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infection rate were evaluated on the 7th, 14th, 21st, and 28th days of culture. NaCl stress
generally reduced growth parameters in a concentration dependent manner. While 100
mM NaCl caused moderate inhibition, maintaining growth parameters at approximately
77-80% of control values, concentrations of 200 mM and above resulted in severe
suppression of shoot growth and biomass accumulation. Shoot length exhibited the
strongest linear response to NaCl concentration on the 28th day (y = -0.143x + 55.82; R?
=0.917), confirming its reliability as a salinity stress indicator in garlic. These findings
confirm the salt sensitivity of garlic under in vitro conditions and demonstrate that shoot
tip culture is an effective system for salinity tolerance screening. Shoot length and shoot
fresh weight are proposed as key morphological indicators for evaluating NaCl stress
responses in garlic.
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INTRODUCTION

Agricultural lands are increasingly degraded due to improper irrigation, excessive fertilizer application, intensive farming,
and unsustainable agricultural practices. These conditions, compounded by climate change, have amplified the impact of
major abiotic stresses including drought, salinity, heavy metal toxicity, and extreme temperatures. In recent years, numerous
studies have been conducted to elucidate the effects of abiotic stress conditions on plant growth, development, physiological
balance, and yield (Qaseem et al., 2019; Wagqas et al., 2019; Abdel-Farid et al., 2020; Mancak and Baktemur, 2023;
Mohammadi Alagoz et al., 2023; Kara et al., 2024; Tang et al., 2024; Adem et al., 2025; Kara et al., 2025; Bekis Hasdeniz
et al., 2025; Demirel et al., 2025; Kara, 2025; Mohammed et al., 2025; Ucar et al., 2026; Ergiil et al., 2026; Kara, 2026).
Among these stress factors, salinity stands out as one of the most significant environmental constraints limiting plant growth,
particularly in irrigated agricultural lands. Salt affected soils encompass saline soils with high soluble salt content and sodic
soils with elevated exchangeable sodium ratios. These soils significantly limit plant growth and agricultural productivity,
particularly in arid, semi arid, and coastal regions. Salinization is accelerated not only by natural processes such as climate
change, rising sea levels, and increasing drought, but also by anthropogenic activities including improper irrigation practices
and excessive water use. According to FAO data, more than 1.381 billion hectares worldwide representing approximately
10.7% of the global land surface are affected by salinity, making it one of the primary abiotic stress factors threatening
sustainable agricultural production (FAO, 2024). Salt stress disrupts water and ion homeostasis in plants, leading to osmotic
stress, ion toxicity, membrane damage, reduced photosynthesis, and impaired development (Liu et al., 2024). Plants attempt
to acclimate to these adverse conditions through osmotic adjustment, maintenance of ion homeostasis, activation of
antioxidant defense systems, and hormonal signaling pathways (Waheed et al., 2024). The development of salt tolerant
cultivars requires an integrated assessment of the physiological, biochemical, and molecular responses of plants to salt stress
(Liu et al., 2024).
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Garlic (Allium sativum L.) is a species belonging to the genus A//ium of the family Alliaceae, cultivated worldwide for both
food and medicinal purposes. The growing importance of garlic is attributed to the beneficial effects of its organosulfur
compounds most notably allicin on human health (Gonzalez et al., 2009; Greedharry et al., 2024). By virtue of these bioactive
components, garlic exhibits antioxidant, antimicrobial, anti inflammatory, cardioprotective, and metabolic health supporting
properties. Consequently, garlic is regarded as a valuable natural resource in the development of functional food and
nutraceutical products (Shang et al., 2019). Although garlic is cultivated worldwide owing to its valuable bulb structure, its
production is constrained by sterility in commercial cultivars and pathogen accumulation associated with vegetative
propagation. Recent advances in garlic genomics and transcriptomics have contributed to a better understanding of important
traits such as flowering, bulb formation, quality characteristics, and disease resistance (Parrefio et al., 2023).

