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Abstract

An experiment was conducted in zinc-treated soil with 0, 50, 100, 150, 200, and 250 mM NacCl salinity
to assess their interaction effect on photosynthetic pigment stability, water balance, and yield of soybean.
Salinity reduced photosynthetic pigments, RWC, WRC, and exudation rate, while increasing WSD and
WUC. Zinc application mitigated these effects by improving pigment levels, water relations, and yield
attributes. Moderate salinity (150 mM NaCl) showed the highest response to Zn application in terms of
physiological and yield improvements. Zinc also improved seed yield, pod characteristics, and branch
number under salinity. These findings suggest that Zn treatment can partially attenuate the toxic effects of
Na* and CI" ions and improve soybean yield by enhancing photosynthetic pigment levels and maintaining
water status.

Introduction

Salinity reduces crop development and productivity by nearly twofold (Hasanuzzaman et al.
2013). Approximately 1.5 million hectares of the 2.85 million hectares of coastal and offshore
land in Bangladesh are affected by varying levels of salinity (Afrin et al. 2023). Thus, to survive
changes in the external environment, plants utilize internal mechanisms (Khanam et al. 2025).

Salinity could abate crop growth by negatively affecting various physiological processes,
including osmotic stress and ion toxicity, metabolic imbalance, malnutrition (Khanam et al. 2018,
Afrin et al. 2021), inadequate photosynthesis, and chlorosis (Hasanuzzaman et al. 2014).
Excessive Na* and CI" concentrations caused by salinity affect the absorption of many essential
nutrients, including K, Ca, Mg, and N (Abdallah et al. 2016, Akhtar et al. 2021). This leads to
reduced stomatal opening and a decrease in intracellular CO, caused by competitive interactions
affecting the ion selectivity and photosynthetic activity of the cell membrane, as well as affecting
plants’ water relationships (Akhtar et al. 2013).

Zinc plays a critical role in membrane integrity, IAA, protein metabolism, and cell division.
Moreover, zinc has catalytic activity in photosynthesis as it is a constituent of many
photosynthetic enzymes that assist in the first step of carbon dioxide fixation (Weisany et al.
2011), and it could prevent oxidation of chlorophyll. Thereby, the present study aimed to
investigate the zinc and salinity interaction on the physiological and yield characteristics of
soybean under salinity stress, whether zinc could attenuate the damage induced by NaCl.

Materials and Methods

A pot experiment was conducted at the Plant Physiology and Biochemistry Laboratory,
Department of Botany, Jahangirnagar University, Savar, Dhaka. Certified soybean seeds (cv.
Shohag) were collected from the Bangladesh Agricultural Research Institute (BARI). The
experiment was carried out in a randomized block design with three replications. There were six
treatments viz. O (control), 50, 100, 150, 200, and 250 mM NacCl, and the cultivar was also treated
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to salinity stress together with zinc sulfate. Before sowing, the optimal dose of ZnSO, and other
nutrients were thoroughly mixed into the soil. Subsequently, soybean seeds were surface sterilized
with 0.1% sodium hypochlorite. Seeds were directly sown in the soil on 4" February 2019.
Throughout the study period, plants were maintained with regular watering, periodic weed control,
and appropriate fertilizer application following standard agronomic practices. Distilled water was
applied in all pots up to the emergence of seedlings. After seedling establishment, distilled water
in control pots, and 12.5 mM NaCl solution was applied in rest of the pots. When the first leaf
appeared, the actual amount of NaCl solution was applied.

Photosynthetic pigments, including chlorophyll a (chl a), chlorophyll b (chl b), total
chlorophyll (chl (a+b)), and carotenoids, were estimated using the specific absorption coefficient
method (Mackinney 1940) and the formula of Maclachlan and Zalik (1963). Plant water status viz.
relative water content (RWC), water saturation deficit (WSD), water retention capacity (WRC),
and water uptake capacity (WUC) were measured using the method of Sangakkara et al. (1996)
based on fresh, turgid, and dry weight of uniform leaves from five seedlings per treatment. The
exudation rate (mg/h) was calculated by using the formula of Akhtar et al. (2013). At final harvest,
data on number of branches/plant, No. of total pods/plant, No. of filled pods/plant, weight of total
pods/plant, weight of filled pods/plant, 100-seed weight, and yield per plant were noted. Statistical
analysis was conducted via ANOVA in SPSS (v16.0), and means were separated by Duncan’s test
at the 5% probability level.

