grown in full sun, the mean L _of plants
exposed to 35% and 50% shade levels showed an
increase of 6% and 28.1%, respectively, suggesting a
higher degree of variability in L_in plants exposed to
higher shade levels. When comparing the maximum
mean L, of plants produced in LM-based media for-
mulation modified with 50% CP to the mean L, of
plants raised in control, a statistically significant dif-
ference was observed, indicating a 9.8% increase in
L,,- When compared to plants grown in full sun, the
mean LW of plants exposed to 50% shade levels
showed a 27.8% increase; however, the change was
not determined to be significant for plants raised
under 35% shade.

The research showed that dahlia exposed to 50%
shade had a decreased NoLP count. There was a drop
in the NoLP, with plants exposed to 50% shade show-
ing a larger percentage decline (38.7%) than plants
that were exposed to 35% shade (25.6%). Dahlia
plants cultivated in various GM showed substantial
variance in LA, with the highest value found in plants
grown in LM-based media modified with 25% CP,
which differed significantly from the control, which
showed a drop (13.0%) in LA. Dahlia plants exposed
to varying degrees of shade showed a substantial
variance in LA, which rose linearly with higher expo-
sure. In comparison to plants exposed to 35% shade,
which reported an increase of 24.4%, plants exposed
to 50% shade showed a higher percentage increment

(45.5%) in LA, relative to those exposed to full light.
Potted dahlia plants grown in GM amended with 50%
CP had the highest LDW (0.088 g), which was signifi-
cantly different from the LDW of plants exposed to
full sun. Statistically significant variations were also
indicated by the SLA. A notably elevated average SLA
was recorded for the potted dahlia grown in the GM
supplemented with LM and CP (25% v/v), with an
increment of 14.3% over the SLA measured in con-
trol. The plants exposed to 35% and 50% shade dis-
played an identical LDW but had a substantial incre-
ment over control. Compared to plants exposed to
full light, the SLA rose in the plants exposed to higher
shade levels, increasing by 19.4% and 36.9%, respec-
tively, under 35% and 50% shade.

Flowering characteristics

The DtFBA ranged between 113.8 and 137.2 days.
In contrast to plants grown in control, those raised in
LM-based GM amended with 50% CP initiated their
first bud considerably earlier (24 days) (Table 3). The
variation in DtFBA in plants raised in LM-based GM
amended with 25% and 50% CP was found to be non-
significant. When compared to plants grown in media
altered with CP, the plants cultivated in FYM and LM-
based GM without CP as an amendment showed a
noticeably slower commencement of first bud. The
initial bud’s emergence was significantly impacted by
varying shade levels (Fig. 3). The plants exposed to
50% shade showed a comparatively early (15 days)
mean DtFBA. However, the variation was found non-
significant in plants that were exposed to sun and at
35% shade.

Table 3 - Effect of growing media on flowering and tuber characteristics of dahlia plants raised in earthen pots for the period 16

November 2022 to 10 May 2023

Flowering characteristics

Tuber characteristics*

Growing media

DtBA DtFBS DoF FD FFW (g) NoT W (g)
GM1 137.22d 150.89 a 12.16 12.81a 22.57a 2.89b 35.43 b
GM 2 132.44 ¢ 145.33 ¢ 11.62 12.92 a 25.45 ¢ 5.23a 61.98 a
GM 3 122.56 b 132.33d 11.81 14.17 be 25.22 be 5.42 ab 56.99 a
GM 4 136.67 d 149.22 b 12.39 13.59 ab 23.97b 4.10 ab 55.14 a
GMS5 115.11 a 125.56 f 11.92 13.98 bc 25.20 be 5.11ab 62.93 a
GM 6 113.89a 123.11e 11.58 14.50 ¢ 25.39 ¢ 5.08 ab 67.97 a

DtFBA-days to first bud appearance; DtFB- days to full bloom; DoF- duration of flowering; FD-Flower diameter; FFW- flower fresh weight;
NoT- number of tubers per plant; Tw- tuber weight; Mean values are representative of observations obtained from nine pots from each
of the treatment; *Obtained at the end of the experiment; NoT represents count for healthy intact tubers within a clump without
separation; Tw comprises weight of whole clump; Values followed by different letters differ significantly within different growing media
treatments, computed following Tukey’s mean separation test at p = 0.05 level of significance.
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Fig. 3- Column graphs representing the effect of varying shade
levels on flowering and tuber parameters of potted
dahlia. Values represent mean values (n=9) = SEM for dif-
ferent observations. Letters above the error bars repre-
sent significant differences computed at P<0.05 following
the Tukey’s mean separation test. S1: Full sun; S2: 35%
shade; S3: 50% shade.

Significant differences were reported in DtFB
across plants grown in various media, with LM-based
GM supplemented with 25% and 50% CP showing
earlier blooming. The plants raised in FYM-based
media initiated relatively earlier blooming compared
to plants cultivated in control conditions. The DtFBA
showed that plants exposed to full light bloomed
about two weeks earlier than plants placed under
50% shade. Plants grown in various GM combinations
showed a DoF ranging from 11.58 to 12.39 days; nev-
ertheless, the observed variance was deemed non-
significant. When placed under varying shade levels,
the plants showed noticeably longer DoF than when
they were left in full sunlight.

It was discovered that the difference in mean FD
across plants grown in various GM was statistically
significant. The data showed that, in comparison to
the control group, which measured the least diame-
ter, plants grown in CP amended media had a larger
FD. The highest diameter of blooms was observed in
plants grown in LM-based media supplemented with
50% CP, which showed a 13.1% increase in FD over
control.

The amount of shade that plants received also
had a substantial impact on FD, which was more pro-
nounced in plants subjected to more intense shadow.
When comparing the FD in plants exposed to 50%
and 35% shade levels, the diameter of blooms was

found to be 13.8% and 8.5%, respectively, larger rela-
tive to the control. The difference in FFW between
plants grown in different GM was found to be signifi-
cant, with plants raised in GM altered with CP having
a comparatively greater FFW weighed in comparison
to those lacking CP. While LM-based media amended
with 25% and 50% CP showed non-significant
changes, a higher mean FFW was discovered in FYM-
based GM amended with 50% CP, which varied sub-
stantially from control. The FFW, which ranged from
24.5 to 24.7 g, did not exhibit any significant differ-
ence when the shade levels were changed.

Tuber characteristics

When compared to plants grown under control
circumstances, there were notable changes in the
average NoT per clump. The NoT per clump was
nearly two times (1.88) higher in FYM-based media
amended with 25% CP (Table 3). Comparing GM2 to
other FYM and LM-based media, it was discovered
that the NoT per clump obtained in media GM2 was
statistically non-significant. The NoT per clump did
not significantly differ amongst plants subjected to
varying degrees of shade. When compared to tubers
collected from plants grown in full sun, the tubers
grown in LM-based media supplemented with 50%
CP weighed almost twice as much (1.91). While the
differences in TW between tubers collected from
FYM and LM-based medium were not statistically sig-
nificant, they were found significant when compared
to the control group. When tubers collected from
plants exposed to 50% shade were compared to
tubers harvested from plants exposed to full sun, the
TW reduced to 36.4%. Nevertheless, it was shown
that the difference in TW between plants exposed to
full light and 35% shade was not statistically signifi-
cant.

4. Discussion and Conclusions

According to our research, planting dahlias under
a green shade net that blocks off 35% of the sun’s
incoming radiation promotes better-quality flowers
and healthier tubers. While dahlia plants need full
sun during their growth, these guidelines are appro-
priate for temperate zones; they do not apply to
tropical and subtropical regions that receive higher
intensity of sunlight. Dahlias require shade from the
afternoon sun, which can scorch their leaves and
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cause earlier fading of flowers. While beige or sand-
stone-colored nets work just as well in blocking out
35% of the sun (Menzel, 2016), the potted dahlia in
our study were housed under green shade nets with
varied densities of woven nylon. In comparison to
plants grown in full sun, those exposed to shade
seemed taller. Similar results were found when
dahlias were grown under shade nets that captured
35% of the sun’s incoming light. These plants typical-
ly exhibit a higher level of apical dominance as a
means of adaptation for absorbing low light (Yazici
and Gunes, 2018)

When plants are subjected to shade, their stem
INL increases, which suggests a phototropic reaction
to capture available sunlight at higher strata. In addi-
tion, plants often exhibit specific structural alter-
ations in their leaves (such as enlarged LL and LW) to
optimize leaf surface area and capture enough light
for photosynthesis. The outcomes are consistent
with several studies that were subjected to partially
shaded conditions, including Wang et al., 2009 (in
Chrysanthemum); Hlatshwayo and Wahome, 2010 (in
Carnation); Mapes and Xu, 2014 (in Salvia). In com-
parison to the plants cultivated in full sunlight, the
damask rose (Rosa damascena Mill.) plants planted
in 50% shade grew substantially taller and had fewer
branches overall (Thakur et al., 2019).

A certain light intensity is necessary for plant
growth; too much or too little light will damage pho-
tosystems and decrease photosynthetic efficiency
(Devlin et al., 2007). In addition to filtering light,
shade nets also regulate the microclimate that sur-
rounds plants (Zhao et al., 2012). According to
Mathur et al. (2018), plants grown in low-light condi-
tions tend to devote more of their energy to vegeta-
tive growth for longer periods of time. Other studies
also show that shade inhibits the onset of the repro-
ductive phase transition in Antirrhinum majus,
Lisianthus, and other bedding plants (Faust et al.,
2005; Lugassi-Ben-Hamo et al., 2010).

According to Munir et al. (2004), plants exposed
to shade exhibited higher fresh and dry biomass
weight above ground. However, our research showed
that when plants were exposed to a higher shade
level, the fresh weight of the tubers decreased. This
may be explained by the quantitative effects of light
on the growth of tuberous roots (Salisbury and Ross,
1991). The findings are consistent with those of
Schulz et al. (2019) and Clark and Burge (1999), who
reported a decrease in tuber weight in potatoes due
to self-shading by leaves as a result of increasing
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planting density. Because some species are photope-
riodically sensitive, the effects of light intensity on
blooming are greater in the early phases of develop-
ment (Adams, 1999).

It was observed that the plants exposed to little
shade grow thinner with larger leaves in order to
capture as much light as possible (Mathur et al.,
2018). Our findings are consistent with those of
Kumar et al. (2013), who found that plants exposed
to up to 50% shade experienced greater levels of LA
in sage plants. According to Zervoudakis et al. (2012),
sage plants exposed to full sunshine had a greater
leaf count. However, as the plants were shaded up to
75%, the mean leaf count declined. In plants exposed
to shade, the longer stem INL can be the reason for
the reduced leaf number that emerged from the
node axils.

Research indicates that plants exposed to low
light levels had a higher specific light absorption (SLA)
(Feng and van Kleunen, 2014). This is thought to be a
plant’s adaptive reaction to boost photosynthetic
efficiency (Gommers et al., 2013). It has been
demonstrated that species unable to tolerate shade
typically have greater light compensation points to
maintain their rates of photosynthetic activity. The
flexibility and tolerance of leaves in reaction to shade
is thus indicated by changing the SLA per unit of dry
weight (Valladares and Niinemets, 2008; Liu et al.,
2016).

In an LM-based CP amended GM, the greater per-
centage of total porosity combined with air-filled
porosity led to an improved aeration status, which is
fundamentally necessary for efficient gaseous
exchange in a limited pot volume. The study’s conclu-
sions are consistent with previous reports by Wazir et
al. (2009) in Alstroemeria, Awang et al. (2009) in
Celosia cristata, and Dubey et al. (2013) in Petunia.
Dahlia hortensis ‘Figaro’ has also yielded comparable
results (Tariq et al., 2012), recommending CP as a
preferred amendment for raising potted dahlias.
Additionally, research conducted by Riaz et al. (2008)
supports the use of LM modified with CP for high-
quality herbaceous Zinnia elegans cv. “Blue Point”
production. Several studies [Kiran et al., 2007 (Dahlia
pinnata); Younis et al., 2014 (Dahlia cv. Red Skin);
Richardville et al., 2022 (Tomato); Singh et al., 2023
(Petunia)] have explored the benefits of amending
the GM with LM. These studies have demonstrated
LM’s potential to improve the physical properties of
potting substrate by enriching it with organic matter,
in addition to providing crucial micronutrients for
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plant uptake. Furthermore, because CP is high in K,
flowers have better quality with intense hues. The
authors do recommend using washed CP that has a
lower salt (NaCl) content, though. To lower the rate
of N immobilization by the microorganisms in the
substrate mix, the washed CP should ideally be
stocked for at least one month (Handreck, 1993;
Singh et al., 2022).

The tubers that were taken from plants grown in
GM with LM amendments were disease-free and in
good health. A well decomposed LM has been shown
to have a disease-suppressive effect (Bonanomi et
al., 2010). Furthermore, dahlia plants grown in GM
amended with CP showed greater NoT than control
plants (GM1). When compared to soil-based media,
the CP tends to retain moisture and controls the
media’s temperature, which is comparatively lower
(1£0.5°C). According to Bethke (2023), the lower
temperature in GM has been proven to be favorable
for tuber growth and clump formation in potatoes,
leading to a larger tuber count.

The current results pave the way for more
research into the off-season cultivation of dahlia in
nutrient-enriched substrates by adjusting tempera-
ture, photoperiod, and light intensity to produce
high-quality flowers and robust tubers. Furthermore,
shade nets that block at least one-third of the sun’s
rays can be used to create a favorable environment
for cultivars that are sensitive to higher tempera-
tures. This could increase the diversity of dahlia
germplasm, particularly in tropical and subtropical
regions of the world.
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Abstract: Abiotic stresses, including heat, drought, and salinity, pose severe
threats to agricultural yields, globally affecting essential crops like potatoes.
The aim of this study is to establish an in vitro culture system for three potato
accessions: Tal Amara 1 (TA1), Tal Amara 2 (TA2), and Tal Amara 3 (TA3) and to
quantify their tolerance to temperature, drought, salinity, and combined
stresses. The results demonstrated that MSO (devoid of growth regulators)
medium was the best for culture initiation, with a percentage of reactive
meristems of 82.22%, whereas MS1 (0.35 mg L™ Kin + 0.2 mg L' IAA + 0.1 mg L*
GA,) medium resulted in the highest multiplication rate of 5.5. The most heat
tolerant accession was TA1, with shootlets lengths ranging from 2 cm to 4.4 cm
at temperatures of 4°C and 38°C respectively. Concerning the effect of
combined drought and temperature stresses, TA1 and TA3 showed tolerance to
the different mannitol concentrations. Likewise, the most prominent accession
in terms of combined salinity and temperature tolerance was TA2, with
shootlets lengths of 3.2 cm (60 Mm Nacl, 22°C), 2.03 cm (60 Mm Nacl, 4°C) and
1.6 cm (60 Mm Nacl, 38°C).

1. Introduction

Belonging to the family of Solanaceae, potato (Solanum tuberosum L.)
is considered as the most commonly cultivated tuber crop and is ranked
the fourth most important food crop in the world, after wheat, rice and
maize (Hussen, 2021). Potato is recognized as a crop of future and
possesses a strong link in sustaining the global food security (Bakhsh et
al., 2023). It is cultivated in more than 158 countries worldwide (Muthoni
and Shimelis, 2020). Considering its global importance, it is essential to
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maintain its yield and sustain its productivity (Bakhsh
etal., 2023).

Potatoes grow perfectly in excellent climatic
conditions with an optimal growth and yield at a
temperature range of 15-20°C and ideally at a
minimum rainfall 750-1000 mm. However, potato
tuber growth is strongly affected by temperature
fluctuations <5°C and >30°C. Temperatures above
30°C can negatively impact the potato production,
especially by reducing, the tuber growth starch
partitioning and dormancy and increasing disease
incidences. Such increase in temperature can
adversely reduce the growth performance, the yield
of crops and thus the weight of tubers. Moreover, at
shallow temperatures, potatoes become susceptible
to frost damage and this in turn, causes reduced
growth and damage to tubers (Mwakidoshi et al.,
2021). Besides, drought stress delays the emergence,
slows the plant development, and reduces the plant
mass weight as well as the tuber number, size and
yield (Zaki and Radwan, 2022). Alternatively, salt
stress negatively impacts crop yield by changing the
plant metabolism and inducing substantial
alterations in both biochemical and molecular
processes (Abdelsalam et al., 2021).

Seed production of potato is normally vegetatively
propagated through the use of potatoes that have
been previously propagated by harvesting and
replanting the tubers in the field (Singh et al., 2012;
Shiwani et al., 2021). However, this conventional
seed plant potato production has proved to be prone
to pests and disease infestations where fungal,
bacterial and viral disease agents can be transmitted
easily through the tubers (Morais et al., 2018;
Shiwani et al., 2021). In this event, plant tissue
culture techniques and more specifically
micropropagation offers a great potential to
complement conventional breeding methodology for
potato improvement and production (Singh et al.,
2012). Micropropagation is generally referred to the
production of a large number of in vitro plants on a
defined nutrient media under aseptic conditions
within a limited space and time. This term includes
the use of different techniques in potato production
such as, shoot-tip culture, meristem culture, single-
node culture and micro-tuberization (Shiwani et al.,
2021).

Potato production in Lebanon is very important
for sustaining the food security from one side, and as
a source of revenue in rural areas (Dalleh et al.,
2023). This strategic crop, covers around 19,000 ha in
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the Bekaa plain, with a production reaching 300,000
tonnes per year, and is considered as the greatest
field crop tonnage in Lebanon (Choueiri et al., 2017;
Dalleh et al., 2023). Seventy percentage of the
Lebanese total potato cultivated area is concentrated
mainly in the Bekaa valley at 900-1000 m above sea
level (Dalleh et al., 2023). Its cultivated for direct
consumption and processing product with a part
being exported. Despite its importance, a number of
production constraints are hindering the full export
potential of potato production in Lebanon such as,
climate change, the use of low yielding varieties and
the occurrence of bacterial diseases and viral
infections (Choueiri et al., 2017). Furthermore,
potatoes during the summer are vulnerable to
drought and salinity stresses due to insufficient
irrigation water and temperature extremes (Verner
et al., 2018). Therefore, the need for identification of
heat, drought and salinity tolerant potato genotypes
for breeding by early selection is immense.