Salt stress adversely affects growth, physiological function, and bulb development in garlic, leading to yield losses.
Therefore, the identification of salinity tolerant genotypes is of considerable importance for breeding programs (Sanwal et
al., 2026). Al-Safadi and Faoury (2004) reported in an in vitro study that the responses of garlic cultivars to salinity varied
according to genotype, and that the interaction between salt concentration and genotype exerted significant effects on shoot
and root development. Meristem and shoot tip culture in garlic represents an important system for rapid propagation,
production of pathogen free material, conservation of genetic resources, and the investigation of stress responses under
controlled conditions. It has been reported that meristem culture is widely used for virus elimination and that meristematic
tissues offer the advantages of high cell division capacity and genetic stability (Benke et al., 2023). Taskin et al. (2013)
reported that no viruses were detected in garlic plants derived from meristem culture, whereas viruses could be detected in
some plants obtained from shoot tip culture, highlighting the importance of explant type and culture system in garlic
propagation.

Despite the agronomic importance of garlic and the increasing threat of soil salinity, the use of shoot tip culture as a rapid
and controlled in vitro system for evaluating NaCl-induced growth responses in garlic remains limited. Therefore, this study
aimed to determine the effects of increasing NaCl concentrations on the in vitro growth performance of garlic plantlets
derived from shoot tip culture. Specifically, shoot fresh weight, shoot dry weight, shoot length, dry matter content, and
infection rate were evaluated under 0, 100, 200, and 300 mM NaCl treatments. The study further aimed to identify the most
sensitive morphological indicators of salinity stress and to clarify whether shoot tip culture can be used as a practical
preliminary screening system for salinity tolerance in garlic.

MATERIALS AND METHODS

This study was conducted in the Prof. Dr. Saadet BUYUKALACA Tissue Culture Laboratory, Department of Horticulture,
Faculty of Agriculture, Cukurova University. Tagkoprii garlic cloves were used as plant material. Healthy and uniform cloves
were selected before surface sterilization and explant preparation.

Murashige and Skoog (MS) basal medium was used as the culture medium. To evaluate the effects of in vitro salinity stress,
the medium was supplemented with different concentrations of NaCl: 0, 100, 200 and 300 mM. The treatment without NaCl
was considered as the control. For each liter of culture medium, 4.4 g MS basal medium powder, 30 g sucrose as the carbon
source, and 7 g agar as the gelling agent were added. The pH of the medium was adjusted to 5.8 using a pH meter before
heating. The prepared medium was dispensed into culture jars and sterilized by autoclaving at 121°C under 1.2 atm pressure
for 15 min. After autoclaving, the media were allowed to cool and solidify under sterile conditions.

Garlic cloves were surface sterilized by immersion in 25% sodium hypochlorite solution for 20 min. After sterilization, the
explants were rinsed four to five times with sterile distilled water to remove residual disinfectant. Under aseptic conditions
in a laminar airflow cabinet, the sterilized garlic cloves were dissected using sterile forceps and scalpels. Shoot tip explants
were carefully isolated and transferred to the previously prepared MS media containing different NaCl concentrations. One
shoot tip explant was placed in each culture jar.

The cultured explants were incubated in a plant growth chamber at 25 £+ 2°C under a 16 h light/8 h dark photoperiod with a
light intensity of 3000 lux. Cultures were maintained under these conditions throughout the experimental period.

Plant growth and developmental responses to NaCl induced in vitro salinity stress were evaluated through periodic
morphological observations and measurements performed on the 7%, 14%, 21 and 28" days after culture initiation. Shoot
fresh weight (g), shoot dry weight (g), shoot length (mm), dry matter content (%) and infection rate (%) were recorded as
growth and culture response parameters throughout the experimental period. Fresh and dry weights were determined using
a precision balance, while shoot length was measured using a digital caliper. For dry weight determination, shoot samples
were dried in a drying oven at 55°C until a constant weight was reached. At the end of the culture period, the 28"-day data
were expressed as percentages of the control to determine the relative response of each parameter to NaCl treatments. In
addition, the relationship between NaCl concentration and shoot length was evaluated by linear regression analysis.