Results and Discussion

Result presented in Table 1 revealed that at 100-250 mM NacCl, Chl a decreased by 37.97 to
66.46%, whereas in case of Chl b, it was decreased by 38.73 to 76.76% compared to the control.
However, zinc supplementation improved chl a by up to 39.62% and chl b by up to 40.23% under
corresponding salinity levels. Similarly, total chl (a+b) decreased by 38.21, 53.16, 57.81 and
71.43% in plants treated with 100, 150, 200, and 250 mM NacCl, respectively. Zn supplementation
increased Chl (a+b) content by 29.03, 18.44, 11.03 and 29.07% at those respective salinity levels.
The present findings showed that salinity stress significantly reduces chlorophyll content, which
was consistent with previous studies (Ahmad et al. 2017). However, under moderate salinity
(100-150 mM NaCl), zinc supplementation significantly mitigated chlorophyll degradation. The
most notable enhancement was observed in chl b at 100 mM NaCl, where Zn increased its level by
nearly 40% compared to non-Zn-treated plants. Total chlorophyll increases by 29% under the
same salinity level with Zn application. Moreover, chl a content at 150 mM NaCl increased by
approximately 21% following Zn treatment. These findings imply that Zn plays a crucial role in
protecting chlorophyll molecules from oxidative stress, along with a direct positive influence on
Mg uptake, which is an important component of chlorophyll. The previous findings of Weisany
et al. (2011) and Ahmad et al. (2017) on Zn's role in stabilizing photosynthetic pigments and
maintaining chloroplast ultrastructure under salt stress show consistent results with the present
study.

Table 1 represents that carotenoids content decreased with respect to the control by 24.00,
39.79, 47.16 and 61.69% in plants treated with 100, 150, 200, and 250 mM NacCl, respectively.
Batra et al. (2022) also found similar results on Vigna radiata. In contrast, Zn supplementation
markedly improved carotenoid levels across all salinity treatments. In comparison to the
corresponding non-Zn treatments, carotenoids increased by approximately 20% at 100 mM, 19%
at 150 mM, 21% at 200 mM, and 9% at 250 mM NaCl, which aligns with the study of Al-Zahrani
et al. (2021). However, zinc supplementation led to significant recovery under moderate (100-150
mM NacCl) salinity. Zn's protective potency can be observed in 200 mM NaCl, which is recorded
as the greatest relative improvement (~21%).
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Table 1. Effects of zinc on chlorophyll and carotenoid (mg/g) contents in soybean leaves cv. Shohag under salinity.

Treatments Chla Chlb Chl (a+b) Carotenoid

0 mM NaCl 158+0.47a 1.43+0.44a 3.01+0.76a 475+093a

100 mM NaCl 0.98+0.02b(62.03) 0.87+0.06b(61.27) 1.86+0.08b(61.79) 3.61+0.54 b (76.00)
100 MM NaCl+2Zn 1.18+0.68a(74.68) 122+0.75a(85.31) 2.40+0.93a(79.73) 4.33+0.39ab (91.16)
150 mM NaCl 0.89+0.11b(56.33) 0.52+0.37 bc (36.62) 1.41+0.33bc(46.84) 2.86+0.17 bc (60.21)
150 MM NaCl+2Zn 1.08+0.24b(68.35) 0.59+0.47 ab (41.26) 1.67+0.57b(55.48) 3.39+0.51 bc (71.36)
200 mM NaCl 0.85+0.40 bc (53.79) 0.42+0.21bc (29.58) 1.27 £0.54 bc (42.19) 2.51+0.34 cd (52.84)
200mM NaCl+2Zn 0.92+0.29b(58.23) 049+0.22b(34.26) 1.41+0.46b(46.84) 3.03+0.95cd (63.78)
250 mM NaCl 0.53+0.22¢c(33.54) 0.33+0.08c(23.24) 0.86+0.28¢c(28.57) 1.82+0.34d(38.31)
250 mM NaCl+2Zn 0.74+0.32b (46.83) 0.38+0.07b(26.57) 1.11+0.38b(36.88) 1.98+0.74d (41.68)

Each value is the mean (+ standard deviation) of nine replicates (Duncan’s test, P <0.05). Values within parenthesis
indicate percentage relative to the control.