The aim of this present investigation is to
establish a micropropagation system and screen in
vitro initial explants of three potato accessions for
temperature, drought and salinity tolerance: Tal
Amara 1 (TA1), Tal Amara 2 (TA2) and Tal Amara 3
(TA3).

2. Materials and Methods

Plant material

This study for in vitro micropropagation was
conducted at the Lebanese Agricultural Research
Institute (LARI, Tal Amara Station). Clean tubers of
three high yielding potato accessions namely Tal
Amara 1 (TA1), Tal Amara 2 (TA2) and Tal Amara 3
(TA3) were kept under heating room conditions at
38°C for 30 days and used as a source for explants
throughout the experiment. Four-weeks old healthy
sprouts extracted from the three accessions, were
surface sterilized using 70% ethanol for only 1 minute
then dipped in 20% (v/v) sodium hypochlorite for 10
min. Following that, explants were rinsed four times
with sterile distilled water for 20 min.

In vitro propagation

Meristem tips of the three potato accessions were
dissected from apical and lateral buds of the
disinfected sprouts. The size of the meristem ranged
from 0.5 to 1 mm. The dissected meristems were
placed on petri dishes containing three MS basal



media (Murashige and Skoog, 1962); “MS0” without
growth regulators, “MS1” containing Kinetin (Kin)
0.35 mg L in combination with Indole-3-acetic acid
(IAA) 0.2 mg L? and Gibberellin (GA3) 0.1 mg L and
“MS2” containing 6-Benzylaminopurine (BAP) 1 mg
L' and Gibberellin (GA3) 0.5 mg L (Salem and
Hassanein, 2017). The three MS media contained MS
macroelements, MS microelements, MS vitamins and
MS Ferrous with 30 g L'? of sucrose and 7.6 g L agar.
All the prepared media were adjusted to a pH 5.7-
5.75, then were autoclaved at 121°C and 0.103 MPa
pressure for 20 minutes and cooled to 60°C. Each
treatment was performed in ten replicas with 15
meristems per replica for testing. The cultures were
then placed in the culture growth room under the
following conditions (Temperature 22°C, Photoperiod
16:8 h light:dark, Relative Humidity 50%, Illumination
of 3000-4000 lux). Thirty days later, the number of
reactive meristems was recorded. Shoots derived
from meristems were further multiplied by nodal
cuttings. Nodal segments were cultured on fresh
media using the same three prepared MS media
(MSO, MS1 and MS2). Eight shoots, derived from
nodal segment, per jar were inoculated and five
replications for each treatment were conducted.
Every 30 days, shoots were aseptically taken out and
inoculated on the multiplication medium marking a
new subculture, three subcultures were examined.
For every subculture the following parameters were
registered: the multiplication rate (Number of new
shootlets/Number of initial shootlets) and shootlets
height. The heights of shootlets were measured from
their base to the tip.

Sanitary control

For each accession, 30 samples of shootlets of the
third subculture were tested for six potato viruses,
PVS, PVM, PVX, PVY, PVA and PLRV at the Plant
Protection Laboratory (LARI Tal Amara) by using
BIOREBA kit of double Antibody Sandwich-Enzyme
Linked Immuno Sorbent Assay (Ren et al., 2022).

Screening for stress tolerance

Plants from four subcultures on MSO medium
were used in the following experiments: heat,
drought, salinity, and combined drought-heat and
salinity-heat tolerance of the tested accessions were
screened.

Heat tolerance assay. Individual nodal segments
were cultured in test tubes each containing MSO
medium with 30 g L sucrose. This in vitro assay
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employed three temperature treatments T1 (22°C
control, Tal Amara Culture Room, 16:8 h photoperiod
and 3000-4000 lux), T2 (4°C, Tal Amara Fridge Room)
and T3 (38°C, Tal Amara Heating Room).

Drought adaptive screening. In order to assess
drought tolerance, nodal segments were cultured on
MSO medium supplemented with mannitol. Four
replications were conducted for each treatment in
test tubes, with three nodal segments per replicate.
Mannitol concentrations (C1: 403, C2: 807, C3: 1210
mM) were added to the media to reduce the water
potential of the media to -1, -2 and -3 MPa. The
water potential was calculated according to van’t
Hoff equation: m=ixMxRxT, where 1 is the osmotic
potential of the media, i is the van’t Hoff factor for
solute (mannitol), M is the molarity of the solution, R
is the gas constant (=0.0083 MPa g/L! K?), and T is
the temperature in Kelvin (Pant et al., 2014). All
subcultures were maintained under 22°C with 16:8 h
photoperiod and 3000-4000 lux, as a light intensity.

Salinity tolerance evaluation. To screen for salt
tolerance, nodal segments were grown in test tubes
on an MSO medium supplemented with various
concentrations of NaCl (C1: 40 mM and C2: 60 mM)
at 22°C for 3 weeks (Garramone et al., 2023) with
four replications per treatment and three nodal
segments per replicate.

Combined drought-temperature stress. In order to
induce a combined drought and heat stress, nodal
segments were placed in test tubes on an MSO
medium containing the three different
concentrations of mannitol mentioned above (C1:
403, C2: 807, C3: 1210 mM) at temperatures of 4 and
38°C for 3 weeks (Handayani and Watanabe, 2021)
with four replications per treatment and three nodal
segments per replicate.

Combined salt-temperature stress. Coupled
treatments of salt and heat stresses were induced
and single nodes of each accession were placed in
test tubes on an MSO medium supplemented with
the two concentrations of NaCl mentioned above (C1:
40, and C2: 60 mM) at temperatures of 4 and 38°C
for 3 weeks (Nahar et al., 2022). Similarly, four
replications per treatment were conducted and three
nodal segments per replicate were used.

Statistical analysis

Four replications per accession were studied using
a completely randomized design (CRD) and evaluated
under each treatment for stress tolerance. Growth
and morphological changes as a result of the
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different stresses in culture were observed and
recorded after 30 days of in vitro propagation and 3
weeks of stress tolerance assays. Data for various
shoot and root characteristics were recorded based
on the study of Albiski et al. (2012): Shootlets height
(cm), number of shootlets leaves, number of
shootlets roots, shootlets fresh and dry weights
(oven dried plants at 70°C for 48h) (g) and plant
water content (PWC%) = [(fresh weight - dry
weight)/fresh weight] x 100.

All experimental results were expressed as mean
values + Standard Deviation. The data were tested
for normal distribution using Shapiro-Wilk test, an
analysis of variance (ANOVA) was calculated to
assess accessions and treatments effects and
interactions, and means were compared pairwise by
Tukey tests at p<0.05 using the extension XLSTAT
2016 from Microsoft Excel (Addinsoft, 2016).

3. Results and Discussion

In vitro propagation

Isolated meristems from the three potato
accessions, TA1, TA2 and TA3, were subjected to
three different media, MS0O, MS1 and MS2. Among
the three media, MSO demonstrated a superior effect
on meristem culture with a percentage of reactive
meristems ranging between 71.83% to 82.22%, while
on MS1 the percentage of reactive meristems ranged
between 54.44% and 78%, and on MS2 between
34.44% and 63.33% (Fig. 1).

Among the three accessions, TA2 (82.22%)
exhibited the best response when established in the
control media. There were no significant differences
observed in the number of reactive meristems on
MS0 and MS2 among the accessions (except for TA3).
These findings are similar to those reported by Dalleh
et al. (2023) where the highest percentage of
reactive meristems in Spunta variety occurred on an
MS hormone-free media. Xhulaj and Gixhari (2018)
also reported that potato explants established on MS
media supplemented with phytohormones resulted
in high proliferation rates which is consistent to our
results, where MS1 and MS2 supplemented with
hormones also yielded high rates of reactive
meristems, reflecting the importance of using
Murashige and Skoog medium during the
establishment phase of potato.

Established shootlets of TA1, TA2 and TA3 were
transferred onto the three fresh MS media (MS0, MS1
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Fig. 1- Percentage of reactive meristems of the three potato
accessions TA1 (Tal Amaral), TA2 (Tal Amara2) and TA3
(Tal Amara3) during culture establishment after 30 days
on the different MS media (MS0: 0 hormones, MS1:
Kinetin 0.35 mg L+ IAA 0.2 mg L'* + GA3 0.1 mg L and
MS2: BAP: 1 mg L'+ GA3 0.5 mg L?). Histograms sur-
mounted by same letters are not significantly different
(p<0.05) according to Tukeys’ test.

and MS2) previously utilized for the cultures’
establishment. Detailed data on the multiplication
rate and shootlets’ height was recorded over three
subcultures as presented in Table 1. The highest
multiplication rate (8 shootlets) was observed with
TA1 using MS1 medium while the lowest (2.27
shootlets) was observed with TA3 using MS2 medium
along the 1%t subculture. However, regarding the
shootlets height, TA2 demonstrated the highest
shootlets height on MS1 (8.85 cm) at the 3
subculture, while the lowest height (1.94 cm) was also
observed by TA2 at the 1 subculture on MS2 (Fig. 2).
Besides, MS1 resulted in the highest multiplication
rates among the three accessions during the three
subcultures, and achieved the highest shootlet height
during the first and third subcultures. These results
are in accordance with Dalleh et al. (2023) where the
highest number of shootlets per plant was obtained
on a medium containing 0.4 mg L Kin, 0.5 mg L'* GA3
and 0.5 mg L IBA for the Spunta potato variety.
Emaraa et al. (2017) also reported that the highest
multiplication rate of the Lady-Rosetta potato variety
was obtained on an MS media supplemented with Kin
0.2 mg L't in combination with NAA 0.2 mg L. On the
other hand, Xhulaj and Gixhari (2018) demonstrated
the importance of combining GA3 and BAP to improve
the number of shoots of Bergerac potato cultivar.
Similarly, Dessoky et al. (2016) revealed that MS
medium containing 3 mg L GA3 and 0.1 mg L? Kin
resulted in the highest multiplication rate in Diamant
potato cultivar.



Elbitar et al. - In vitro propagation and stress tolerance in potato

Table 1- Effect of the three media (MSO: 0 hormones, MS1: Kinetin 0.35 mg L2+ IAA 0.2 mg L'+ GA3 0.1 mg L't and MS2:BAP:1 mg L'+
GA3 0.5 mg L) on the multiplication rate and shootlets height measured during in vitro propagation of the three potato
accessions; Tal Amara 1 (TA1), Tal Amara 2 (TA2) and Tal Amara 3 (TA3) along 3 subcultures

Multiplication rate

Shootlets height (cm)

Treatments

TAl TA2 TA3 TAl TA2 TA3
Subculture 1
MSO 2.53+0.66d 2.64+0.78 d 2.33+0.65d 4.19+1.82 abc 2.62+1.61d 2.87+1.21 cd
MS1 8.00+0.63 a 3.4610.51c 6.20+0.78 b 5.75+1.48 a 2.60+1.04d 3.18+0.96 bcd
MS2 5.85+0.89 b 2.38+0.50 d 2.27+0.46 d 5.02+0.52 ab 1.94+0.97d 2.50+0.77 d
Subculture 2
MSO 3.9740.75 de 3.37+0.49 f 3.43+0.50 ef 7.80£1.48 a 6.06£1.58 b 6.62+1.31b
MS1 4.91+0.73 bc 5.37£0.50 ab 5.55+0.51a 4.37+1.68 c 4.43+1.76¢c 3.87+0.95 ¢
MS2 3.88+0.76 def 4.68+0.74 c 4.33+0.49 cd 2.55+0.75d 2.31+£1.09d 2.20£0.74 d
Subculture 3
MSO 3.60+0.50d 3.6610.66 d 4.26£0.45 ¢ 6.87+1.20 b 4.67+1.25cde  5.83%1.45 bcd
MS1 4.91+0.84 ab 5.40+0.50 a 4.83+0.78 abc 8.57+2.68 a 8.85+1.81 a 4.88+1.91 cde
MS2 4.33+0.48 bc 3.38+0.50d 3.42+0.51d 6.40+2.31 bc 4.32+1.56 de 3.78+1.03 e

Data are expressed as the mean of the determinations + S.D. Means followed by the same letter within a column are not significantly

different (p<0.05).

Fig. 2 - Shootlets proliferation in A: Tal Amaral, B: Tal Amara2
and C: Tal Amara3 accessions of potato cultured on dif-
ferent MS media (MS0O: 0 hormones, MS1: Kinetin 0.35
mg L™+IAA 0.2 mg L™+ GA3 0.1mg L™ and MS2: BAP: 1 mg
L'+ GA3 0.5 mg L?).

Effect of accession

Evaluating the effect of potato accession on
multiplication rate and shootlets’ height, the results
are depicted in figure 3. When combining subcultures
and media together, no statistically significant

distinctions were noted in multiplication rate and
shootlets’ height across the three tested potato
accesssions (TA1, TA2 and TA3). Tal Amara 1 showed
the highest multiplication rate (4.66) followed by Tal
Amara 3 and Tal Amara 2. TA1 also exhibited the
highest average shootlets’ height at 4.93 cm,
followed by TA2 at 3.64 cm and TA3 at 3.17 cm.

—
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Fig. 3 - Effect of potato accessions (TA1l: Tal Amaral, TA2: Tal
Amara2 and TA3: Tal Amara3) on the multiplication rate
and shootlets height of plants; media and subcultures are
combined. same letters indicate not significantly differ-
ent (p<0.05) according to Tukeys’ test.
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These results contradict with Asnake et al. (2023) and
Tessema et al. (2021) who reported that variety
significantly influence the growth parameters of
potato, and this discrepancy could be correlated to
the duration between subcultures and nutrient
media used

Effect of culture media

The effect of culture medium on the
multiplication rate and height of potato shootlets is
illustrated in figure 4. When combining accessions
and subcultures, noteworthy is the absence of any
significant differences in shootlets’ height among the
three tested media. However, the control medium
(MSO0) yielded the greatest shootlets’ height at 5.28
cm, succeeded by MS1 at 5.16 cm and MS2 at 3.44
cm. Ebad et al. (2015) reported that MS medium
supplemented with vitamins without exogenous
plant growth regulators can be used for mass
propagation of potatoes. The highest multiplication
rate was observed with MS1 medium (5.4) followed
by MS2 and control (MS0). Hajare et al. (2021) also
reported that the highest multiplication rate was
obtained in MS medium containing Kinetin (2.5 mg
L'Y). Moreover, Emaraa et al. (2017) revealed that the
highest multiplication rate was noticed on MS media
supplemented with 0.2 mg L' NAA together with 0.2
mg L Kin while, Othman et al. (2016) reported that
medium augmented with 2.0 mg L™* BA and 0.250 mg
L' NAA was the most favorable for the multiplication
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Fig. 4 - Effect of culture media (MSO: Control, MS1: Kinetin 0.35
mg L +IAA 0.2 mg L+ GA, 0.1 mg L* and MS2: BAP: 1
mg L'+ GA3 0.5 mg L?!) on multiplication rate and
shootlets height of potato plants; accessions and subcul-
tures are combined.
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of Lady Balfour and Bellini cultivars. This thus
elucidates the importance of both Kinetin BA and
BAP in the multiplication of potatoes.

Effect of subculture

Sequential to the systematic exploration of factors
influencing shootlets characteristics, this study
transitions to investigate the effect of subculture on
multiplication rate and shootlets’ height. The
experimental findings, regardless of accessions, are
graphically represented in figure 5. By combining
accessions and media, no statistically significant
difference of multiplication rate was observed
between subcultures. Subculture 3, however,
showed the highest multiplication rate (5.19). A
noticeable upward trend in shootlets’ height was
evident with successive subcultures, reaching a
significant value of 6.01 cm at the 3™ subculture.
These findings align with the results of Muthoni et al.
(2014) where there was an increase in the
multiplication rate of all potato cultivars with
subcultures. He also noted that subculture 3, gave
more cuttings than the first two.

sl N

Sub 1 Sub 2 Sub 3

Fig. 5 - Effect of subcultures (subl, sub2 and sub3) on multiplica-
tion rate and shootlets height of potato plants; media
and accessions are combined. same letters indicate not
significantly different (p<0.05) according to Tukeys’ test.

Sanitary control
A total of ninety plant samples belonging to the
three potato accessions (TA1, TA2 and TA3) were
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tested for potato viruses; PVS, PVM, PVX, PVY, PVA
and PLRV; using DAS-ELISA. It was shown that all the
in vitro shootlets were 100% free from the 6 tested
viruses, and no significant differences were observed
between the three accessions. These findings are
consistent with several studies showing that the
meristem culture method is effective in producing
disease-free plants in potato (Spunta) and other
crops (Pradhan et al., 2016; Dalleh et al., 2023).
Additionally, the size of the meristem explant is
important for the efficient elimination of viruses
(Azad et al., 2020).

Temperature treatments

The in vitro effect of temperature stress on the
growth and development of three potato accessions
revealed that high and low temperatures had a
significant impact on the evaluated growth
parameters, such as shootlets height, the leaf and
root number, and the plant water content percentage
(Table 2). Low temperature (4°C) and high
temperature (38°C) treatments indicated significant
low values of shootlets height ranging from 1.6 (TA3)
to 2 cm (TA1) at 4°C and 2.50 (TA2) to 4.40 cm (TA1)
at 38°C when compared to the control treatment
(22°C, ranging from 4.9 for TA2 to 10.9 cm for TA1).

Shootlets at the control treatment (22°C),
presented a greater number of leaves (ranging
between 6 leaves and 11.5) compared to those
exposed at high temperature (from 4 to 7.5 leaves)
and low temperature (ranging 2 and 4.5 leaves), with
the exception for the accession TA3, where the high
temperature showed more leaves (7.5) than the
control treatment (6.0).

Similarly, plants subjected to the control
treatment (22°C) and high temperature treatment
developed more roots per shootlet ranging from 6
roots (TA3) to 13.5 roots (TA2) and 5.5 roots (TA2) to
8.5 roots (TA1) respectively as compared to the low
temperature which indicated a number of roots
ranging from 2.5 roots (TA3) to 4.5 roots (TA1). On
the other hand, no significant percentage of the plant
water content was recorded. It is fluctuated between
91.07% and 94.17% at high temperature, between
91.67% and 92.16% at low temperature, compared
to the control (93.41% to 94.09%).