The experiment was established according to a completely randomized design with four replications, each replication
consisting of five culture jars. The data obtained from the study were subjected to analysis of variance. Differences among
statistically significant treatment means were determined and grouped using the LSD multiple comparison test. Statistical
analyses were performed using JMP 13.01 statistical software.
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RESULTS

NaCl stress significantly reduced shoot fresh weight (SFW) of garlic (A//ium sativum L.) plantlets in a concentration
dependent manner throughout the 28-day experimental period (p < 0.05; Table 1). On the 7" day, the control (0 mM)
produced the highest SFW (0.688 g), which was significantly higher than all NaCl treatments. Although 100 mM (0.524 g)
and 200 mM (0.427 g) NaCl did not differ significantly from each other, both were significantly higher than 300 mM NaCl
(0.250 g; LSD = 0.10). From the 14" day onward, each NaCl concentration produced a significantly different SFW (LSD =
0.06), declining from 0.75 g (control) to 0.57 g (100 mM), 0.41 g (200 mM), and 0.32 g (300 mM). The same statistically
distinct pattern was observed on the 21% day (0.75, 0.62, 0.41, and 0.34 g for 0, 100, 200, and 300 mM, respectively; LSD
=0.05). By the 28™ day, while the control (0.71 g) and 100 mM (0.56 g) remained statistically distinct from one another, the
200 mM (0.25 g) and 300 mM (0.24 g) treatments no longer differed significantly (LSD = 0.08), indicating that high salinity
suppressed fresh biomass accumulation to a similar level at these concentrations.

The effect of NaCl stress on shoot dry weight (SDW) was less pronounced in the early stages but became more evident over
time. On the 7" day, plants treated with 200 mM NaCl produced the highest SDW (0.068 g), which was significantly higher
than all other treatments, including the control (0.054 g), 100 mM (0.044 g), and 300 mM (0.044 g); the latter three did not
differ significantly from one another (LSD = 0.01). By the 14" day, the control (0.056 g), 100 mM (0.054 g), and 200 mM
(0.055 g) treatments were statistically comparable, whereas 300 mM NaCl (0.034 g) resulted in a significantly lower SDW
than all other groups (LSD = 0.008). On the 21% day, the control (0.056 g) was significantly higher than all NaCl-treated
plantlets, among which no significant differences were detected (0.022-0.031 g; LSD = 0.014). By the 28" day, SDW tended
to decrease with increasing NaCl concentration, with values of 0.051 g in the control, 0.041 g at 100 mM, 0.033 g at 200
mM and 0.024 g at 300 mM NaCl. The control treatment showed the highest SDW, whereas 300 mM NaCl produced the
lowest value. The 100 and 200 mM NacCl treatments showed intermediate responses, indicating a gradual reduction in dry
biomass accumulation under increasing salinity.

Table 1. Effect of salt stress on shoot fresh and dry weight of garlic derived from shoot tip culture

NaCl (mM) Shoot Fresh Weight (g) Shoot Dry Weight (g)
7" Day

0 0.688A 0.054B
100 0.524B 0.044B
200 0.427B 0.068A
300 0.250C 0.044B
LSD 0.10%** 0.01%*
14™ Day

0 0.75A 0.056A
100 0.57B 0.054A
200 0.41C 0.055A
300 0.32D 0.034B
LSD 0.06%** 0.008***
21% Day

0 0.75A 0.056A
100 0.62B 0.031B
200 0.41C 0.025B
300 0.34D 0.022B
LSD 0.05%** 0.014**
28t Day

0 0.71A 0.051A
100 0.56B 0.041AB
200 0.25C 0.033BC
300 0.24C 0.024C
LSD 0.08%** 0.011**

Note: Values followed by different letters within the same column are significantly different according to the LSD test.
** and *** indicate significance at P<0.01 and P<0.001, respectively.