Relative water content (RWC) reflects the current water content relative to the maximum
water the tissue can hold at full turgidity. According to the results, RWC remarkably reduced with
rising salinity levels. Results showed that RWC decreased with respect to the control by 35.08,
45.29, 53.77 and 71.67% in plants treated with 100, 150, 200, and 250 mM NacCl, respectively
(Table 2). Several workers reported a reduction in RWC under saline conditions in different plant
species (Boussora et al. 2024). It is commonly recognized that salinity affects soil water potential
and consequently reduces plant water uptake, resulting in a reduced RWC (Akhtar et al. 2013).
However, zinc supplementation under the same salinity conditions enhanced RWC by 33.12,
44.77, 50.78 and 51.62%, respectively, compared to plants grown under salinity stress without Zn
(Table 2). Exogenous zinc application notably attenuated these adverse effects, particularly under
moderate salinity stress (150 mM NaCl). The results are consistent with those found by Ahmad et
al. (2017), who proposed that Zn may aid in membrane integrity by increasing the level of the
antioxidant system, which protects the plant from oxidative damage. Weisany et al. (2011) found
that Zn improves water absorption and transport capacity in plants, as well as reducing the
negative impacts of salt stress.

Water saturation deficit (WSD) is the indicator of water deficiencies in plants. Findings
revealed that salinity enhanced the WSD with the increase in salinity levels. Compared with the
control, Salinity levels at 100, 150, 200, and 250 mM NaCl caused 218.87, 253.44, 282.14 and
341.11% increases of leaf WSD in non-zinc application plants, respectively (Table 2). The result
is in agreement with Akhtar et al. (2013), suggesting that plants suffer from osmotic shock under
saline circumstances due to the reduced osmotic potential in the soil solution. However, WSD was
significantly reduced by 33.28, 32.74, 28.16 and 14.78% at 100, 150, 200, and 250 mM NacCl,
compared with NaCl treatments without zinc application, respectively (Table 1).

Water retention capacity (WRC) indicates the capacity of a plant cell to retain water. WRC
was significantly decreased with increasing salinity. Results showed that WRC decreased with
respect to the control by 42.83, 53.71, 62.47 and 70.03% in plants treated with 100, 150, 200, and
250 mM NaCl, respectively. Compared with these plants, Zn supplementation increased WRC by
41.83, 54.06, and 42.48% under salinity levels at 150, 200, and 250 mM, respectively (Table 2). It
was also observed that zinc supplementation did not significantly influence WRC at 100 mM
NaCl treatments. A plant grown under a high moisture regime maintains a higher ratio, which
could be due to the lower destruction of plant tissues by moisture deficit (Sangakkara et al. 1996).
The studies reveal that Zn application possesses greater WRC under salinity stress. It has been
found that Zn treatment promotes the accumulation of suitable solutes, allowing plants to retain
more water (Cakmak 2000).
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Water uptake capacity (WUC) measures a plant’s ability to absorb water per unit dry weight
relative to its total weight. In this experiment, salinity caused an increase in WUC compared to the
control. Salinity levels at 100, 150, 200, and 250 mM NaCl caused 131.25, 147.50, 172.50 and
190.00% increases of leaf WUC in non-zinc application plants, respectively. Interestingly, salinity
usually hampers water uptake, but certain tolerant genotypes exhibit elevated water absorption
capacity through osmotic adjustment (Akhtar et al. 2013, Rahman et al. 2016). However, WUC
significantly increased by 14.29, 11.86, 16.67 and 59.87% at 100, 150, 200, and 250 mM NacCl,
compared with NaCl treatments with zinc application, respectively (Table 2). Zn ions might
change the osmotic potential of root cells, enabling them to absorb more water. Additionally, the
use of Zn may boost the root system's water uptake capacity by altering the infiltration pattern of
root cells (Zhang et al. 2020).

The flow of sap from the cut end of the stem against gravity is known as exudation. Under
normal conditions, the exudation rate is higher than that under salt stress or any other stress
conditions. Therefore, exudation can be used as an indicator to measure stress severity. Results
showed that the exudation rate decreased compared to the control by 55.95, 64.30, 72.31 and
79.68% in plants treated with 100, 150, 200, and 250 mM NacCl, respectively. Under salt stress, a
reduction in the exudation rate has been observed by Akhtar et al. (2013) for wheat, suggesting
that reduced water absorption is responsible for lowering the exudation rate. In comparison, Zn
supplementation increased the exudation rate by 8.29, 10.16, and 5.16% at salinity levels of 100,
150, and 250 mM, respectively (Table 2). It was also observed that plant exudates were not
significantly improved by zinc incorporation at 200 mM NaCl. The study could not establish a
clear link between zinc and increased exudation under salinity. Further research is necessary to
confirm this relationship.