These observations demonstrate that the greatest
tolerance under both high and low temperature
conditions was exhibited by TA1 potato accession,
with TA3 showing the next highest tolerance at high
temperature. The distinct responses of potato
accessions to varying temperatures indicate
genotype-specific differences in growth parameters,
consistent with studies reporting enhanced growth at
higher temperatures (Mohamed et al., 2016). The
reduction in nutrient absorption through the roots
influence the shoot development under suboptimal
temperature conditions, resulting in an immediate
impact of temperature on shoot growth.
Furthermore, leaf growth reacts promptly with
various environmental stresses; including low and
high temperatures; which could generally explain the
decline in leaf number at low temperature associated
with the hindrance of leaf initiation rates, leading to
a direct reduction in both leaf cell division and
elongation. The overall root system encountered
likewise a significant decrease under low
temperatures compared to high temperatures

Table 2 - Effect of in vitro heat stress on shootlets height, number of leaves, number of roots and plant water content percentage of 3
potato accession (TA1: Tal Amaral, TA2: Tal Amara2 and TA3: Tal Amara3)

Accession Tem?f(t:’)ature ShOOtl(i:;)helght No of leaves No of roots Plant ;v\f\;gr(;(;ntent
TAl TO 22 (Control) 10.90+0.28 a 11.004+0.00 a 9.5040.70 ab 93.41+0.08 a

Tl 4 2.00£0.70 c 4.50+0.70 b 4.50+2.12 cd 92.161£1.93 a

T2 38 4,40+0.14 b 7.00+2.82 ab 8.5010.70 bc 94.17+1.79 a
TA2 TO 22 (Control) 4.90+0.14 b 11.50+0.70 a 13.50+0.70 a 94.09+1.48 a

T1 4 1.75£0.07 ¢ 3.50+0.70 b 3.50+£0.70 d 91.67+0.82 a

T2 38 2.50+0.70 ¢ 4.00+0.00 b 5.50+0.70 bcd 91.07+£1.56 b
TA3 TO 22 (Control) 5.20+0.35b 6.00+£1.41 ab 6.00£0.00 bcd 94.091+0.59 a

Tl 4 1.60+0.14 ¢ 2.00£1.41b 2.50+0.70 d 92.021+0.96 a

T2 38 4.25+0.35 b 7.50£2.12 ab 6.50+2.12 bcd 93.0810.28 a

Data are expressed as the mean of the determinations + S.D. Means followed by the same letter within a column are not significantly

different (p<0.05).
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attributed to the cessation of all root growth and
developmental parameters. Similarly, Chen et al.
(2024) described the effect of low temperature on
hindering the growth of potatoes, where a
temperature below 7°C can cease the seedlings
growth, which illustrates the low shootlets height,
low number of leaves and roots observed at 4°C.
Besides, at elevated temperatures, plants tend to
close their stomata to minimize the water loss
(Marchin et al., 2021; Reddy et al., 2021). This
phenomenon elucidates the relatively high
percentage of plant water content observed in TAl
and TA3 at high temperatures.

Drought treatments
The response of potato accessions to drought
stress, indicated the absence of significant difference

in shootlets” height, leaf number, and root
development as mannitol concentrations increased
across the three tested temperatures (22, 4, and
38°C) (Table 3, Table 4 and Table 5). However, a
significant reduction in plant water content
percentage was observed with escalating mannitol
concentrations at the tested temperatures.

At 22°C the highest shootlets’ height (1.95 cm),
leaf (4) and root number (3), and plant water content
percentage (81.06%) were observed by TA2 at the
low mannitol concentration (C1: 403 mM), followed
by TA1 and then TA3 (Table 3). However, with the
increase in mannitol concentrations reaching C3 of
1210 mM, TA3 presented a stabilized response of
0.90 cm height, average number of leaves and roots
of 1 and 59.55% plant water content. TA1 and TA2 on
other hand didn’t develop any roots at C3, due to

Table 3 - Effect of in vitro drought stress on shootlets height, number of leaves, number of roots and plant water content of 3 potato
accessions (TA1: Tal Amaral, TA2: Tal Amara2 and TA3: Tal Amara3) at normal laboratory temperature (2212°C)

22°C

Accession Mannitol Shootlets height Number of Number of Plant water content

concentration (mM) (cm) leaves roots PWC%

TA1 C1 403 1.5340.11 abcd 1.66+0.57 a 2.00£0.00 ab 76.14+1.69 abcde
Cc2 807 1.10+0.00 bcd 1.00+0.00 a 1.66+1.52 ab 70.87+2.67 defgh
c3 1210 1.00£0.42 ab 1.00£0.70 a 0.00+0.00 b 59.50+2.36

TA2 C1 403 1.95+0.07 cd 4.00+1.41 a 3.00+1.41 ab 81.06+1.77 ab
C2 807 1.60%0.07 abcd 1.50+0.00 a 0.00£0.00 b 69.75%0.17 efgh
C3 1210 1.20+0.14 bcd 1.00+0.00 a 0.00£0.00 b 60.04£2.12j

TA3 C1 403 1.20+0.14 bcd 1.00+0.00 a 2.00+1.41 ab 75.92+0.49 abcde
Cc2 807 1.10+0.21 abc 1.00+0.00 a 1.00+1.41 ab 67.14+0.05 ghi
C3 1210 0.90+£0.26 abcd 1.00+0.00 a 1.00+0.57 ab 59.55+1.24j

Data are expressed as the mean of the determinations + S.D. Means followed by the same letter within a column are not significantly

different (p<0.05).

Table 4 - Effect of in vitro drought stress on shootlets height, number of leaves, number of roots and plant water content of 3 potato
accessions (TA1: Tal Amaral, TA2: Tal Amara2 and TA3: Tal Amara3) at low temperature (4+2°C)

4°C
Accession Mannitol Shootlets height Number of Number of Plant water content
concentration (mM) (cm) leaves roots PWC %

TAl C1 403 1.60+0.14 abcd3 2.00+0.00 a 2.00+0.00 ab 81.56+1.35 ab
c2 807 1.60+0.07 abcd 1.50+0.70 a 2.00+0.00 ab 74.10%0.50 cdef
C3 1210 1.20+0.07 bcd 1.00+0.00 a 1.00+1.41 ab 64.75+0.88 hij

TA2 C1 403 1.75+0.21 ab 3.00t1.41a 0.004£0.00 b 82.35+0.57 a
C2 807 1.50+0.14 abcd 3.50+0.70 a 0.004+0.00 b 68.81+0.39 efgh
Cc3 1210 1.35+0.21 abcd 2.50+0.70 a 0.00+0.00 b 67.83+4.24 fgh

TA3 c1 403 1.10+0.05 bcd 1.00+0.00 a 1.66+0.57 ab 81.41+0.66 ab
Cc2 807 1.10+0.63 bcd 1.50+0.70 a 1.50+0.70 ab 72.8910.61 defg
C3 1210 0.90+0.28 d 1.50+0.70 a 1.50+0.70 ab 59.74+0.03 j

Data are expressed as the mean of the determinations + S.D. Means followed by the same letter within a column are not significantly

different (p<0.05).
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impact of elevated drought on the inhibition of the
key physiological and biochemical processes (Gervais
etal.,, 2021).

Transitioning to low and high temperature
conditions at 4°C and 38°C, the trend observed at
22°C persisted (Table 4, 5). TA2 continued to exhibit
the highest tested parameters, except for the
number of roots at low temperature and high
concentration of mannitol. Concurrently, TA1 and
TA3 exhibited a constant response in the measured
parameters with the increase in concentration of
mannitol. This indicates that the shootlets height,
number of leaves, root development, and plant
water content percentage were significantly affected
by drought stress for all three potato accessions. The
results are consistent with other studies that show a
decrease in Spunta shoot length and roots at
mannitol concentrations of 200 mM and above
(Sattar et al., 2021). The concurrent interplay
between mannitol and temperature stresses,

contributed to the enhancement of the tolerance
mechanisms in potato plants, which is in accordance
with other findings that demonstrated the positive
impact of combined stresses on plants’ tolerance
(Rafique et al., 2019).

Notably, the drop in the plant water content, that
appeared in response to increasing mannitol
concentrations, highlights the water stress that is
simulated when an osmotic agent is introduced to
the growth medium. This acts at reducing the
availability of nutrients that are crucial to plant
growth and hinders the absorption of water through
the roots (Tican et al., 2021). Drought stress
additionally reduce the number, mass, and growth of
roots, which in turn limits the availability of nutrients
and water for the plant shoots (Jafari et al., 2019).

Salinity treatments
At 22°C, TA2 exhibited superior performance in
terms of plant water content (%PWC), shootlets’

Table 5 - Effect of in vitro drought stress on shootlets height, number of leaves, number of roots and plant water content of 3 potato
accessions (TA1: Tal Amaral, TA2: Tal Amara2 and TA3: Tal Amara3) at high temperature (38+2°C)

38 °C
Accession Mannitol Shootlets height Number of Number of Plant water content
concentration (mM) (cm) leaves roots PWC%

TA1l Cc1 403 1.65+0.07 abc 2.50+0.70 a 2.00+0.00 ab 76.80£2.00 abcd
Cc2 807 1.33£0.07 abcd 1.50£0.70 a 2.00+0.00 ab 70.18+1.61 defgh
C3 1210 1.2040.00 bcd 1.50£0.70 a 2.50+0.70 ab 64.95+2.42 hij

TA2 Cc1 403 1.96+0.25 a 4.00+1.00 a 3.66x1.15a 79.30£0.81 abc
Cc2 807 1.95+0.14 a 3.50+2.12 a 0.00+0.00 b 69.46+1.19 efgh
C3 1210 1.65+0.07 abc 2.50+0.70 a 0.00+0.00 b 65.33+0.47 hij

TA3 C1 403 1.75+0.07 ab 1.00£0.00 a 2.00+0.00 ab 75.26+0.96 bcde
Cc2 807 1.20£0.00 bcd 1.50£0.70 a 2.00+0.00 ab 72.53£0.80 cdefg
C3 1210 1.1040.28 bcd 2.00+0.00 a 2.00+0.00 ab 60.75+0.12 ij

Data are expressed as the mean of the determinations + S.D. Means followed by the same letter within a column are not significantly

different (p<0.05).

Table 6 - Effect of in vitro salinity stress on shootlets’ height, number of leaves, number of roots and plant water content of 3 potato
accessions (TA1: Tal Amaral, TA2: Tal Amara2 and TA3: Tal Amara3) at normal laboratory temperature (22+2°C)

22°C
Accession Concentration of Shootlets height Number of Number of
NaCl (mM) (cm) leaves roots PWC%

TAl c1 40 2.50+0.14 abcd 9.50+0.70 abc 6.00+0.00 abc 88.67+0.30 ab

c2 60 2.0040.14 cde 4.50+2.12 abcde 2.5042.12 cde 87.06+1.50 ab
TA2 c1 40 3.45+0.35a 11.50+2.12 a 7.00+£1.41 ab 89.85+0.20 a

c2 60 3.240.07 cde 8.5043.53 abcd 4.5040.70 abcd 88.53+0.18 ab
TA3 C1 40 3.40+0.28 ab 9.00+0.00 abc 6.00£1.41 abc 88.82+2.26 ab

c2 60 2.70+0.00 abc 8.50+3.53 abcd 3.50+0.00 bcde 88.28+0.73 ab

Data are expressed as the mean of the determinations + S.D. Means followed by the same letter within a column are not significantly

different (p<0.05).
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height, and the number of leaves and roots at both
NaCl concentrations (C1 and C2)(Table 6).

Specifically, with the increase in NacCl
concentration a reduction was experienced in
growth, where at C2, TA2 achieved the highest %PWC
at approximately 88.53%, surpassing TA3 (88.28%)
and TA1 (87.06%), shootlets height of 3.2 cm with an
average number of 8.5 leaves and 4.5 roots.

As the temperature dropped to 4°C, TA2 and TA3
showed a stabilized effect to the increase in NaCl
concentrations (Table 7). Notably, TA2 continued to
have the maximum numbers of leaves and roots as
well as the highest shootlets height of 2.03 cm at C2.

On the other hand, TA1 reported the greatest
PWC% at C2 (87.80%), followed by TA2 (87.05%) and
TA3 (85.07%), the highest shootlets height (1.6 cm),
number of leaves (5) and roots (3), when subjected
to a temperature of 38°C (Table 8).

The exposure to salinity stress resulted in
reductions in shootlets height, the number of leaves
and roots, and the percentage of plant water content

(% PWC). These reductions could be correlated to the
modifications induced in terms of balance, water
status, mineral nutrition as well as efficiency of
photosynthesis (Abdelsalam et al., 2021). These
findings also align with prior research, indicating that
Spunta exhibited growth variations with the
escalating NaCl concentrations (40 to 80 to 120 mM),
and the growth of various potato cultivars was
affected, showing a decrease in both shoot and root
length (Khenifi et al., 2011). Notably, TA2
demonstrated resilience to salinity stress at both
NaCl concentrations at 22°C. Under low-temperature
conditions, TA3 exhibited the highest water content
preservation at the elevated salt concentration, while
TA2 displayed notable tolerance in terms of
shootlets’ height and the number of leaves and roots
compared to other accessions. Nevertheless, at
higher temperature and salt concentrations, TA1
maintained the water content whereas TA2 displayed
highest values in leaves, roots, and height. These
results demonstrate the tolerance displayed by TA2

Table 7 - Effect of in vitro salinity stress on shootlets’ height, number of leaves, number of roots and plant water content of 3 potato
accessions (TA1: Tal Amaral, TA2: Tal Amara2 and TA3: Tal Amara3) at low temperature (4+2°C)

4°C
Accession Concentration of Shootlets height Number of Number of
NaCl (mM) (cm) leaves roots PWC%

TAl C1 40 1.60£0.14 de 1.00+0.00 e 0.00+0.00 e 90.92+0.16 a

C2 60 1.50£0.14 de 1.00+0.00 e 0.00+0.00 e 87.94+0.51 ab
TA2 C1 40 2.35+0.21 cd 2.5040.70 cde 2.00£0.00 cde 89.30+0.85 ab

C2 60 2.03+0.05 cde 2.0040.00 cde 1.33+1.15 de 88.53+1.48 ab
TA3 C1 40 1.55+0.07 de 1.50+0.70 de 1.50+0.70 de 89.09+0.36 ab

Cc2 60 1.50£0.49 de 1.331£0.70 de 1.00+0.70 e 88.59+0.24 ab

Data are expressed as the mean of the determinations + S.D. Means followed by the same letter within a column are not significantly

different (p<0.05).

Table 8 - Effect of in vitro salinity stress on shootlets height, number of leaves, number of roots and plant water content 3 potato
accessions (TA1: Tal Amaral, TA2: Tal Amara2 and TA3: Tal Amara3) at high temperature (38+2°C)

38°C
Accession Concentration of Shootlets height Number of Number of
NaCl mM (cm) leaves roots PWC%

TAl C1 40 2.4540.35 bcd 7.50+0.70 abcde 3.50+0.70 bcde 88.75+1.46 ab

Cc2 60 1.30+0.07 e 3.00+0.70 cde 2.00+0.00 cde 87.80+0.35 ab
TA2 C1 40 2.20+0.00 cde 7.50+0.70 abcde 2.00+0.00 cde 89.01+0.51 ab

Cc2 60 1.60+0.14 de 5.00£0.00 abcde 3.00£1.41 bcde 87.05+1.82 ab
TA3 c1 40 1.65+0.07 de 1.50+0.70 de 2.0041.41 cde 86.48+2.03 ab

Cc2 60 1.35+0.63 e 3.5040.70 bcde 2.00+0.00 cde 85.07+1.80 b

Data are expressed as the mean of the determinations + S.D. Means followed by the same letter within a column are not significantly

different (p<0.05).
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when subjected to single salinity stress or
combination of salinity-heat stresses.

4, Conclusions

In conclusion, medium devoid of hormones (MSO0)
was an optimal medium for initiation of potato. MS1
demonstrated efficacy in achieving substantial
multiplication rates. Importantly, TA1 showed the
best tolerance to high and low temperature
treatments. TA2 exhibited tolerance to low drought
stress (low concentration of mannitol), while the
results of TA1 and TA3 indicated more stability in
their tolerance at different concentrations of
mannitol. TA2 also showed remarkable resilience
under salinity and combined salinity-temperature
stresses followed by TA3. These results highlight that
TA1 accession is more relevant during temperature
stress with no humidity stress, while during low
drought stress TA2 performs the best and TA3 and
TA1 show constant response when subjected to
increasing drought stress. Moreover, TA2 is well
suited in conditions of salinity and temperature
stresses. This study emphasizes the importance of
selecting resilient potato accessions to govern
sustainable seed production, focusing on the
interrelations that exist between abiotic stresses and
the growth factors of potato, and underscores the
importance of ongoing research to integrate
laboratory findings with practical field assessments.
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Abstract: Vanda tessellata (Roxb.) Hook. ex G. Don is an epiphytically
grown orchid well-known for its excellent floral value and therapeutic
qualities. The present investigation deals with a study of asymbiotic seed
germination and large-scale in vitro plant generation of Vanda tessellata
by using three different basal media (MS, KC, and VW) and two
supplements, charcoal and banana. Of these three media used for seed
germination, MS (Murashige and Skoog) gave the best response,
followed by KC (Knudson C) and VW (Vacin and Went). MS medium took
less time to germinate seeds and maximum protocorm formation was
also observed. MS medium with banana powder (15,000 mg/l) showed
the best result for developing seedlings from protocorm and maximum
growth of leaves and roots of the seedlings. Propagation through
secondary protocorm formation was highest in MS media with charcoal
(1000 mg/g). In vitro-grown plants were successfully acclimatized with an
89.4% survival rate. According to a random amplified polymorphic DNA
(RAPD) analysis, the in vitro generated plants were clone copies of their
parent plant and did not exhibit variations. These findings validated the
most trustworthy techniques, which can also be applied for to large-scale
medicinal Vanda tessellata plant production at the commercial level.