NaCl stress caused a statistically significant and concentration dependent reduction in shoot length of garlic plantlets at all
observation periods (p < 0.05; Table 2). On the 7™ day, the control plants showed the greatest shoot length (92.15 mm),
which was significantly higher than all NaCl treated groups. Although 100 mM (30.47 mm) and 200 mM (29.02 mm) NaCl
did not differ significantly from each other, both were significantly greater than 300 mM NaCl (21.64 mm; LSD = 3.05). By
the 14" day, all four concentrations were statistically distinct from one another (LSD = 6.91), with shoot lengths of 98.42
mm (control), 76.62 mm (100 mM), 33.50 mm (200 mM), and 22.12 mm (300 mM), demonstrating that even 100 mM NaCl
caused a statistically significant 22.2% reduction relative to the control at this time point. On the 21 day, the control (84.72
mm) and 100 mM (58.55 mm) treatments remained statistically different from each other (LSD = 10.38); however, 200 mM
(24.23 mm) and 300 mM (18.98 mm) NaCl no longer differed significantly, indicating that the inhibitory effect of high
salinity on shoot elongation reached statistical equivalence at these concentrations. By the 28" day, 100 mM NaCl (43.76
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mm) was still statistically significantly higher than 200 mM (19.31 mm) and 300 mM (17.67 mm), which again did not differ
significantly from each other (LSD = 5.53). Notably, the control group recorded a shoot length of 57.03 mm at this final
time point, which was markedly lower than its peak value of 98.42 mm recorded on the 14" day, suggesting a natural
deceleration of shoot elongation in the control as the culture period progressed. Taken together, these findings indicate that
NaCl stress exerts a highly significant inhibitory effect on shoot elongation in garlic plantlets, with statistically significant
differences consistently maintained between the control and all salt-treated groups throughout the experimental period.

Table 2. Effect of salt stress on shoot length (mm) of garlic derived from shoot tip culture

NaCl (mM) Shoot length (mm)
7" Day

0 92.15A

100 30.47B

200 29.02B

300 21.64C

LSD 3.05%**

NaCl (mM) Shoot length (mm)
14" Day

0 98.42A

100 76.62B

200 33.50C

300 22.12D

LSD 6.91%**

NaCl (mM) Shoot length (mm)
21% Day

0 84.72A

100 58.55B

200 24.23C

300 18.98C

LSD 10.38%**

NaCl (mM) Shoot length (mm)
28" Day

0 57.03A

100 43.76B

200 19.31C

300 17.67C

LSD 5.53%**

Note: Values followed by different letters within the same column are significantly different according to the LSD test.
*** indicate significance at P<0.001

NaCl stress significantly affected dry matter content on the 7%, 14" and 28" days, while no significant difference was
observed on the 21% day (Table 3). On the 7% day, the control and 100 mM NaCl treatments formed the highest statistical
group, whereas 200 and 300 mM NaCl significantly reduced dry matter content. On the 14" day, dry matter content decreased
progressively with increasing NaCl concentration, and each treatment formed a separate statistical group. At the end of the
culture period, the control and 100 mM NaCl treatments had the highest dry matter contents, 13.73% and 13.58%,
respectively, while 200 and 300 mM NaCl produced significantly lower values. These findings indicate that high NaCl
concentrations negatively affected dry matter accumulation in garlic plantlets.

The effect of NaCl stress on the infection rate of garlic explants derived from shoot tip culture was statistically significant
(p < 0.05; Table 4). The highest infection rate was recorded in the non saline control (0 mM NacCl) at 12.50%, which was
significantly higher than all NaCl treated groups (LSD = 2.66). The 100 mM NaCl treatment resulted in a markedly reduced
infection rate of 2.50%, representing an 80% decrease relative to the control, and was statistically different from the control.
No infection was observed at 200 and 300 mM NaCl.