Salt-stressed soybeans showed statistically similar branch number, whereas zinc application
escalated the branch number of soybeans at low and moderate salt stress. Although zinc
interaction had a negative role on branch number at maximum salt level, it was improved by
20.12, 33.50, and 39.52% under salinity levels at 50, 150, and 200 mM NacCl, respectively (Table
3).

NaCl treatment significantly reduced the total number of pods per plant, where it was
decreased by 28.33, 48.00, 61.01, 83.01, and 92.01% under salinity treatment of 50, 100, 150, 200,
and 250 mM NaCl, respectively. Zinc application on NaCl-stressed soybean plants increased the
total number of pods by 13.28, 43.26, 23.00, 50.04, and 56.29% under salinity levels at 50, 100,
150, 200, and 250 mM, respectively (Table 3).

NaCl treatment decreased the number of filled pods per plant to a large extent. The number of
filled pods decreased by 35.34, 57.34, 71.34, 85.34, and 89.34% under salinity treatment of 50,
100, 150, 200, and 250 mM NacCl, respectively. Zinc application on NaCl-stressed soybean plants
increased the number of filled pods per plant by 18.56, 56.26, 27.91, 45.56, and 37.52% under
salinity levels at 50, 100, 150, 200, and 250 mM, respectively (Table 3).

Total pod weight was greatly reduced by NaCl stress and decreased by 52.82, 70.10, 78.74,
84.89 and 91.03% under salinity treatment of 50, 100, 150, 200, and 250 mM NacCl, respectively
(Table 3). Zinc application on NaCl-stressed soybean plants increased the total pod weight by
24.29, 42.78, 35.16, 10.98 and 3.70% under salinity levels at 50, 100, 150, 200, and 250 mM,
respectively.

Weight of filled pods /plant of soybean as influenced by different salinity levels is presented
in Table 3. Filled pods weight decreased with respect to the control by 56.68, 73.86, 80.99, 87.39
and 93.79% in plants treated with 50, 100, 150, 200, and 250 mM NaCl, respectively. Zn
supplementation increased filled pods weight by 8.41, 28.69, 57.34, 50.96, 46.38 and 61.76%
under salinity levels at 50, 100, 150, 200, and 250 mM, respectively.
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Table 3 indicates an inverse relation between rising salinity and both the 100-seed weight and
yield per plant. Zinc application consistently improved these variables compared to the
corresponding non-zinc-treated plants. The greatest improvements in both parameters were
observed under moderate salinity levels (100-200 mM NacCl). In this range, zinc application raised
100-seed weight by 25.86, 22.97, and 29.41%, while the yield increased by 27.85, 33.96, and
35.71% at 100, 150, and 200 mM NacCl, respectively.

In the present study, increasing salinity levels consistently reduced key yield parameters,
including the number of pods per plant, seeds per pod, and total seed yield. The reduction in seed
yield of soybean has been reported by several studies (Khan et al. 2016, Ferdous et al. 2018).
Yield reductions in salt-affected soils result primarily from alteration of various metabolic
processes in plants under salt stress (Eynard et al. 2005). Moreover, Maas and Hoffman (1977)
concluded that the reduction in yield at increased salt levels was possibly due to a reduction in the
physiological availability of water with the increase in osmotic concentration and accumulation of
ions at a toxic concentration in the plant. In the present study application of Zn to salt-stressed
plants significantly enhanced the pod formation, improved seed development, and increased
overall yield in soybean compared to salt treatments. A similar trend was noted by Ferdous et al.
(2018) and Parvin et al. (2016). Reduction in branch number with high salinity indicates
suppressed vegetative growth and reduced meristematic activity under salt-induced osmotic and
ionic stress.

The evidence presented confirms that salinity stress adversely affected photosynthetic
pigments, water status, and yield attributes in soybean, leading to reduced plant performance. Zinc
supplementation showed a consistent alleviating effect across all stress levels. The most
pronounced improvements were observed under moderate salinity (150 mM NacCl). This suggests
that zinc could be used as part of soil management in salinity-prone areas to maintain soybean
production.
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