1. Introduction

Orchids are a unique group of flowering plants belonging to the family
Orchidaceae. Orchids are popularly known for their beautiful, attractive
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flower, long shelf life, and high purchase prices.
Among monocotyledons, the Orchidaceae is a highly
evolved family comprising nearly 850 genera
(Stewart and Griffith, 1995; Singh et al., 2007;
Gutierrez, 2010; Madhavi and Shankar, 2019). It has
been reported that 28,237 species are distributed in
the tropical forests of India, South Asia, Sri Lanka,
South and Central America, and Mexico (Willis,
2017). In India, 155 recognized genera with 1256
orchid species are found in different habitats (Singh
et al., 2019). According to available records, 466 taxa
of orchids are found In West Bengal (Mitra, 2021).
There are 12 orchid genera recorded in the Purulia
district (Paramanik et al., 2020).

Vanda tessellata (Roxb.) Hook. ex G.Don is a
medicinally important epiphytic orchid of the family
Orchidaceae. The pollination mechanism of orchids is
highly specialized and seeds are small, thin, and non-
endospermic. It is reported that approximately 1,300
to 4 million seeds are present per capsule (Pierik,
1987). Due to the lack of endosperm, a symbiotic
association with mycorrhizal fungi is required to
provide nutrients to embryos that are required for
the seed germination of orchids in their natural
habitat (Paramanik et al., 2021). The epiphytic
orchid’s 30- 60 cm-tall stem is furnished with thickly
coriaceous, recurved, plicate, and obtuse-keeled
leaves. Flowers are greenish-yellow, with brown
specks on the lip’s middle lobe (Chauhan, 1999). The
petals are shorter than the sepals, yellow with brown
lines and white borders. The lip measures 16 mm in
length and is bluish with purple specks. Capsules are
with acute ribs that are 7.5-9.0 cm long and narrowly
clavate-oblong (Fig. 1).

Fig. 1 - Morphological image of Vanda tessellata. (A) Plant with
flower spike, (B) Mature capsule, (C) Light microscopic
image of seeds (10x), (D) Stereo microscope image of
seeds, (E) Scanning Electron Microscopy image of seed
(400x).
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In traditional medicine, V. tessellata has been
commonly used to treat a variety of ailments,
including fever, rheumatism, dysentery, and
dyspepsia. The juice of the leaves is applied topically
to treat otitis media. The root is used as a bronchitis
cure and as an antidote to scorpion stings (Chauhan,
1999).

The value of orchids as a commodity has grown
daily. Due to demands from massive collections in
the past, the habitat of this medicinally significant
orchid is being destroyed, which has caused the
species to become rare and limited to minimal areas
within its native habitats (Kaur and Bhutani, 2009). In
nature, orchids have been propagated vegetatively to
solve this problem, but it is a prolonged process.
Therefore, plant tissue culture and micropropagation
can be extremely effective in preventing the
extinction of this orchid and increasing its population
(Wochok, 1981). As a result, orchids must depend on
external sources of nutrients for germination and
large-scale production. The asymbiotic seed
germination culture method, which was first
commenced by Knudson (1946), is commonly used
for seed germination of orchids. Another method for
micropropagating orchids is to employ aseptically
produced seedlings (Bhadra, 1999).

Molecular markers are crucial for determining the
genetic diversity, variation, and resemblance of
various plants and their population structure. Genetic
variation is responsible for various factors related to
in vitro culture settings (Pradhan et al., 2023). During
in vitro culture, sometimes somaclonal variation
changes the genetic composition of the regenerants
(Rawat et al., 2013). Several molecular markers have
been used to evaluate the genetic fidelity of clones
generated in vitro. One effective and affordable
method for identifying plant genetic variability is
random amplified polymorphic DNA (RAPD)(Hussain
et al., 2008).

This study aimed to develop an efficient nutrient
medium for asymbiotic seed germination and large-
scale in vitro plant generation of V. tessellata (Roxb.)
Hook. ex G.Don. and also assess the genetic fidelity
of in vitro regenerants with mother plants through
RAPD analysis.

2. Materials and Methods

Establishment of culture
Seeds from 7-month-old, undehisced green pods
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were used to establish cultures. Undehisced green
pods of V. tessellata (Roxb.) Hook. ex G. Don were
collected from the trunks of different trees in the
Ajodhya hills of Purulia district, West Bengal.

The freshly harvested capsules were first given a
five to ten-minute rinse under running tap water.
After that, pods were rinsed in 90% ethanol for 20-30
seconds, treated with 0.1% (w/v) mercuric chloride
solution for 10 minutes, and then the surface
sterilization procedure was completed by washing
the material three times in sterile distilled water.
After excising the sterilized pods lengthwise, the
seeds were scooped out and put in a conical flask
with 100 ml of autoclaved distilled water. The
mixture was then slowly shaken for five minutes.
Culture tubes (25 x 150 mm) with 10 ml of nutrient
media were inoculated with 100 ul of the seed
suspension. Conical flasks (250 ml, 500 ml) and
culture bottles (500 ml) contained 50 to 100 ml of
nutrient media were used for plantlet development.

Three basal media, KC (Knudson, 1946), MS
(Murashige and Skoog, 1962), and VW (Vacin and
Went, 1949), hormone-free, were used for
asymbiotic seed germination. Sucrose (3% w/v) was
used as the carbon source. The pH of the medium
was adjusted to 5.6 before autoclaving. After adding
0.8% (w/v) agar to solidify the media, the media were
autoclaved at 125°C (15 psi) for 20 min. The cultures
were kept at 24+2°C with a 10-hour photoperiod
supplied by 3000-lux white fluorescent Philips lights.

Multiplication and rooting

MS media containing different concentrations of
banana powder (15000 mg/l, 30000 mg/l, 60000
mg/l) and activated charcoal (1000 mg/I, 2000 mg/|,
3000 mg/l) added to the medium singly, were used
to obtained well-developed seedlings from healthy
protocorms. A combination of banana and charcoal
in three different concentrations was also used in MS
medium for plantlet development. Rooting occurs in
the same medium. The cultures were kept at 24+2°C
with a 10-hour photoperiod supplied by 3000-lux
white fluorescent Philips lights.

Acclimatization of seedlings

Only seedlings with fully grown roots were chosen
for the acclimatization phase. The nutrient medium
was then completely removed from the entire
seedlings by giving them a thorough water wash. The
rooted seedlings were transferred to containers filled
with potting mix containing small charcoal pieces,

coconut husk, sphagnum moss, broken breaks, and
dead tree bark (mango). Subsequently, they were
kept in the growth chamber to maintain humidity
(80%) and temperature (24+2°C) for a few weeks.
After that, the plantlets were moved to a moist,
shady place in the departmental garden, and water
was applied to the plants twice a day.

RAPD fingerprinting analysis

The genetic stability of wild and in vitro
propagated plantlets was assessed in the current
study through the RAPD fingerprinting technique.
Genomic DNA was isolated from the leaf tissue of
both the control mother plant and five consecutive
generations of in-vitro-grown plants. Leaf tissue was
subjected to whole genomic DNA extraction following
the supplied protocol of the DNA extraction kit
(DNeasy® Plant Mini Kit-Qiagen, part no. 69104). The
quality and quantity of the DNA samples were
determined by recording the ratio of absorbance at
A260/A280 in a UV-VIS spectrophotometer (UV-1800
SHIMADZU). The integrity of the genomic DNA was
confirmed by electrophoresis on a 0.8% agarose gel.
PCR amplification was done in 25 pl reaction volume
containing 50 ng of genomic DNA, 8 uM primer
(RAPD), molecular biology grade water, and 12.5 pl
Hi-Chrome PCR Master Mix containing Tag DNA
polymerase, dNTPs, MgCl..

A total of 10 primers from the OPA and OPB series
(Integrated DNA Technologies) were used for PCR.
Amplification was executed in DNA Thermal Cycler
(Eppendorf Mastercycler Nexus X2 Thermal Cyclers).
The initial denaturation temperature for the PCR was
94°C, which was succeeded by 35 denaturation cycles
for 45 s at 94°C, annealing for 45 s at 27-38°C, and
extension at 72°C for 30 s. Following the last cycle, a
final extension step was included, lasting 7 minutes
at 72°C. The amplified products were electro-
phoresed in a horizontal gel apparatus (Power
PackTM Basic, Bio-Rad) with a “100 bp” DNA ladder
(BioLitTM ProxiB) used to visualize and take pictures
of the gels. Finally, the Gel Documentation system
(Gel DocTM XR+, Bio-Rad, USA) was used to examine
and evaluate the stained (0.5 pg/l) gel with ethidium
bromide. To verify the reproducibility of each PCR, it
was performed three times.

Data collection and statistical analysis

All parameters (germination percentage,
protocorm formation percentage, survival, leaf
formation, root formation, callus formation,
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secondary protocorm formation percentage) were
evaluated and analyzed using SPSS and expressed as
mean * standard error (SE). Three replicate cultures
were set up for each treatment. One-way analysis of
variance (ANOVA) was used to identify significant
differences in data of all treatments, and Duncan’s
multiple range test (p=0.05) was performed to
separate the means.

3. Results and Discussion

Asymbiotic seed germination

The shape and colour change of the seed was
used to observe the response to seed germination.
Most of the seeds were embryonated, and the testa
of the seed was ruptured to form a swollen globular
structure (Fig. 2 A). The beginning of seed
germination and the development of protocorm on
three basal media following, MS, KnC, and VW media
were periodically recorded from the first inoculation
day (Table 1). Among the three basal media, the
highest percentage of germination (83.50+0.31%)
was recorded in the MS medium in shorter time (45
days). Second-stage protocorm with a slightly
elongated apical region was also (70.00+0.06)
observed in MS medium after 20 days. In the other
media assessed the germination occurred beyond
100 days with lower germination and protocorm
formation percentages (Table 1).

Seedling development: multiplication and rooting
Healthy protocorms were transferred to MS
media supplemented with charcoal or banana
powder. The highest percentage of leaf formation
(82.40+2.74) and healthy root formation (83.50+
2.00) were found in MS medium-containing banana
powder (15000 mg/l). Leaf formation and root
formation both were observed in the same medium
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Fig. 2 - Asymbiotic seed germination and seedling development
of Vanda tessellata. (A-B) Early globular stage, (C)
Protocorm showing initiation of leaf primordia, (D-E)
Protocorm with distinct leaf and developed seedling with
leaf and root, (F) Multiple protocorms with many leaf pri-
mordia, (G) Axillary shoot formation from multiple proto-
corms (H) Leaf formation from secondary protocorm in
MS with charcoal (1000 mg/l), (I-J) Close view of leaf pri-
mordia from secondary protocorm, (K) Protocorm with
callus, (L-O) Sequential stage of seedling growth after
subculture on medium containing MS with 15000 mg/I
banana powder, (P-Q) Stepwise acclimatization.

composition. A little callus development in this
medium was also noticed (Fig. 2 K). Secondary
protocorms originated from protocorms, were
observed and the highest percentage was formed in
MS with charcoal (2000 mg/l) (Fig. 2 | and J). A
combination of banana and charcoal at different
concentrations showed no significant result (Table 2).
Only a combination with low concentration

Table 1 - Effect of different media on the seed germination of V. tessellate

Time duration required for

. L Germination Protocorm formation
Media germination o o
(days) (%) (%)
Murashige and Skoog (MS) 46 83.50+0.31 ¢ 70.00+0.06 c
Knudson C (KnC) 103 28.0040.05 b 35.00+0.08 b
Vacin and Went (VW) 190 10.00+0.14 a 2.00+0.14 a

The mean of three replicates + SE (standard error) is displayed in each column. Mean values followed by the same letter do not differ

significantly at the 0.05 level (DMRT).
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Table 2 - Effect of charcoal and banana and their combination on the morphogenetic responses and growth of V. tessellata seedlings

after 3 months of in vitro culture

Secondary protocorm

Treatments Survival Leaf formation Root formation Callus formation formation
(%) (%) (%) (%)
(%)

MS 64.3312.14 e 37.0810.93 e 30.30+£1.38 b 18.97+1.36 ¢ 10.71+0.82 ¢
MSC1 63.50£1.79 e 26.70+1.13 d 0.00+0.00 a 0.00+0.00 a 35.50+1.75 e
MSC2 42.00+1.32d 18.704+0.66 b 0.00+0.00 a 0.00+0.00 a 23.50+1.80d
MSC3 12.20+£1.43 b 10.20+£0.70 b 0.00+0.00 a 0.00+0.00 a 0.00£0.00 a
MSB1 99.50+0.28 f 82.40+2.74 g 83.50+2.00d 11.40+0.77 b 5.904+0.94 b
MSB2 42.50+2.34d 42.50+1.89 f 40.20+1.74 ¢ 0.00£0.00 a 0.00£0.00 a
MSB3 0.00£0.00 a 0.00£0.00 a 0.00£0.00 a 0.00£0.00 a 0.00£0.00 a
MSC1B1 24.40+1.13 ¢ 24.40+1.92 d 0.00+0.00 a 0.00+0.00 a 0.00+0.00 a
MSC2B2 0.00+0.00 a 0.00+0.00 a 0.00+0.00 a 0.00+0.00 a 0.00+0.00 a
MSC3B3 0.00£0.00 a 0.00£0.00 a 0.00£0.00 a 0.00£0.00 a 0.00£0.00 a

The mean of three replicates + SE (standard error) is displayed in each column. Mean values followed by the same letter do not differ
significantly at the 0.05 level (DMRT). C1= Charcoal 1000 mg/|, C2= Charcoal 2000 mg/|, C3= Charcoal 3000 mg/|, B1= Banana 15000 mg/I,

B2= Banana 30000 mg/|, B3= Banana 60000 mg/I.

(MSC1B1) showed a slight survival response
(24.4041.13) along with leaf formation as compared
to the other two combinations (Table 2). Previously,
Aktar et al. (2008) and Islam et al. (2015) reported
that banana homogenate (BH) had beneficial and
boosting effects on the regeneration of new PLBs and
a healthy shoot system established from PLBs in
Dendrobium orchids. Mature bananas are fairly rich
in vitamin B6 or pyridoxine. However, they have
comparatively high concentrations of vitamins A
(carotene), C (ascorbic acid), and B-complex (niacin,
thiamine, and riboflavin)(Qamar and Shaikh, 2018).
Minerals including sodium (Na), iron (Fe), copper
(Cu), phosphorus (P), manganese (Mn), zinc (Zn),
copper (Fe), and especially potassium (K) can also be
found in bananas (Sarma et al., 2021).

Potassium can help to provide resistance to
drought, helping orchids to transport water from the
roots to the apices, and preventing the orchids from
wilting (Xu et al., 2021). According to Minea et al.
(2004), 10% banana homogenate increased the size
of the leaves on Spathoglottis kimballiana Hook. f. In
Dendrobium nobile Lindl. cultures, banana
homogenate considerably boosted the formation of
leaves (Sudeep et al., 1997). Activated Charcoal (AC)
can be used in media to reduce phenolic browning.
Browning of explant of several plant species has been
controlled using the AC (Meziani et al., 2016; Mittal
et al., 2016; Rani and Dantu, 2016; Magrini and
Devitis, 2017; Irshad et al., 2018). Kim et al. (2019)
reported that MS medium supplemented with AC

had prevented browning in seedling development of
Pecteilis radiata. The adsorptive qualities of AC are
principally noted for both its beneficial and
detrimental effects. By adsorbing phenolic molecules
and inactivating peroxidase and polyphenol oxidase,
the AC stopped browning (Pan and van Staden,
1998), but large concentrations of AC can absorb the
PGRs and mineral nutrients in the culture medium,
reducing the frequency of seedling conversion. All
plants lost their viability after subculturing on the
media containing MSB3, MSC2B2, and MSC3B3
(Table 2). Indeed, high concentrations of AC and
banana powder drastically affected the survival.

Acclimatization

A vital stage in the micropropagation process is
acclimatization. Plantlets (about 5-6 cm) were moved
to pots containing charcoal, coconut husk, brick,
mango bark, and sphagnum moss in a 2:2:2:1:1 ratio.
With a 92% survival rate, the in vitro-raised seedlings
were acclimated in a plant growth chamber in the
laboratory for 2 months. After that, an 89.4% survival
rate with more or less similar healthy plants was
observed after 10 months of transfer in the poly-
house.

Genetic fidelity and assessment of in vivo and in vitro
plants by RAPD fingerprinting analysis

According to earlier studies, RAPD is a widely used
marker to assess the genetic fidelity of different
micropropagated plants (Kawiak and Lojkowska,
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2004; Tikendra et al., 2019). The genetic make-up of
in vivo and in vitro generated plants was compared
using ten randomly selected Random amplified
polymorphic DNA (RAPD), a dominant marker. The
leaves of the mother plant and the leaves of five
successive generations of in vitro-grown plants were
collected, and the leaf tissues were used to extract
the DNA. Seven of the ten randomly chosen
RAPD primers produced unique band patterns in the
current investigation. These are OPA-03, OPA-10,
OPA-11, OPA-15, OPA-18, OPA-19 and OPB-01 (Table
3). In vitro, regenerated plants and the mother plant
growing in the garden (the plant from which the
explants were collected) were both genetically
homogeneous, as evidenced by the lack of variance
in the banding pattern displayed by any of the
primers. The annealing temperature of the seven
primers that exhibited scorable monomorphic band
patterns is shown in a tabular format. The
temperature at which all seven primers were
annealed was 27°C. According to Pradhan et al.
(2023), RAPD is the successful marker to assess the
genetic fidelity of in vitro grown plants with the
mother plant. The current investigation validates the
earlier reports.

Six unique monomorphic bands having a size
range of 320 bp to 900 bp were generated by OPA 03
(Fig. 3). OPA 18 yielded four unique monomorphic
bands having a size range of 450 bp to 1000 bp. Two
distinct monomorphic bands were produced from
OPA 10, and the size range of the bands was from

800 to 920 bp (Fig. 3). The fact that all of the bands
were monomorphic demonstrated the genetic
stability of in vitro regenerants and the similarity of
the genetic makeup of the micropropagated plants to
the mother plant, which was the actual objective of
the current investigation.