The relative response heatmap based on the 28"-day data clearly showed the dose dependent inhibitory effect of NaCl on
garlic plantlets (Figure 1). At 100 mM NacCl, shoot fresh weight, shoot dry weight and shoot length were maintained at
78.9%, 80.4% and 76.7% of the control, respectively, while dry matter content remained nearly unchanged at 98.9%. In
contrast, 200 and 300 mM NaCl markedly reduced growth related parameters, with shoot fresh weight decreasing to 35.2%
and 33.8%, and shoot length decreasing to 33.9% and 31.0% of the control, respectively. These results indicate that 100 mM
NaCl caused only moderate growth inhibition, whereas 200 mM and higher NaCl concentrations severely restricted in vitro
growth of garlic shoot tip-derived plantlets. Infection rate was included as a culture quality parameter and should be
interpreted separately from growth related traits.
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Table 3. Effect of salt stress on dry matter content (%) of garlic derived from shoot tip culture

NaCl (mM)
7" Day

0

100

200
300
LSD

NaCl (mM)
14" Day

0
100

200
300
LSD

NaCl (mM)
21 Day

0
100

200
300
LSD

NaCl (mM)
28 Day

0
100

200
300
LSD

Dry matter content (%)

17.86A
16.10A

8.43B
7.97B
2.74%**

Dry matter content (%)

13.38A
12.40B

9.53C

7.35D

0.88***

Dry matter content (%)

7.53
6.38

6.20
5.01
N.S.
Dry matter content (%)

13.73A
13.58A

7.21B
7.09B
2.78%**

Note: Values followed by different letters within the same column are significantly different according to the LSD test.

N.S.: non-significant; *** indicate significance P<0.001

Table 4. Effect of salt stress on infection rate (%) of garlic derived from shoot tip culture

NaCl (mM)
0
100

200
300
LSD

Infection rate (%)
12.50A
2.50B

0.00B
0.00B
2.66%**

Note: Values followed by different letters within the same column are significantly different according to the LSD test.
**%* indicate significance at P<0.001

A strong negative relationship was observed between NaCl concentration and shoot length on the 28" day (Figure 2). Shoot
length decreased progressively as NaCl concentration increased, and this response was well described by a linear regression
model (y =-0.143x + 55.82; R2=0.917). The high coefficient of determination indicates that increasing NaCl concentration
explained a large proportion of the reduction in shoot elongation. These results confirm that shoot length is a sensitive growth

parameter for evaluating NaCl induced in vitro salinity stress in garlic.
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Figure 1. Relative response heatmap of garlic plantlets derived from shoot tip culture under different NaCl concentrations
on the 28" day. Values represent percentages of the control treatment
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Figure 2. Dose-response relationship between NaCl concentration and shoot length of garlic plantlets derived from shoot
tip culture on the 28" day

The radar chart generated from the 28"-day relative values provided an integrated view of the tolerance profile of garlic
plantlets under NaCl induced salinity stress (Figure 3). The control treatment showed the highest performance for all
evaluated growth parameters. At 100 mM NaCl, the overall growth profile was partially maintained, particularly for dry
matter content, whereas reductions were observed in fresh weight, dry weight and shoot length. In contrast, 200 and 300
mM NaCl treatments caused a marked contraction of the tolerance profile, indicating severe inhibition of biomass
accumulation and shoot elongation. These findings support that 100 mM NaCl represents a moderate stress level, while 200
mM and higher concentrations strongly limit in vitro growth of garlic plantlets.
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28th-day tolerance profile of garlic plantlets
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Figure 3. Tolerance profile of garlic plantlets derived from shoot tip culture under different NaCl concentrations based on
28%_day relative growth parameters

DISCUSSION

The present study demonstrated that NaCl induced salinity stress markedly restricted the in vitro growth of garlic plantlets
derived from shoot tip culture. The reduction in shoot fresh weight, shoot dry weight and shoot length became more
pronounced with increasing NaCl concentration, particularly at 200 and 300 mM. In contrast, 100 mM NacCl allowed partial
maintenance of growth, indicating a moderate stress level under the present culture conditions. Similar inhibitory effects of
salinity on garlic growth have been reported by Al-Safadi and Faoury (2004), who observed significant reductions in shoot
and root development under increasing salt concentrations in different garlic cultivars. Likewise, Singh (2021) reported that
increasing NaCl levels reduced in vitro growth of Allium sativum, supporting the concentration dependent growth inhibition
observed in the present study.