BEMT1T 2737475

=M 1 2 3 4 5
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OPA-03 OPA-10 OPA-18

Fig. 3 - Gel electrophoresis of RAPD fragments of Vanda tessella-
ta obtained with primer OPA-03, OPA-10, and OPA-18.
Lane L 100 bp DNA ladder; lane M mother plant, lanes 1-
5 are in vitro regenerated plants of five successive gener-
ations.

4. Conclusions

The present research reports a successful nutrient
culture medium for asymbiotic seed germination of
V. tessellata. An efficient, cost-effective nutrient

Table 3 - Effects of sowing date and mulching on marketable root yield (MRY), unmarketable root yield (URY), and weed density (WD)

Primer Sequence (5'-3') '(I;rg) Total bands
OPA-03 AGTCAGCCAC 27 6
OPA-10 GTGATCGCAG 27 2
OPA-11 CAATCGCCGT 27 1
OPA-12 TCGGCGATAG 27 0
OPA-15 TTCCGAACCC 27 2
OPA-18 AGGTGACCGT 27 4
OPA-19 CAAACGTCGG 27 2
OPA-20 GTTGCGATCC 27 0
OPB-01 GTTTCGCTCC 27 2
OPB-12 CCTTGACGCA 27 0
Total 18

Mean values within rows and columns followed by a different letter(s) are significantly different at a 5% probability level.

CV = coefficient of variation. LSD = least significant difference.
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media for large-scale in vitro plant generation was
also achieved by using banana powder
supplementation. From the above findings, it may be
concluded that MS medium with banana powder is
the best medium for overall seedling growth and
multiple protocorm formation of V. tessellata.
Through RAPD analysis, it has been successfully
proved that all regenerants were genetically similar
to the parent plant. The media reported in the
current study does not include the use of plant
growth regulators (PGRs) for plant development and
multiplication, this condition minimizes the
possibility of occurrence of genetic alterations. This
study would help the pharmaceutical and floriculture
industry and conserve wild populations of orchids in
the near future.
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Abstract: Evaluating the genotypes of vegetables is a critical component in
establishing effective plant breeding programs. In this study, nine
genotypes of Yemeni Capsicum spp. were collected from various regions in
Yemen to assess their germination capabilities under different salinity
levels (0, 50, 100, 150, 200, and 250 mM). The experiment was conducted
using a factorial completely randomized design (CRD) with three replicates.
Results indicated that increasing salinity levels led to a gradual decline in
germination percentage (GRP), mean germination rate (MGR), germination
time (MGT), and seedling dry matter (DM%). Additionally, variations in the
genotypes’ responses to salt stress were evaluated using four models: the
slope of the regression line (b), the integrated evaluation approach (DV),
Principal components, and the genotypes’ salinity susceptibility index
(GSSI). All the classified of genotypes was different by analysis models.
Based on the integrated value (DV), the genotypes were classified into four
sensitivity categories: resistant (A, D, and G), moderately resistant (F and
V2), sensitive (S and Z), and highly sensitive (H and V3) to salinity stress.
The findings demonstrate that the slope of the regression line is a reliable
indicator for assessing genotype sensitivity to salinity, aligning consistently
with the integrated value model (DV). The insights gained from this
research are expected to significantly inform breeding strategies aimed at
developing salt-tolerant chilli pepper cultivars, which are essential for
successful cultivation in challenging environmental conditions.

1. Introduction

Hot peppers (Capsicum spp.) are an important vegetable crop
cultivated globally in warm and temperate regions for various purposes
(Comparini et al., 2021).They are highly valued for their nutritional
content, particularly their vitamin C and capsaicin levels, which provide
notable health benefits (Taiti et al., 2024) and antimicrobial activity (Serio
et al., 2024). This adaptable crop can be consumed fresh, as a spice, or in
dried form (Taiti et al., 2015; Arraf and Al-Madhagi, 2025). Over the past
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50 years, global production has steadily increased
(FAO, 2022). In 2022, Yemen contributed
approximately 18,22 tons of hot peppers, cultivated
on 3,24 hectares, representing roughly 2.3% of global
production (FAO, 2022). Globally, hot peppers were
grown on an estimated 689,33 hectares, yielding a
remarkable 788,032.04 tons (FAO, 2022).

Salinity poses a significant challenge to agriculture
in arid and semi-arid regions due to the accumulation
of dissolved salts caused by soil processes, irrigation
practices, drainage patterns, and overuse of fertilizers
(Khondoker et al., 2023). Urban expansion and
competition for water resources further exacerbate
the issue (Suarez, 2001; Sahbeni et al., 2023).

Yemen features a range of climates, including
semi-humid, semi-arid, and arid tropical types (Alhadi
et al., 2023).

Yemen’s extensive coastal region, characterized
by a warm climate conducive to pepper cultivation,
particularly during the autumn and winter seasons,
faces significant challenges related to excessive
salinity. An estimated 37,100 hectares of non-desert
agricultural land are affected by salinity, while an
additional 12 million hectares experience erosion.
Furthermore, 3.8 million hectares suffer from varying
degrees of salinity, with 3-5% of the land at risk of
desertification (USAID, 2010; Gregory et al., 2018).

Yemen is home to numerous chilli genotypes
(Colonna et al., 2019), distributed across regions with
diverse climates, altitudes, and soil properties
(Aldobai and Al-shabi, 2010). Salinity significantly
impairs plant growth through mechanisms such as
cell membrane destabilization (Hasegawa et al.,
2000; Mushtaq et al., 2020), disruption of
photosynthesis (Momenpour and Imani, 2018; Zhou
et al., 2023), nutrient imbalances (Munns, 1993), and
cellular damage (Hasanuzzaman et al., 2021; Ahmad
etal., 2022).

Salt tolerance varies across species, genotypes,
and cultivars (Khoshsokhan et al., 2012), driven by
mechanisms such as ion partitioning and proline
synthesis (Hasegawa et al., 2000; Farooqi et al.,
2021). These adaptations, along with oxidative stress
management and regulated growth responses (Binzel
et al., 1985; Long et al., 1994; Maggio et al., 2007,
Hasanuzzaman et al., 2021), mitigate stress effects
but often reduce overall yield, resulting in smaller
plants (Greenway and Munns, 1980; Naeem et al.,
2020). Furthermore, the response to salt stress is
contingent on the growth stage, with certain studies
indicating variations in tolerance across different

372

developmental phases (Mangal et al., 2023; Rosca et
al., 2023). Notably, vegetable plants, particularly
during early life stages, exhibit heightened sensitivity
to salt stress, especially during germination and
seedling growth (Miceli et al., 2021).

Research on salt stress tolerance in various crops,
including pepper (Qiu et al., 2017) and fenugreek (Al-
Magtary et al., 2024), often focuses on specific salt
concentrations and exposure durations. Plant
responses to salt stress also vary based on climatic
conditions and soil characteristics (Lauchli and
Epstein, 1990; Munns and Gilliham, 2015). Elevated
salinity levels impede seed germination by reducing
water absorption due to osmotic stress, followed by
ionic stress. Increased salt concentrations in the
germination medium negatively affect seed embryo
vitality by disrupted ion transport (Zowain, 2014). An
negative correlation exists between salinity and
germination in various vegetable plants, including
cucumbers (Bolton and Simon, 2019), sweet peppers
(Chartzoulakis and Klapaki, 2000; Hannachi and Van
Labeke, 2018; Karalija et al., 2024), and tomatoes
(Singh et al., 2012). For example, chilli pepper and
tomato seeds failed to germinate at 200 mM NaCl
(Loganayaki et al., 2020).

Increased salinity prolongs germination time and
lowers germination rates (Al-swedi et al., 2020; Dawd
and Abdulla, 2020). However, Aktas et al. (2006)
observed genetic variability in salt accumulation and
leaf damage in peppers exposed to 150 mM NacCl for
10 days, indicating potential yield discrepancies.
Different vegetable genotypes exhibit varying levels
of resistance to salt stress, as demonstrated in
studies of 26 tomato genotypes (Devi and
Arumugam, 2019), 17 chilli pepper genotypes
(Howlader et al., 2018), and 13 Cucurbita genotypes
(Horuz et al., 2022).

The degree of genotype tolerance to salinity
depends on inherent resistance mechanisms,
including metabolic responses activated during salt
stress (Horuz et al., 2022). Chilli peppers are
classified as either sensitive (Lycoskoufis et al., 2005;
Giorio et al., 2020; Ntanasi et al., 2024) or
moderately salt-tolerant (Maas and Hoffman, 1977;
Chartzoulakis and Klapaki, 2000; Zamljen et al.,
2022). Among the vegetable plants tested by
Loganayaki et al. (2020), chilli exhibits greater salinity
sensitivity compared to tomatoes and cucumbers.
Salinity and alkalinity, as critical abiotic stresses,
significantly reduce the growth and productivity of
pepper plants (Chartzoulakis and Klapaki, 2000;



Demir and Mavi, 2008; Amirinejad et al., 2017).

Ongoing research efforts by institutes and
universities aim to develop agricultural techniques to
mitigate the adverse effects of salinity on vegetable
crop production. These efforts include breeding salt-
tolerant plants (Zhu et al., 2000; Singla-Pareek et al.,
2003; Yang et al., 2005), employing grafting techniques
on vegetables (Santa-Cruz et al., 2002; Edelstein et al.,
2005; Estan et al., 2005) or fruit (Momenpour and
Imani, 2018), utilizing growth regulators (Sakamoto
and Murata, 2001; Abraham et al., 2003; Hamdia et al.,
2004; Amirinejad et al., 2017), and managing soil
salinity through excessive irrigation (Semiz et al., 2014,
Sahbeni et al., 2023; Tarolli et al., 2024).

Exploring genetic diversity and understanding the
physiological traits of various vegetable genotypes
will provide a foundation for future research,
including selective breeding and grafting. Therefore,
the aim of this study is to evaluate the salinity
sensitivity stress of Yemeni chilli genotypes. This
research could significantly inform breeding
strategies for chilli by examining local genotypes
based on significant physiological traits.

2. Materials and Methods

Chilli seed collection

Chilli pepper seeds from local genotypes were
collected from various regions in Yemen (Fig. 1, Table
1). Additionally, the F1 Shamakh pepper cultivar,
designated as the F code, was included in the study.

Table 1 - Name and origin of nine chili genotypes used in the study

Al-Madhagi and Arraf - Salinity tolerance in chilli genotypes
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Fig. 1- The map of Yemen shows the geographic origin of the
chili pepper genotypes used in this experiment. The
sample names reflect the geographic origin of the sam-
ples.

This cultivar, commonly grown in Yemen, was
supplied by Agro Star Company, the exclusive agent
in Yemen for United Genetics Company (USA) (Fig. 2).

Experimental layout

The study was carried out in the horticultural
laboratory using a factorial experimental design
based on a completely randomized design (CRD). The
experiment included three replicates, with each
replicate comprising 10 seeds. Seeds from different
genotypes were collected and stored in specially
labeled glass containers for future experimental use.

Research Species Common name Area of d‘istribution No. fruit per Fruit attitude Spiciness
code (latitude) node
A C. annuum Abyani Abyan (13° 02' 60.00" N) * 1 hanging sweet
lahij (13° 02' 60.00" N)
z C. frutescens Zaaitri Hudaidah (14° 12'00' N)* 1 upright hot
Taiz (13° 33' 59.99")
Ibb (13°58' 0.01" N)
H C. frutescens Haimi Sana'a (15.36 N, 44.191006 2 upright hot
D C. annuum Dhamari Dhamar (15° 39' 59.99" N)* 1 hanging hot
Ibb (13°58' 0.01" N)
V2 C. chinense Jawfi 2 Al-jawf ( 16° 46' 59.99" N)* 2 Semi upright hot
V3 C. chinense Jawfi 3 Al-jawf ( 16° 46' 59.99" N)* 2 hanging hot
C. annuum Hajjai Hajjai (15° 41' 59.99" N)* 1 hanging hot
S C. frutescens Sa'ddi Sa'dah (16° 56' 5.39" N)* 1 hanging hot
C. annuum Shamakh 1 hanging

* Main regions where Yemeni chili genotypes were gathered for the research.
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Fig. 2 - Local chilli pepper genotypes utilised in this experiment.
The attitude of the peduncle explains the fruit
behaviours, with the down peduncle denoted as V2, H,
and Z, indicating fruit with upright habits. The length and
width of the fruit for different genotypes are shown in
cm. The other differences between the fruit of genotypes
of chili are clear from colour, size, direction, shape, neck
at base of fruit, shape at blossom end, appendage and
pedicel with fruit.

Seed sterilization was performed using a solution
containing 10% sodium hypochlorite (NaClO), 90%
distilled water, and a drop of Tween 20. This process
lasted for five minutes. Post-sterilization, the seeds
were subjected to a thorough rinsing regime,
involving multiple washes with running water,
subsequent rinses with distilled water, and finally, a

milliliters of a sodium chloride (NaCl) solution with
different concentrations rate: 0, 50, 100, 200, and
250 mM, were dispensed onto filter paper within
Petri dishes. For control treatments, 3 milliliters of
distilled water were added to Petri dishes designated
for the control group, which did not receive any
salinity treatment.

Parameters of study

Data on the seed germination process were
carefully recorded daily over a 21-day period,
beginning from the start of the experiment.
Furthermore, photographic evidence was collected
daily for every treatment and replication under
examination. The calculated metrics of the
germination data is detailed in Table 2.

In the germination equations: N, the total number
of seeds in each experimental unit; n, the number of
seeds germinated in the it" time; k, the last day of
germination evaluation; t,, the period from the
commencement of the experiment to the j t
observation; G, the number of seeds germinated in
the i ™ time; and X, the number of days from sowing;
SDG denotes the germination standard deviation.

Salinity sensitivity index

The salinity sensitivity index (SSI) values for the
each single parameter were calculated separately as
(Horuz et al., 2022):

drying phase. ) g = __ Salinity level - control 100 (7)
To commence the experimental protocol, 3 - Control X
Table 2 - The various metrics used to calculate the process of seed germination in the experiment
No. Measurements Unit Equation References
i
1  Germination Percentage (GrP) % GrP = (Z“Tn> x 100 1 (Kader, 2005)
L _ K nig
2 Mean Germination Time (MGT) day MGT = TE 2 (Ranal and Santana, 2006)
i=1""
1
3 Mean Germination Rate (MGR) day* MGR =—— 3 (Ranal, 1999)
k
4 Germination speed coefficient (GSC) % GSC = (ZE‘:—;()’() x 100 4 (Ranal, 1999)
i=1 i1
5  Coefficient of Velocity of Germination (CVG) % CcVG = (SD_(’) %100 5 (Ranal, 1999)
MGT
D igh
6  Dry Matter (DM) % = % X100 ¢  (Al-Madhagiand Al-Sharagi, 2019)
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Evaluation of salt tolerance by an integrated
evaluation system

The examination of salt tolerance across all
genotypes was comprehensively conducted through
the application of subordinate function and standard
deviation coefficient techniques, utilizing the Stress
Intensity (SI) metric to evaluate the effects of salt
stress on NaCl concentrations surpassing 100 mM as
described by Xie et al. (2021). The value of each
evaluation index was calculated by the following
equations:

Sl = Control - Salinity level % 100 (8)
Control

X() _X-xmin ©)
X max - Xx min

X(u)1- Xoxmin__ (10)
X max - Xx min

Xj = 1/n 3L, xij .

Vj _x—j (12)
. VjiZVjmj

W] oym i (13)
j=1")

DV = T [u()x Wi (14)

Firstly, standardization of index data was
conducted using the subordinate function as defined
in [Equations (8) and (9)]. For traits negatively
correlated with salinity tolerance (NaCl), the
dependency value was determined using the inverse
subordinate function (Equation 9). Conversely, for
traits positively correlated with salinity tolerance, the
dependency value was calculated using Equation (8).

In this context, X(u) represents the subordinate
function value of the u" indicator, X denotes the
observed indicator value, while X _ and X _indicate
the maximum and minimum values of the indicator,
respectively [Equation (10).

Xj signifies the average of the j" assessment
index, with n denoting the total number of
genotypes, and Xij referring to the j* evaluation
index of the i*" genotype [Equation (11)].

Vj represents the standard deviation coefficient of
the jth evaluation index, with Xj depicting the jth

Al-Madhagi and Arraf - Salinity tolerance in chilli genotypes

evaluation index of genotypes [Equation (12)].

Wj stands for the weighting coefficient of the j&
evaluation index [Equation (13)]. «(xj) corresponds to
the subordinate function value of the j* evaluation
index.

DV denotes the aggregated values for salt
tolerance in chilli pepper [Equation (14)]. A lower in
the DV value indicates higher salt tolerance.

Genotypes salinity susceptible index (GSSI)

The tolerance genotypes salinity sensitivity index
was calculated for germination percentage by the
formula (Afzal et al., 2022):

= 1255 g _AGS 15
GSI= (1= =)/(1 =) (15)

Where Gs: an average of certain genotypes under
salinity stress conditions, Go: an average of
genotypes under optimum conditions, AGs: an
average of all genotypes under salinity stress
conditions, and AGo: an average of all genotypes
under optimum conditions. The criterion for
determining the tolerance level to Salinity stress was
this: if the GSSI value is 0.5, then the genotype is
tolerant (T), if 0.5 <GSSI< 1.0, the genotype is
moderate (M), and if GSSI> 1.0 then the genotype is
sensitive (S) (Pasaribu et al., 2021).

Estimating genotype sensitivity to salinity using
slope of the regression line

The sensitivity of each genotype was evaluated
using the R-square values and slope coefficients
calculated for each parameter. The R-square value
serves as an indicator of the significance of a trait,
with higher values suggesting greater relevance. In
this study, the overall R-square values for each trait
were considered a measure of their importance in
assessing genotype sensitivity to salinity stress.
According to the established hypothesis, genotypes
exhibiting lower slope values in the context of sub-
salinity treatments are classified as resistant. This
implies that these genotypes maintain their
performance despite increasing salinity levels,
thereby demonstrating a higher tolerance to salinity
stress compared to those with steeper slope values.

Data analysis

The data were analyzed using the statistical
analysis program GeneStat 12, then the means of
single factors (genotypes or salinity) were compared
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using the least significant difference test (LSD_ ) (p<
0.05). The values of the means of the interactions
(genotype x salinity) were compared using a multiple
range test (p< 0.05). SAS 17 was used for correlation
analysis and the principal component, while SPSS 21
was used for regression analysis for each genotype.

3. Results

Germination percentage (GrP)

All factors examined, including salinity stress
levels, genotype, and their interaction, had highly
significant effects on the germination percentage
(GrP) of chilli genotypes (p<0.001). Among the
sources of variation, genotype explained
approximately 73% of the total variation, while
salinity stress accounted for 27% of the observed
changes in GrP (Table 3).

The mean GrP for the genotypes across all
genotypes ranged from a low of 53.9+6.77% for the G
genotype to a high of 97.2+1.35% for the D genotype
(Table 4). These values were significantly different (P
< 0.05) from each other except between the F and Z
genotypes.

Increasing salinity levels dramatically reduced
GrP, decreasing from 88.89 + 2.68% at 0 mM to 62.22
+ 4.90% at 250 mM NacCl. The reduction rate was
approximately 0.118% for each additional millimole
of NaCl, as described by the regression equation: GrP
= 94.97 — 0.118 (NaCl), with an R? of 0.539. Among
the genotypes, the D genotype exhibited the lowest
salinity sensitivity in terms of GrP, with the lowest
slope value (b = -0.013, R? = 0.042), ranking first
based on the regression slope value. The remaining
genotypes were ranked as follows: A, S, Z, V2, F, V3,
and G.

The H genotype showed the highest sensitivity to
salinity (b = 0.25, R? = 0.62) ranking last (order = 9).
Notably, certain genotypes maintained higher GrP at
higher salinity levels (250 mM), with S (83.3%), A

(73.3%), and Z (73.3%) showing no significant
difference from the control treatment (0 mM) (Table
4).

The interaction between genotype and salinity
stress revealed that the D genotype achieved a GrP
of 100% under control condition, significantly
differing from the A and V2 genotypes. At the 50 mM
NaCl, genotype A exhibited the lowest GrP, which
was significantly different from the other genotypes.
Although the G genotype maintained a high GrP in
the control treatment, its performance declined with
salinity levels exceeding 50 mM, with reductions of
30%, 46.67%, and 36.67% at higher salinity
concentrations. Similarly, the F hybrid cultivar could
not maintain a high GrP beyond 200 mM NaCl (Table
4).

Compared to the control, the D genotype
displayed significantly greater salt tolerance for GrP
across all salinity stress levels, with a positive salt
sensitive index (SSI) of 33.3% at 0, 50, 150, and 250
mM NaCl. In contrast, the V2, H, S, and A genotypes
showed significant salt resistance up to 150 mM
NaCl. The G, V3, and Z genotypes exhibited the
lowest salt resistance (SSI) up to 50 mM NaCl, while
the F genotype showed reduced resistance up to 100
mM NaCl (Fig. 3).

Mean germination time (MGT)

The mean germination time (MGT) of all chilli
genotypes was significantly influenced by salinity
stress levels, genotype, and their interaction
(genotype x salinity) compared to the control
treatment (p<0.001). Genotype accounted for
approximately 62% of the total effect (100%), while
the remaining 38% was attributed to the influence of
salinity on MGT (Table 3). Across the genotypes, MGT
varied from the shortest time of 5.82 days for the D
genotype to the longest times of 11.52 days and
11.16 days for the G and V2 genotypes, respectively
(Table 5). These differences were statistically
significant (P<0.05).

Table 3- The predictive capabilities that explaining the contribution of salinity and genotypes to the variation in the total score (100%)
that affected the germination parameters. The chosen model is a forward stepwise

Factors GrP MGT GSC CVG DM%
Genotypes 73.0 62.0 70.2 68.0 100
NaCl 27.0 38.0 29.8 32.0 0

GrP= Germination percentage; MGT= Mean germination time; MGR= Means germination rate; DM%= Dry matter, GSC= Germination

speed coefficient; CVG= Coefficient of velocity of germination.

376



Al-Madhagi and Arraf - Salinity tolerance in chilli genotypes

*(q) aui) ado|s uoissaudas 9y JO sanjeA syl uo Sulpaodde J9pJo SulpuaISIP Ul Pa3sl] aJe s9dAI0UBS By 44
*(8T = 4p) sodAjouas ||e Jo ueaw sy Joj pawsoyiad sem uonenbs uoissaldal a|dwis 4

‘adAjouas yoes Jo sisAjeue uoissaigau ajdwis syl oy papinoad ale ‘Bul| 3yl Jo 2do|s = g pue 1d32491Ul 3Y1 = 3 3I3YM ‘S1UID1}430D UOISSa4Fa4 3yl pue Y o) sanjeA syl
‘Yyeweys = 4 7ipp,es = S ‘lelleH =9 ‘€ YMer = €A ' YMer = ZA ‘lleweyg=q ‘Iwley =H ‘ liyeez= 7 ‘lueAqy =y :sadAjouan
‘(Aunjes x sadAjouad) uonoeaaul sy Joy

(La@yIN) 391 ueaunq a8ueu sjdinw ay1 Aq Jo (Anuljes o sadAlouad) sio1oey 3|3uls 40y G0'0 AST AQ paulwI=19p Se ‘quediiudis PaJapISU0d 10U dJe SI9119| Ulle] swes ay) Sululeluod Ssues|p

« (G220 =z¥) (1DBN) 8020°0 + 57’9 =LOIN BEGOFCLTT  90S0¥89°0T 265°0%70L'6 P 9v0F0E'S 3 SV 0FVT L 9 S¥'0F¥8'9 [DBN uesn
1% 1200 6LV 1190 IVSOFLYL A2 TV’ 0FSTTT XIGEOFSTL A4880F68L AbTO0FCI'8 V-AGEOFESS VZ6EOQOFVLY z
8 6200 6€'S 16L°0 9/9°0F .06 U2 LL0F¥TCT 8-270TF8CCT U160FT¥0T ANGS0¥E€69 ANGS0FH6'9 V-X80'0FELS €A
€ 9100 e 9’0  9e6r’0F9TTT 2eE0FTIVET #0995 TFTICT A48C0F80TT O-129°0FCC0T U-YELTFLSOT SSWZE0FVI6 4\
S [4dol0] 8c'€ €0 8750%809 b-I86°0FGL'6 AJLEOFTI6L V-AESOFEY'S VZOT'0FSY VZ6LOFOry VZOTOFvoy S
6 €€0°0 9t's 780 3P LL'0F59'6 2-e9T'TFE6'CT P-BYETFITET |-SEE0F880T FUSHOFT88 AA/80F9S9 V-XEECOFSSS H
1 6000 GE0T LET0 BSSO0FCSTT FPEEOFLITT Y9 0FLETT e6TTFEEYT 8-0830FCECT byvr07196 d-[6607586 D}
S 7200 8LL 98'0  296t°0%8S0T e ze0FIT¥T 18y 0F9L'TT W-3/50%8L°0T b-l€20F/4'6 N-O08T0FES8 NAdEECOF /Y8 E|
14 1100 Wy 120 36v'07€8'S Z-MTQ'CFT'9 ADIOTTHT'8 VX8E0F9S AAITTFLS9 VEEOFECY VEIOFIEY a
L €200 veL €50 S9'0FT16T°0T qeS0'0FOTYT IFPYTFTLTT [IHSTOFE60T MSEOFLYPL MJLTTF¥9L JH1L0F8T6 v
q 2 sadAjouan 0S¢ 00¢ 0sT 00T 0s 0
*% 49P40 14:] sadAjouan
B101H90) UeIN INW |JBN

sAep Tz J1914e (1DIA) 2wl uoileuIWwIS3 uBdW Y3 UO S[IA3| [DEN pue sadA10ua3 1]1yd IUSWSA JO S1034d UOIDEBIDIU|

-§9lqel

(8T = Jp) sadAjouas |je Jo ueaw ayj Joj pawioiad sem uonenbs uoissaidal | dwis 4
‘adA10ouas yoes Jo sisAjeue uoissaidal ajdwis ay3 1oy papiroad aJe ‘aul| 3yl Jo ado|s = ¢ pue 1da2J31ul Y] = I 3I3YM ‘S1UID1JJB02 UOISS3IZa4 3yl pue Y J0) SanjeA ay |
"Yyeweys = 4 ‘ipp,es = s ‘(elle =9 ‘g ymer = gA [ Yymef = ZA ‘deweyq=q ‘1wieH =H ‘ 11yeez= 7 ‘lueAqy =v :sadAjousg

‘(Anuijes x sadAjouas) uonoesalul ay3 4oy
(La@¥IA) 191 ueaung a8ueu ajdinw ay1 Aq Jo (Anuljes Jo sadAjouasd) sio1oey 9|3uls 404 SO°0 AST AQ paulwIlap se ‘quedlyiudls PaJapIsuOd 10U dJe S191313| Ulle] awes ayl Sululelu0d SUea|A|

« (6€5°0= 2Y) (10BN) 8TT'0— £L6'76 = d4D 906'V+¢C'C9 PEY ¥F9C°69 QET'V¥96'C8 JQveEV ¥’ ¥8 BO90'CFEE'E6 (B BI9'C+68'88 [JEN UEBIIN

14 690°0- €96 vC0 0q /8CF+6LL8 U9 EE'EFEEEL P-BEECEFEEEL JBEEEFEEEB JBCOCT +EE'EB e0F00T P-B €E'E F EEE6 zZ
L 88T°0- €7°SOT 810 P3279'S +89'18 N-18T°STF0S [-89G'8T FEE'E9 P-B EC'E F EE'€6 2-e0+ 06 QB EE'E+/.996 I-BEEEF/996 €N
S €60'0-  bobs €10  26TST8LIUL N1SSTTT0S [87807709 /997 /998 3-8 78'8F /998 9B 7B F 998 |} EE'€ T 99'99 A
£ 6500 €616 100  479TFLS06  4eISSTECES S-QEEETLI9.  BOTO0T  P-eEEETECE6 0B ECEFLO96 P-€ /90T EEE6 s
6 cz0-  0ggol  C90 OPEE9T8LLL  MEEETFLOOE N1LLSTOS P-EEETEEE6 TR EEETL996 OB EEET LIO6 P8 EE'E T EEEH H
8 120 T€08 7o }LL9F68'ES MESYT ¥£99¢ IEEEFL99Y 10+0¢€ M 9S'8T + /.99 9-BLL'SF06 B[99 F ECTEB 5
9 0ST0-  pTZ0T 950 AT FEE88  FUEE'EFL99S 9-BOTF06 JBLOOFECES OO0 €0 T 00T ©07 00T 4
1 €100-  89'86 VOO0  BSETTITLE B0F00T 9-REECEF/998  BOFOOT €0 ¥ 00T BOF00T OB EEETL996 a
4 9€0°0- ST'9Z Sv0°0 9GS EF/9TL Yy-2¢88F€€es FYrg8F/99S 8-pL99FL99L YD /L99FEECEL YD /L99FEEEL S-PESHYT FL99L \4

q 3 0S¢ 00¢ 0ST 00T 0s 0
sadAlouad sadAouan
++J9pI0 1Ua1D11J90)) d UBSN AW DeN

shep Tz 4191k (d49) 98ejuadiad uorjeuiwaasd ayl uo s[aA3| [DeN pue sadA10uas 11yd IUBWSA JO S10344d UOIDEeIDIU|

-volqeL

377



Adv. Hort. Sci., 2024 38(4): 371-392

SS1Grp
450 mM 100 mM 4150 mM 5200 mM 4250 mM

40

-60

-80

Fig. 3 - Salinity sensitivity index (SSI) for Germination Percentage
(GrP) in chili genotypes. Values represent the mean of
three replicates. Different letters denote significant dif-
ferences according to the Duncan Multiple Range Test
(DMRT).

Furthermore, the MGT for all genotypes
significantly increased (p < 0.05) with rising salt levels
compared to the control, escalating from 6.84 + 0.45
days at 0 mM to 11.72 + 0.53 days at 250 mM.
Regression analysis indicated an increase of
approximately 0.0202 days for every 1 mM NacCl
addition to the control level (MGT = 6.45 + 0.0208
NaCl) (R? = 0.775). The genotypes were arranged in
descending order of MGT response as follows: G, D,
V2, Z F, S, A V3, and H. Genotype G exhibited the
least change in MGT (b = 0.009, R? = 0.137), while the
H genotype showed the most substantial change (b =
0.033, R?=0.815).

The interaction between genotypes and salinity
stress showed a variation of results. MGT of the G
genotype was significantly higher (9.85 + 0.39 days)
than that of the other genotypes in the control
treatment (0 mM). At salinity levels ranging from 50
to 250 mM, the MGT for the G and V2 genotypes was
significantly greater than that of the other genotypes
(p<0.05). Notably, the D genotype consistently
exhibited the lowest MGT across all salinity levels.
While several genotypes demonstrated increased
MGT at the highest salinity levels, genotypes F, H,
and S maintained their MGT up to 150 mM Nacl,
whereas G, V3, and Z maintained their MGT up to
100 mM NacCl (Table 5).

Salinity sensitivity index (SSI) compared to the
control indicated that the A genotype exhibited a
negative sensitivity to salinity up to 100 mM. MGT
values for both 50 mM and 100 mM NaCl were lower
than those of the control, the G genotype showed
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negative sensitivity at 50 mM NaCl. In contrast, all
other genotypes displayed positive SSI across all
salinity levels. The SSI for the H, V3, S, and F
genotypes increased linearly with rising salinity
levels. The highest SSI for MGT was recorded at the
250 mM salinity level (139.2%) for the Z genotype,
whereas the lowest SSI was at 100 mM NacCl (-19.8%)
for the A genotype (Fig. 4).

SSIMGT l GSOmM  EI00mM  W1S0mM  @200mM  6250mM

A D F G H s V2 v3 z
160

133802
139.10 4]

131.10a

140

118.70 ab

120

89.60 b-d
95.80 be

100

Fig. 4 - Salinity sensitivity index (SSI) for Mean Germination Time
(MGT) in chili genotypes. Values represent the mean of
three replicates. Different letters denote significant dif-
ferences according to the Duncan Multiple Range Test
(DMRT) at p<0.05.

Germination speed coefficient (GSC)

Germination speed coefficient (GSC) of chilli
genotypes was significantly influenced by salinity
stress, genotype, and their interaction (genotype x
salinity) compared to the control treatment (p <
0.001). As shown in Table 3, genotype accounted for
approximately 70.2% of the total variation, with the
remaining 29.8% attributed to the effect of salinity
on GSC.

GSC values between genotypes ranged from the
lowest (8.94 + 0.35%) in genotype G to the highest
(19.146 + 1.42%) in genotype D (Table 6). These
values were statistically different from other
genotypes, except for genotype S, where no
significant differences were observed between D and
S, or between H and V3.Salinity stress led to a
significant reduction in GSC across all genotypes as
salt concentrations increased beyond 50 mM NaCl (p
< 0.05). GSC decreased from 16.4 + 1.09% at 0 mM to
9.5 +0.88% at 250 mM NaCl.

Regression analysis indicated that for every 1 mM
increase in NaCl concentration, GSC declined by
approximately 0.030% (GSC = 16.518 - 0.030 x Nadl,
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R? = 0.758). Genotype S exhibited the greatest
reduction in GSC (b = -0.05, R? = 0.78), ranking 9th in
the rate of change, whereas genotype G exhibited
the smallest change (b = -0.01, R? = 0.216), ranking
1st. Genotypes V2, F, A, D, V3, Z, and H ranked 2nd
through 8th, respectively, in the table 6 are reported
the values of the genotypes according to their

In terms of the genotype x salinity interaction,
genotype D displayed the highest GSC (24.07 +

variation rate.

3.15%) at 0 mM NaCl (p<0.05), with no significant

difference from genotype S. At salinity levels
between 50 and 250 mM, genotypes D and S

The salinity sensitivity index (SSI) analysis for GSC

exhibited significantly higher GSC than other
revealed that genotype A exhibited a positive SSI up
to 100 mM NacCl, exceeding the control values.

genotypes (p<0.05), with genotype D maintaining the

highest GSC at 250 mM NaCl.

Genotypes D and G also demonstrated positive SSI at
50 mM NacCl. Conversely, genotypes Z V3, V2, H, and

F exhibited negative SSI across all salinity levels, with
SSl values for genotypes F, H, S, V3, and V2 decreasing

linearly as salinity levels increased. The highest SSI for
GSC was observed at 100 mM NaCl (25.3%) in
genotype A, while the lowest was recorded at 200

mM NaCl (-57.97%) in genotype H (Fig. 5).

Mean germination rate (MGR)

4150 mM 200 mM 4250 mM

=100 mM

450 mM

The mean germination rate (MGR) of chilli

SSIGSP

l

nos6 s

Fig. 5- Salinity sensitivity index (SSI) for Germination Speed

Coefficient (GSC) in chili genotypes. Values represent the
mean of three replicates. Different letters denote signifi-

Abyani; Z =

Dhamari; V2 = Jawfi 2; V3 = Jawfi 3;
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genotypes was significantly influenced by salinity
stress levels, genotype variations, and their
interaction (genotype x salinity) compared to control
conditions (p <0.001). The genotype effect accounted
for approximately 70% of the total variation (100%),
while salinity contributed 30% to the observed
changes in MGR (Table 3). Across the examined
genotypes, MGR varied significantly, with the lowest
rate recorded for genotypes F, G, and V2 (0.09
seeds/day) and the highest for genotype D (0.19
seeds/day) (Table 7). These differences were
statistically significant (p<0.05); however, no
significant difference in MGR was observed between
genotypes D and S.

A marked decline in MGR was observed across
all genotypes when salinity levels exceeded 50 mM
compared to the control treatment (p<0.05).
Specifically, MGR decreased from 0.16 + 0.01
seeds/day at 0 mM NacCl to 0.09 * 0.008 seeds/day
at 250 mM NacCl. Regression analysis indicated that
for every 1 mM increase in NaCl, MGR decreased by
approximately 0.0003 seeds/day, represented by
the equation: MGR = 0.165153 - 0.000304 (NacCl) (R?
= 0.758).The genotypic ranking based on the slope
(b) of MGR responses to salinity is presented in
Table 7. Genotype S demonstrated the greatest
decline (b = -0.00053, R? = 0.78), (order 9), whereas
genotype G exhibited the least decline (b = -
0.00008, R? = 0.216), while remaining genotypes V2,
F, A, D, V3, Z, and H were ranked in between of
them, respectively.