Among the evaluated parameters, shoot length and shoot fresh weight appeared to be the most sensitive indicators of NaCl
induced stress. The strong negative relationship between NaCl concentration and shoot length on the 28" day further supports
the use of shoot elongation as a reliable morphological marker for salinity screening in garlic. This is consistent with Ahmad
et al. (2021), who reported that salt injury in garlic germplasm was negatively associated with several growth and
physiological traits. Similarly, Zhou et al. (2021) emphasized the importance of shoot dry weight and ionic balance related
traits in distinguishing salt tolerant and salt sensitive garlic accessions. Therefore, the marked reduction in shoot length and
biomass accumulation under high NaCl levels may reflect impaired growth capacity caused by salinity induced stress.

The growth inhibition observed under high NaCl concentrations may be associated with osmotic limitation, ion imbalance
and reduced biomass accumulation. Salt stress is known to reduce water uptake, disturb ion homeostasis and impair cellular
expansion, which ultimately restricts plant growth. In the present study, the stronger reduction in shoot fresh weight
compared with some dry weight responses suggests that water related growth processes were strongly affected by NaCl
stress. Similar responses have also been reported in other Allium species. In onion (Allium cepa L.), NaCl stress has been
shown to reduce growth and cause osmotic, oxidative and cytogenetic damage in root tissues (Cavusoglu, 2023). Moreover,
studies on onion have highlighted the roles of Na* and C1~ accumulation, aquaporin regulation and altered metabolic profiles
in salinity responses (Solouki et al., 2023; Romo Pérez et al., 2024). These findings support the view that salinity induced
growth suppression in garlic may result from the combined effects of osmotic and ionic stress.

The partial maintenance of growth under 100 mM NaCl suggests that garlic plantlets may tolerate moderate salinity to some
extent under in vitro conditions. However, the sharp decline observed at 200 and 300 mM NaCl indicates that these
concentrations exceed the tolerance capacity of the tested material. This agrees with recent findings showing that garlic
genotypes differ in their ability to maintain growth, membrane stability, antioxidant activity and ionic balance under salinity
stress (Nana et al., 2024; Sanwal et al., 2026). Although the present study focused on morphological parameters, the observed
decline in shoot growth and biomass accumulation indicates that high NaCl concentrations imposed substantial stress on
garlic plantlets.

Overall, the results suggest that shoot tip culture can serve as a practical and controlled platform for early stage evaluation
of salinity responses in garlic. Since garlic is mainly propagated vegetatively, in vitro screening systems may provide useful
tools for identifying stress responsive materials and supporting future selection studies. The present findings indicate that
shoot length and shoot fresh weight are particularly useful morphological indicators for rapid assessment of NaCl induced
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growth inhibition in garlic. Future studies integrating physiological, biochemical and molecular analyses will be valuable
for clarifying the mechanisms underlying salinity tolerance in garlic.

CONCLUSION

The present study demonstrated that increasing NaCl concentrations significantly inhibited the in vitro growth of garlic
plantlets derived from shoot tip culture. While 100 mM NaCl caused moderate growth reduction, 200 and 300 mM NaCl
severely restricted shoot development and biomass accumulation. Among the evaluated parameters, shoot length and shoot
fresh weight were identified as the most sensitive morphological indicators of salinity stress. The strong negative relationship
between NaCl concentration and shoot length further confirmed the reliability of shoot elongation for in vitro salinity
screening in garlic. Overall, shoot tip culture may serve as a practical preliminary approach for evaluating salinity responses
in garlic.
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