In terms of the genotype x salinity interaction,
MGR for genotype D was significantly higher (p <
0.05) than that of other genotypes under control
conditions (0 mM NacCl), except for genotypes S and
Z. At salinity levels ranging from 50 to 250 mM, MGR
for genotypes D and S was significantly higher than
that of the remaining genotypes, with genotype D
achieving the highest MGR (0.19 + 0.05) at 250 mM
(Table 7).

The salinity sensitivity index (SSI) for MGR was
positive for genotypes D, G, and S at 50 mM NacCl,
while genotype A maintained a positive SSI up to 100
mM NaCl. In contrast, genotypes Z, V3, V2, H, and F
exhibited negative SSI values for MGR across all
salinity levels. The decline in SSI was linear for
genotypes F, H, S, V2, and V3 with increasing salinity.
The highest SSI value for MGR (24.9%) was recorded
at 100 mM NaCl for genotype A, while the lowest SSI
(-58.08%) was observed at 250 mM NacCl for
genotype Z (Fig. 6).
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Table 7 - linteraction effects of Yemeni chili genotypes and NaCl levels on the mean germination rate (MGR) after 21 days

Coefficient

Mean

NaCl mM

Order **

Genotypes
0.11+0.007d
0.19+0.014 a
0.09+ 0.004 de

250

0.07+0.00 s
0.19+0.05 b-d

200

150
0.09+0.001 n-s 0.09 +0.01 n-s

100
0.14 £ 0.01 g-j
0.16+ 0.03 f-g

50
0.14 £ 0.02 g-j
0.24+0.02 a

Genotypes

4
5
3
1
8
9
2
6
7

-0.00022
-0.00030
-0.00019
-0.00008
-0.00044
-0.00053
-0.00013
-0.00039
-0.00043
0.758)

0.134
0.230

0.391

0.11+0.01j-q
0.24%0.03 a

0.199
0.895

0.18+£0.01de 0.13+0.02 h-l

0.12+0.004 i-n 0.12+0.002 i-n 0.10% 0.002 k-s 0.09+ 0.01 m-s 0.09 * 0.003 n-s

0.122

0.07+£0.001 s

0.99
0.172
0.249
0.110
0.172

0.216

0.09 £0.004 e
0.12+0.01c

0.09 £ 0.005 n-s 0.09 +0.002 n-s

0.07+ 0.01rs
0.08 +0.01 g-s

0.08+0.01 o-s

0.10£ 0.004 k-s 0.11 + 0.004 k-r

0.805

0.08+0.01 p-s

0.18+0.010 de 0.16 £0.02e-h 0.11+0.01j-0 0.09% 0.003 n-s

0.781

0.18+0.013 a
0.09+ 0.004 e
0.12+£0.009 c
0.15+0.011b

0.11 +0.01 k-r

0.13+0.01 h-l
0.08+0.01 o-s

0.22+0.005ab 0.19+0.02 c-e

0.23+0.02a

0.23+0.01 a

0.459

0.09+ 0.002 n-s 0.08 £0.01 rs
0.08%0.01 o-s

0.09+ 0.01 k-s

0.09+£0.01 I-s

0.18 £0.002 d-f 0.15+0.01 f-i

0.11#0.01 j-p

V2

0.822

0.08+0.01 o-s

0.09£0.01 I-s

0.15+£0.01 f-i
0.12£0.01i-m 0.13+0.02 h-k

V3

0.200

0.686

0.09£ 0.003 n-s

0.14 £0.01 g-j

0.18+£0.01 de
0.16+0.01 a

0.21+0.02 a-c

0.165153 - 0.000304 (NaCl), (R2

Means containing the same Latin letters are not considered significant, as determined by LSD 0.05 for single factors (genotypes or salinity) or by the multiple range Duncan test (MRDT)

for the interaction (genotypes x salinity).

0.094£0.005d  0.09+0.008 d MGR=

0.12+0.008 ¢

0.13+0.008 b

0.16+0.01 a

Mean NacCl

Shamakh.
the intercept and b = slope of the line, are provided for the simple regression analysis of each genotype.

=Sa'ddi; F =

Hajjai; S

Dhamari; V2 = Jawfi 2; V3 = Jawfi 3; G

The values for R? and the regression coefficients, where ¢

Abyani; Z =Zaaitri ; H= Haimi; D

Genotypes: A

18).

* Simple regression equation was performed for the mean of all genotypes (df

** The genotypes are listed in descending order according on the values of the regression slope line (b).
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Fig. 6 - Salinity sensitivity index (SSI) for Mean Germination Rate
(MGR) for chili genotypes. Values represent the mean of
three replicates. Different letters denote significant dif-
ferences according to the Duncan Multiple Range Test
(DMRT) at p<0.05. Genotypes: A= Abyani; Z= Zaaitri ; H=
Haimi; D= Dhamari; V2= Jawfi 2; V3= Jawfi 3; G= Hajjai; S
= Sa'ddi; F = Shamakh.

Coefficient of velocity of germination (CVG)

The coefficient of velocity of germination (CVG)
for all chilli genotypes was significantly influenced by
salinity stress levels, genotype differences, and their
interaction (genotype x salinity) compared to the
control treatment (p<0.001). Genotype alone
accounted for approximately 68% of the total
variation (100%), while salinity contributed an
additional 32% to the CVG (Table 3). Among the
genotypes, CVG ranged from 18.75+1.45 for
genotype F to 37.37+3.61 for genotype V3 (Table 8),
with significant differences observed (p < 0.05).
However, no significant differences were noted
among genotypes V3, A, D, H, S, and Z. Furthermore,
increasing salinity levels led to a dramatic decrease in
CVG compared to the control (0 mM), with values
dropping from 38.48+3.65 (at 0 mM) to 25.69 + 2.10
(at 250 mM). No significant differences were
observed between the 50, 100, and 150 mM NaCl
treatments, or between the 200 and 250 mM NacCl
treatments (Table 8).

The regression analysis indicated that for every 1
mM increase in NaCl, CVG decreased by
approximately 0.0485, as described by the equation:
CVG = 37.725 - 0.0485 (NacCl) (R? = 0.166). The
genotypes were ranked according to their CVG
response, with S, H, F, D, A, Z, G, V3, and V2 arranged
from 1 to 9, respectively. The S genotype exhibited
the least impact from salinity (b = -0.010, R? = 0.004),
ranking first, while the V2 genotype showed the
greatest impact (b = -0.106, R? = 0.53), placing last
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(Table 8).

Interaction between genotype and salinity stress,
under control conditions (0 mM), genotype Z showed
a CVG of (48.48 + 22.35) higher than the lower values
observed for genotypes F (14.17 + 4.75) and H (31.36
+ 9.37) (Table 8). At salinity levels ranging from 50 to
250 mM, the CVG for genotype F was statistically
lower than that of the other genotypes. The
genotype F showed a positive salinity sensitivity
index (SSI) for CVG across all salinity levels. In
contrast, genotypes V2, A, and G exhibited negative
SSI values for CVG at all salinity levels, with genotype
V3 showing negative values above 50 mM NacCl. The
H genotype maintained a positive SSI up to 200 mM
NaCl, while genotype Z exhibited positive SSI values
at the initial two salinity levels. The highest SSI value
for CVG was observed at the 200 mM NacCl (98.5%)
for genotype F, whereas the lowest was recorded at
200 mM NaCl (-65.46%) for genotype G (Fig. 7).

SSICVG
50 mM 100 mM 4150 mM 4200 mM 4250 mM

A D F G " s vz V3 z
120

100

8356ab

1739ah

s B
B
I 4s6bn

083 b

171300 [0
350

n6ten [

42500
3563

Fig. 7 - Salinity sensitivity index (SSI) of Coefficient of Velocity of
Germination (CVG) in chili genotypes. Values represent
the mean of three replicates. Different letters denote sig-
nificant differences according to the Duncan Multiple
Range Test (DMRT) at p < 0.05. Genotypes: A = Abyani; Z
= Zaaitri ; H= Haimi; D=Dhamari; V2 = Jawfi 2; V3 = Jawfi
3; G= Hajjai; S = Sa'ddi; F = Shamakh.

Dry matter of germinated seed (DM %)

The dry matter percentage (DM%) of all chilli
genotypes was significantly influenced by salinity
stress levels, genotype differences, and the
interaction between genotype and salinity stress
when compared to the control treatment (p < 0.05).

Across the genotypes, DM% ranged from 7.77 +
0.74% for genotype G to 17.95 + 1.38% for genotype
Z. No significant differences were observed among
genotypes S, H, F, and A (Table 9). Furthermore,
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Table 9 - Interaction effects of Yemeni chili genotypes and NaCl levels on the percentage of dry matter (DM%) after 21 days

Coefficient

Mean

NaCl mM

Order **

R2

Genotypes

Genotypes
10.8+0.45cd

250
10.24£ 0 h-o

200

13.01£ 0.2 e-l

150
10.19£ 0.6 h-o
16.67+ 1.84 b-f 15.01£5.07 d-h 20.31+0.62 ab 13.48£0.87 e-k 16.9+1.18 b-e

100

50
10.95£0.25g-0 10.33£1.33 h-o 10.1+0.89 h-o

14.86+ 1.72 d-i

0.014

9.18
15.72
13.94
10.05
14.19

0.40
0.004
0.27
0.258
0.51
0.21
0.66
0.008
0.074

0.003

16.2+1.04 b
10.44+1.06d

8
5
9
7
1
4
5

-0.026
-0.018
-0.030
-0.024
0.026

5+ 0 p-r
8.33+£2.15|-r

11.95+ 1.83 e-m 13.87£0.92 e-k 9.49+1.96 k-q 15.55+1.75c¢-g 6.79%2.84 n-r

9.98+0.98 h-o 10.34+0.51 h-o 9.39% 1.57 k-q

7.77x0.74 e

4.06+0.04r

45+0.71r
13.37£ 1.03 e-l

10.5+0.86d
9.74+1.1d
12.18+0.67 c

4.83+0qr

7.7+ 0.3 m-r

11.74+ 0.7 f-n

12.28+1.51 e-m 13.05+ 1.96 e-|

12.77

4.67+06r
15.98+0.35 b-g

6.53+2.93 o-r

14.82+3.12 d-i

10+ 2.13 h-o

10.02+0.61 h-o 11.1+0.23g-0

12.23£1.52 e-m 13.37+3.28 e-l

11.45+19g-0 10.98+1.16 g-o
19.81+ 6.08 a-c

8.89
12.80
20.23

1155t 1.7g-0 14.71+ 1.08 d-j

9.7+ 1.25j-p

V2

-0.004
-0.018

12.28+0.99 ¢

13.42+ 0 e-k

10.44+ 4.5 h-o

14.38£0.79 d-k 9.86% 2.85i-0

17.95+1.38a
*DMY%= 13.253599 -0.010085(NaCl) , (R2

Means containing the same Latin letters are not considered significant, as determined by LSD 0.05 for single factors (genotypes or salinity) or by the multiple range Duncan test (MRDT)

for the interaction (genotypes x salinity).

16.71£3.39 b-f 14.18+0.78 d-k 19.06+2.4a-d 15.78+1.85b-g

11.99+0.82 bc

22.17+4.23a

0.12)

10.64+1.08 cd  10.57£1.07d

12.7+0.96 ab

12.58+0.93ab  13.42+0.93 a

Mean NacCl

Hajjai; S = Sa'ddi; F = Shamakh.
the intercept and b = slope of the line, are provided for the simple regression analysis of each genotype.

Jawfi 2; V3 = Jawfi 3; G

Dhamari; V2

The values for R? and the regression coefficients, where ¢

Abyani; Z =Zaaitri ; H= Haimi; D

Genotypes: A

18).

* Simple regression equation was performed for the mean of all genotypes (df

** The genotypes are listed in descending order according on the values of the regression slope line (b).



increasing salinity levels led to a significant decline in
DM%, with values decreasing from 12.58 + 0.93% at 0
mM to 10.57 £ 1.07% at 250 mM. No significant
differences were detected between salinity levels
from 0 mM to 150 mM (Table 9).The regression
analysis indicated the effect of salinity on dry matter,
with the order of genotypes ranked as V2, A, D, V3,
G,Z S, F,and H from 1 to 9, respectively.

According to the R? values, salinity had a minimal
influence on genotypes D (b = -0.003, R? = 0.004) and
V3 (b = -0.004, R? = 0.008), while it exerted the most
significant effect on genotype H (b = -0.03, R? = 0.51)
(Table 9). Regarding the interaction between
genotype and salinity stress, the DM% for genotype Z
was significantly higher than the one of the other
genotypes across all salinity levels tested (0, 50, 100,
200, and 250 mM). At 150 mM NacCl, genotype D
exhibited a significantly higher DM% compared to
the other genotypes (Table 9).

In terms of the salinity sensitivity index (SSI) for
DM%, genotypes V2 and D displayed positive SSI
values across all salinity levels. Genotype A showed a
positive SSI value under salinity levels up to 150 mM.
In contrast, genotype G exhibited negative SSI values
under salinity levels up to 50 mM. The lowest SSI
value for DM% was recorded at the 150 mM salinity
level (-71%) for genotype G, while the highest SSI
value was observed at the 250 mM salinity level
(72.7%) for genotype D (Fig. 8).

SsIbum 150 mM 100 mM 4150 mM 4200 mM 4250 mM

60

-80

Fig. 8 - Salinity sensitivity index for Dry matter of seedling
(DM%) in chili genotypes. Values represent the mean of
three replicates. Different letters denote significant dif-
ferences according to the Duncan Multiple Range Test
(DMRT) at p<0.05. Genotypes: A = Abyani; Z = Zaaitri ;
H= Haimi; D=Dhamari; V2 = Jawfi 2; V3 = Jawfi 3; G=
Hajjai; S = Sa'ddi; F = Shamakh.
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Pearson correlation and principal component
analysis

The Principal component analysis (PCA)
conducted in this study (Table 10) classified the
variables into two primary components have
eigenvalues greater than 1, which together explained
76.2% of the total variance observed. The first
principal component (PC1) exhibited an eigenvalue of
2.75, accounting for 55.11% of the overall variance
(Table 10). The coefficients associated with PC1
indicate higher correlations with: DM% (0.713), GrP
(0.808), MGT (-0.715), MGR (0.881), and CVG (0.552)
(Table 11). The second principal component (PC2)
demonstrated an eigenvalue of 1.079, explaining
21.585% of the variance in the data (Table 11). The
biplot diagram (Fig. 9) displays both the first and
second principal component (PC) scores of the
various parameters. Strong positive correlation of
PC1 with both CVG and DM%, as confirmed by the
Pearson correlation coefficient (r= 0.44, p> 0.01) (Fig.
10). Additionally, MGR and GrP exhibited a significant
positive correlation (r= 0.58, p> 0.01), indicating their

Table 10 - The Eigenvalue, variability (%) and the cumulative
percentage of the principal component for first,
second, third, fourth and fifth components

Number of

e Cumulative _.
principal Eigenvalue Percentage
Percentage
component
1 55.11 2.755.500 55.11
2 76.69 1.079.260 21.58
3 87.12 0.521455 10.42
4 96.24 0.455748 9.11
5 100.00 0.188037 3.76

Table 11 - The coefficients of the principal component score
(Prin) for first to fifth components

Parameters Prinl Prin2 Prin3 Prind Prin5

DM% 0.71321 0.37635 0.57006 -0.15021 -0.0464
grp 0.80819 -0.01046 -0.00483 0.58824 0.02586
mgt -0.71563 0.62246 0.07473 0.13852 0.27505
mgr 0.88102 -0.23142 -0.13593 -0.23594 0.31001
cvg 0.55258 0.70463 -0.41521 -0.1109 -0.11599

The principal components are based strongly correlated of para-
meters with each component. Number with light color means no
correlation.
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Fig. 9 - Biplot Principal Component Analysis (PCA) of various
parameters contributing of MGT, CVG, DM% and GrP to
salinity and genotypes. Genotypes: A= Abyani; Z= Zaaitri
H= Haimi; D= Dhamari; V2= Jawfi 2; V3= Jawfi 3;
G=Hajjai; S = Sa'ddi; F= Shamakh.

effectiveness as prominent indicators of salinity
stress resilience.

Conversely, PC1 exhibited a negative correlation
with MGT. The analysis revealed a significant
negative correlation between MGT and MGR (r= -
0.73, p>0.01), suggesting that genotypes
characterized by shorter MGTs tend to display higher
MGR under saline conditions. A similar negative
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Fig. 10 -The correlation matrix (Pearson) displaying the relation-
ships among parameters investigated in the current
study. Significant correlations are detailed below the
diagonal, whereas above the diagonal, correlations
between parameters under various treatments. The
degree of correlations between these parameters under
treatment is shown by varying sizes of circles and shades
of color that correspond to different correlation values.

correlation was observed between MGT and GrP (r =
-0.50, p > 0.01), indicating that genotypes with lower
MGTs achieve higher GrP in response to salinity
stress.

The PCA biplot (Fig. 9) and data from Table 12
show that the genotypes were distributed across all

Table 12 - The coefficients of the principal component score (Prin) for first to fifth components for genotypes and salinity, with ranking of
Yemeni chili genotypes for salinity tolerance, determined by the cumulative coefficients of the principal component score

(Prin) for first and second components values

Factors Prinl Prin2 Prin3 Prind Prin5 Order Grope
Genotypes A -0.59566 0.32256 -0.09868 -0.08734 -0.09748 6 3
D 189.235 -0.41852 0.10463 -0.20911 0.10728 1 1
F -0.72275 -0.25615 0.43255 0.80284 0.18231 8 4
G -177.313 0.0807 -0.2378 -0.34424 0.1064 9 4
H -0.26658 0.25372 -0.35926 0.03307 -0.0791 5 4
S 10.002 -0.95791 -0.67273 -0.0669 0.21997 4 1
V2 -0.85458 0.41669 0.34601 0.11202 -0.01167 7 3
V3 0.12219 0.29816 -0.15171 0.02071 -0.17465 3 2
z 119.796 0.26074 0.637 -0.26106 -0.25305 2 2
0 107.166 -0.23484 -0.36013 -0.16135 -0.05502
Salinity 50 100.443 -0.32537 -0.01125 0.09954 -0.01775
100 0.28284 -0.0954 -0.11151 0.06181 -0.10089
150 -0.09113 0.24656 0.10626 0.19838 -0.05322
200 -0.94522 0.11829 0.15719 -0.02344 0.04212
250 -132.258 0.29076 0.21944 -0.17494 0.18476

The principal components are based strongly correlated of parameters with each component. Number with light color means no correla-
tion. Order = the rank of genotypes according to summation of values the prinl and Prin 2. Genotypes: A = Abyani; Z = Zaaitri ; H=
Haimi; D=Dhamari; V2 = Jawfi 2; V3 = Jawfi 3; G= Hajjai; S = Sa'ddi; F = Shamakh.
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four quadrants, highlighting significant genetic
variation among the tested genotypes. Genotypes D
and S appeared in the quadrant with the highest
PC1 and lowest PC2 values, indicating tolerance and
a strong correlation with MGR and GrP. Genotypes Z
and V3 were positioned in the quadrant with the
highest PC1 and highest PC2 values, displaying a
strong correlation with CVG and DM, suggesting
moderate resistance. In contrast, genotypes A and
V2 were located in the quadrant with the lowest
PC1 and highest PC2 values, indicating sensitivity
and a close correlation with MGT. Genotypes F and
G were placed in the quadrant with the lowest PC1
and lowest PC2 values, reflecting very high
sensitivity and showing no correlation with
germination parameters. Based on the cumulative
PC1 and PC2 scores, the chilli genotypes were
ranked from 1 to 9, with genotype D ranked the
highest (Order 1) and genotype G ranked the lowest
(Order 9), indicating its heightened sensitivity to
salinity stress (Table 12).

PC1 of NaCl showed a positive correlation at
concentrations ranging from 0 to 100 mM. However,
it was negatively correlated, with no significant effect
at 150 mM, and significantly negatively correlated at
concentrations of 200 to 250 mM NacCl.

Evaluation of salinity tolerance in Yemeni chilli
genotypes by integrated value (DV)

The salt tolerance levels among the chilli
genotypes in this experiment were assessed using
the integrated value (DV), as presented in Table 12.
The weighted coefficients indicate the significance of
various parameters in measuring the sensitivity of
the genotypes to salinity. Notably, germination rate
percentage (GrP), mean germination time (MGT),
mean germination rate (MGR), and germination
speed coefficient (GSC) collectively accounted for
over 70% of the overall weight in this study.

The arrangement of integrated values (DV) ranked
the genotypes according to their salt tolerance, with
genotype A occupying the top position (rank 1),
indicating higher resistance to salinity. In contrast,
genotype H ranked last (order 9), reflecting greater
sensitivity to salinity. Based on the integrated value
(DV), the genotypes were categorized into four
groups: resistant (D, A, and G), moderately resistant
(F and V2), sensitive (S and Z), and highly sensitive (H
and V3) to salinity (Fig. 11).

Additionally, the Genotypes Salinity Susceptibility

Al-Madhagi and Arraf - Salinity tolerance in chilli genotypes
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Fig. 11 - Cluster analysis of 9 chilli genotypes using integrated
value (VD). The first group contains salinity-resistant
(T) genotypes. The second group contains genotypes
that are moderately sensitive (M) to salinity; the third
group contains genotypes that are sensitive (S) to
salinity; and the fourth group contains genotypes that
are very sensitive to salinity (VS). Genotypes: A=
Abyani; Z =Zaaitri ; H= Haimi; D=Dhamari; V2 = Jawfi 2;
V3 = Jawfi 3; G= Hajjai; S = Sa'ddi; F = Shamakh.

Index (GSSI) was calculated based on GrP (Table 13).
The results indicated that genotypes A and D were
tolerant to salinity, while genotypes F, G, H, and V3
were sensitive. Genotypes V2 and Z are exhibited
moderate sensitivity to salinity. Interestingly, the
ranking of genotypes according to the subordinate
function of GrP (O GrP) slightly differed from that of
the GSSI, as genotype A ranked fifth in O GrP but was
classified as tolerant in the GSSI assessment.

Evaluation of salinity tolerance in Yemeni chilli
genotypes by regression slop

In this study, the significance of various traits was
assessed through the R-square (R?) values derived
from total regression analyses for each genotype
across all measured characteristics. Higher R? values
indicate a greater significance of the trait, while
lower values suggest diminished relevance. The R?
values for germination percentage (GrP), mean
germination time (MGT), mean germination rate
(MGR), and germination speed coefficient (GSC) were
all above 50%, with values of 53, 77, 76, and 76 %,
respectively (Table 13). These findings demonstrate
that salinity significantly affects these traits,
providing a reliable measure of the sensitivity of the

385



Adv. Hort. Sci., 2024 38(4): 371-392

genotypes employed in this experiment. Conversely,
the R? values for germination velocity coefficient
(CVG) and dry matter (DM) were markedly lower,
indicating that these traits are less significant, with R?
values below 0.25.

Table 14 summarizes the slope values obtained
from the regression analyses for each genotype

across all parameters. Genotypes with higher slope
values (b) are regarded as being more adversely
affected by salinity and thus exhibit lower resistance
to salt stress. Based on the summation of slope
values for each genotype across all parameters, the
genotypes were ranked from 1 to 9, with genotype A
achieving the highest rank, followed by genotype D.

Table 13 - The values of the subordinate function, integrated value (DV), and order of each chili genotypes under salt stress. GrP means
germination percentage, MGT means germination time, MGR means germination rate, MD% means dry matter, GSC means
germination speed coefficient, CVG germination velocity coefficient on the 21th day, GSSI Genotypes Salinity Susceptible

Index and Wj is the weighted coefficient

Genotypes  GrP MGT MGR DM% GSC VG D Order 0 GrP (ggcs’f’)e*
A 0.074 0.238 0.059 0.093 0.060 0.099 0.622 1 5 T
D 0.036 0.261 0.086 0.091 0.079 0.080 0.634 2 1 T
F 0.096 0.251 0.082 0.098 0.085 0.082 0.695 4 6 s
G 0.099 0.245 0.071 0.084 0.073 0.098 0.671 3 7 s
H 0.125 0.325 0.157 0.086 0.162 0.083 0.937 9 9 S
s 0.053 0314 0.148 0.088 0.153 0.072 0.828 6 3 T

V2 0.072 0.264 0.101 0.091 0.104 0.101 0.733 5 4 M
V3 0.103 0.328 0.157 0.079 0.162 0.098 0.926 8 8 s
z 0.049 0.340 0.163 0.076 0.168 0.080 0.876 7 2 M
wy 0.18 0.20 0.20 0.11 0.21 0.11

The principal components are based strongly correlated of parameters with each component. Number with light color means no correla-
tion. Order = the rank of genotypes according to summation of values the prinl and Prin 2. Genotypes: A = Abyani; Z = Zaaitri ; H=
Haimi; D=Dhamari; V2 = Jawfi 2; V3 = Jawfi 3; G= Hajjai; S = Sa'ddi; F = Shamakh.

Table 14 - The ranking of Yemeni chili genotypes for salinity tolerance, determined by the cumulative regression line slope values of seed
germination parameters. The R? values represent the strength of association for each parameter

Genotypes GrP MGT MGR CVG DM% GSC > Order
A -0.036 0.023 -0.00022 -0.035 0.014 -0.022 -0.0342 1
D -0.013 0.011 -0.0003 -0.035 0.003 -0.031 -0.0343 2
F -0.15 0.022 -0.00019 -0.035 -0.026 -0.02 -0.1892 6
G -0.21 0.009 -0.00008 -0.035 -0.018 -0.008 -0.2541 8
H -0.25 0.033 -0.00044 -0.035 -0.03 -0.044 -0.2824 9
S -0.059 0.022 -0.00053 -0.035 -0.024 -0.054 -0.0965 4

V2 -0.093 0.016 -0.00013 -0.035 0.026 -0.014 -0.0861 3
V3 -0.188 0.029 -0.00039 -0.035 -0.004 -0.04 -0.1984 7
YA -0.069 0.021 -0.00043 -0.035 -0.018 -0.043 -0.1014 5
R2 0.539 0.775 0.758 0.166 0.12 0.758

The principal components are based strongly correlated of parameters with each component. Number with light color means no correla-
tion. Order = the rank of genotypes according to summation of values the prinl and Prin 2. Genotypes: A = Abyani; Z = Zaaitri ; H=
Haimi; D=Dhamari; V2 = Jawfi 2; V3 = Jawfi 3; G= Hajjai; S = Sa'ddi; F = Shamakh.
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In contrast, genotype H was ranked last (order 9),
indicating its greater susceptibility to salinity stress.

4. Discussion and Conclusions

Natural hybridization in peppers plays a vital role
in the development of numerous species and
varieties; however, it also complicates their
classification due to overlapping traits (Comparini et
al., 2021). Of approximately 35 Capsicum species
found in nature, only five have been domesticated
for human use (Comparini et al., 2021; Swamy,
2023).This study focuses on three Yemeni chilli
species: C. frutescens, C. annuum, and C. chinense, as
presented in Table 1. Seed germination marks the
beginning of the plant’s life cycle and requires
specific conditions to ensure successful germination.
Salinity hinders seed germination by inducing
osmotic stress and ionic toxicity (Hasanuzzaman et
al., 2021; Fu and Yang, 2023). Salinity stress disrupts
essential physiological processes in plants, , leading
to a reduced K*/Na* ratio and imbalances in
ascorbate/dehydroascorbic acid and glutathione/
oxidized glutathione levels (Kaya et al., 2020).
Furthermore, it reduces sugar content, alters organic
acid metabolism, and promotes the accumulation of
phenolic compounds (Zamljen et al., 2022). These
physiological disruptions limit germination
percentage, delay germination time, and reduce both
germination rate and biomass production (Gupta and
Huang, 2014).

The results showed a decrease in germination and
biomass of hot chilli genotypes under salt stress, with
a more pronounced impact observed in salt-sensitive
genotypes compared to moderate and salt-tolerant
ones. These findings align with the findings of Sarkar
et al. (2023). This decline in germination parameters
can be attributed to disruptions in nutrient uptake
and the accumulation of sodium ions, which lead to
ion-specific toxicity and increased osmotic pressure,
and nutrient imbalances(Munns, 1993), as well as
damage to plant cells and tissues (Hasanuzzaman et
al., 2021; Ahmad et al., 2022).

A lower MGT value indicates faster seed
germination (Kader, 2005), while a higher GSC value
reflects quicker seed germination. In contrast, mean
germination rate (MGR), calculated as the inverse of
MGT, and represents the rate of seed germination
per unit of time. The coefficient of velocity of

Al-Madhagi and Arraf - Salinity tolerance in chilli genotypes

germination (CVG) is another metric used to assess
germination speed; it typically increases with a
higher number of germinated seeds and a shorter
germination period (Talska et al., 2020).

The gradual reduction in GrP, MGR, CVG, and GSC,
but increasing the MGT, is due to salinity’s influence
and is inevitable, given the limited tolerance of plants
to salt. This reduction in salt tolerance is influenced
by the plant’s capacity to absorb salt concentrations
and its response to salt stress, whether by enhancing
osmosis through the production of organic
compounds like proteins, proline, and sugars or by
excluding salt via selective ion permeability (Wien
and Stitzel, 2020). These response mechanisms vary
depending on plant species, varieties, and genotypes
(Loganayaki et al., 2020; Ali et al., 2022). The most
significant CVG values were observed in the tolerant
genotypes examined in this study. Elevated salt
concentrations can impede water absorption due to
intracellular osmotic pressure, disrupting cell division
and elongation, thereby more effectively inhibiting
water absorption than reducing seed germination
(Meyer and Boyer, 1981; Munns, 1993; Hasegawa et
al., 2000; Mushtaq et al., 2020; Hasanuzzaman et al.,
2021; Ahmad et al., 2022; Zhou et al., 2023).

Simple correlation analyses are commonly used
because they are easy to calculate. Yet, for complex
traits, a basic analysis may not be sufficient. In such
cases, principal component analysis, or non-linear
PCA, can be utilized.

The accumulation of dry matter in seedlings
indicates the absorption of NaCl ions and the
genotypes’ response mechanisms to salt stress. The
dry matter percentage decreases with increasing
salinity levels; a negative correlation was found
between DM% and MGT (r= -0.26, p>0.01), the
genotypes that content a higher dry matter
percentage at high salinity levels are considered
resistant, with a positive correlation with GrP (r=0.49,
p>0.01) and with MGR (r = 0.48, p>0.01) (Fig. 10).

Genotype D exhibited higher DM% across all salt
concentrations compared to the control, while
genotype A maintained stable DM% levels. Although
variations in DM% were observed among genotypes,
indicating points of peak resistance, stepwise
regression analysis revealed that 100% of the
observed effects were attributed to genetic
differences (Table 3). This suggests that, while DM%
can be indicative of salinity tolerance, its overall
significance as a trait was relatively limited in this
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study. These findings highlight the potential of DM%
as a useful physiological marker for evaluating
salinity tolerance, especially during the germination
stage.

Numerous researchers have also highlighted the
presence of genetic variances in salt tolerance among
various vegetable crops, such as in tomato (Devi and
Arumugam, 2019) and in pepper (Howlader et al.,
2018). Salt stress exerts adverse effects on seed
germination percentage, plant length, root length,
root/plant length ratio, as well as fresh and dry
weights of seedlings, along with the seedling vigor
index (Kayacetin, 2022). Seed germination and
seedling growth represent the plant growth stages
most susceptible to salt stress (Miceli et al., 2021). In
this investigation, the germination rate percentage of
most genotypes significantly decreased, but they
were able to maintain up to 50% germination even at
very high NaCl concentrations (250 mM), indicating
that the threshold for poor germination among most
Yemeni hot pepper genotypes was 200 to 250 mM
NaCl. Similarly, the PCS revealed a negative effect at
200 and 250 mM NaCl concentrations (Table 12).

In this study, distinct variations were observed
among hot pepper genotypes regarding their salinity
tolerance index. Genotypes A and D genotypes
exhibited superior resistance in terms in both
germination percentage and dry matter
accumulation. In contrast, these genotypes, showed
heightened resistance specifically in terms of
germination speed and rate. Consequently, the most
salt-tolerant genotype was identified based on the
slope of the regression line, the integrated value
(DV), principal component analysis, and the
Genotype Salinity Susceptibility Index (GSSI)
indicators.

PCA helps identify key traits impacting salinity
tolerance (Negrdo et al., 2016; Mubushar et al.,
2022). This study used principal component analysis
(PCA) to evaluate variables, with the first and second
PCs explaining the majority of the variation (76.7%).
The distribution of genotypes across the four
quadrants highlighted distinct groupings. Salt-
tolerant genotypes showed high GrP and MGR values
and low MGT. Among all genotypes, D consistently
ranked as the most resistant, achieving the first
position across all analytical methods. However, the
classification of other genotypes differed depending
on the analysis model.

The cumulative value of the weighted coefficients
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(Wj) for GrP, MGT, MGR, and GSC exceeded 76% of
the overall weights in this study. And the Cumulative
Percentage of the first and second PCS (Table 10) was
about 79.69% in which similar to Wj.
Correspondingly, the R-square values for GrP, MGT,
MGR, and GSC were all greater than 50%, indicating
their reliability in assessing the sensitivity of the
genotypes to salinity stress. These findings suggest
that these four characteristics could serve as
fundamental parameters in a framework designed to
evaluate the tolerance of chilli pepper germination to
salinity stress. Additionally, the R-square value may
be considered a viable alternative to the weighted
coefficient (Wj) in this assessment.

Despite minor discrepancies between the
integrated value (DV) and the slope of the regression
line in the arrangement of genotypes (Tables 12 and
13), we propose that the slope is a more effective
metric for evaluating salinity sensitivity. This is
primarily because the slope quantitatively represents
the extent of decline in each characteristic as salinity
levels increase across all genotypes. In contrast, the
DV calculation depends on higher salinity levels,
which may not fully capture the nuanced responses
of genotypes.

Principal components (PCs) effectively highlight
the relationship between variables and their
respective impacts, while summated regression slope
values provide a comprehensive measure of the
overall influence across all traits.

When evaluating the impact of salinity on
genotypes, the R-squared value is a critical metric for
assessing the significance of the parameters.
Moreover, our hypothesis regarding the efficacy of
the regression line slope (b) has been validated. In
contrast, the Genotype Salinity Susceptibility Index
(GSSI) model is not recommended, as it evaluates
parameters independently rather than offering a
comprehensive understanding of the genotypes’
responses to salinity stress.

Previous scholarly investigations, alongside our
findings, indicate that the DV value is a superior
metric for assessing salt tolerance (Fang et al., 2017;
Xie et al., 2021). Cluster analysis based on the DV
value enabled a comparative evaluation of salt
tolerance across different genotypes. The results of
this study clearly categorized the genotypes into four
clusters: the first cluster, comprising A and D,
exhibited salt tolerance and thus represents a
valuable set of materials suitable for cultivation in



saline environments. The analysis effectively
delineated varying degrees of salinity sensitivity
among the genotypes, classifying them as resistant
(D, A, and G), moderately resistant (F and V2),
sensitive (S and Z), and highly sensitive (H and V3) to
salinity.

Yemeni chilli genotypes exhibit considerable
variation in salinity tolerance. Results have identified
genotypes A and D as promising candidates for
cultivation in saline environments, designating them
as elite genotypes. These genotypes offer valuable
prospects for hybridization with those exhibiting
moderate to low salt tolerance, aiming to enhance
resilience and productivity. The study underscores
the efficacy of using the regression line slope as a
robust method for assessing genotypic sensitivity to
salinity. These findings are pivotal for advancing the
development of salt-tolerant chilli cultivars,
optimizing breeding strategies, and promoting
sustainable agricultural practices in saline-affected
regions.
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