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Abstract

Drought stress significantly limits rice (Oryza sativa L.) growth and nutrient uptake. This study evaluated the effect of lysine-
chelated zinc (LCZ) on mitigating drought-induced stress in callus tissues of two rice genotypes, Bas-370 and Kashmir Basmati. One-
month-old calli were treated for 15 days with polyethylene glycol (PEG) to simulate drought stress (0%, 10%, and 20% PEG), both
with and without 20 uM LCZ, under controlled conditions. PEG-induced stress led to a substantial reduction in callus fresh weight,
relative growth rate (RGR), and the uptake of key nutrients, including phosphorus (P), manganese (Mn), magnesium (Mg), and iron
(Fe). In contrast, LCZ treatment improved callus growth and partially restored nutrient uptake under drought conditions. The results
suggest that LCZ can alleviate osmotic stress effects at the cellular level and support nutrient assimilation. These findings indicate the
potential of LCZ as a supplement to enhance drought resilience in rice, though further validation in whole plants is recommended.
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Introduction

Rice, one of the most important staples grains,
provides nourishment and energy to millions. The number
of rice consumers is rising as the global population grows.
Water is a crucial abiotic factor essential for rice
development and growth (Byrnes & Bum, 2017).
However, drought stress can reduce the potassium (K*)
levels in rice callus, leading to a decrease in relative water
content (RWC) and water use efficiency (WUE). It
continues to impact global rice production significantly,
with a reduction of up to 53% (Byrnes & Bum, 2017).
Pakistan is renowned for its basmati rice, which is famous
for its long, slender grains, gelatinization, strong aroma,
and significant grain elongation during cooking (Mathure
et al., 2011). However, rice production is severely
threatened by drought stress, which can lead to significant
yield losses and poor grain quality (Hasanuzzaman et al.,
2013; Raza et al., 2023).

Drought represents a major environmental challenge
for agriculture, exerting extensive impacts (Eid er al,
2020). Researchers are actively working to improve
agricultural yield in water-scarce environments. The global
population has increased from approximately 1.67 billion
in the early 20th century to 5.99 billion currently, with

projections of 8.10 billion by 2050 and 8.99 billion by 2150.

This population increase is concentrated in developing
regions, particularly in Asia and Africa, which account for
90% of the growth (Byrnes & Bum, 2017).
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Drought stress directly affects several physiological
processes in rice, including osmoregulation, the accumulation
of soluble sugars and proline, and maintaining high water
content (Choudhury et al., 2024). Lysine, referred to as K or
Lys, is an essential a-amino acid for human health (Lukasheva
et al, 2021). Adequate lysine content is defined as food
containing at least 50 mg of lysine per gram of protein. Lysine
is known to greatly influence the growth of prevalent cereal
crops, specifically wheat, maize, and rice (Schmidt et al., 2015;
Verslues et al., 2006). Lysine is mostly found in cereal grains
but abundantly found in pulses (Schmidt et al., 2015). Zinc is
an essential micronutrient that plays a critical role in rice
growth and development, particularly under stress conditions
(Kaur & Garg, 2021; Seleiman et al., 2023). It acts as a
fertilizer for plants; however, excessive concentrations can be
highly toxic (Kaur & Garg, 2021). It also serves as a cofactor
for various enzymes, including oxidases, peroxidases,
anhydrases, and dehydrogenases, and is a critical component
of metallo enzymes (Hénsch & Mendel, 2009). Moreover it is
often used in a chelated form to enhance absorption. Chelates
are ligands that can bind to a single metal ion (like Zn*") to
form a unique, relatively stable structure known as a chelation
complex. When in chelated form, metal ions are less likely to
react and become immobilized by soil components, increasing
their availability to plant roots (Khan et al, 2021).
Additionally, rice callus, a type of undifferentiated plant tissue,
has been reported to possess drought stress-tolerant properties
(Maleki et al., 2019). Callus culture is extremely important in
plant biotechnology for the determination of plant tolerance to
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environmental stresses such as drought. Considerable
development was obtained with drought tolerance in selected
plants in In vitro studies, such as sorghum, winter wheat,
maize, and rice (Bi et al., 2007). In a short duration, In vitro
mutants with beneficial agronomic traits such as salt or water
stress tolerance and disease resistance can be found (Tahir et
al,, 2018; Farooq et al., 2009).

To mitigate the adverse effects of drought stress on rice,
researchers have been exploring various strategies, including
the use of zinc (Zn) fertilizers and plant growth regulators.
Beneficial agronomic traits, including resistance to diseases
and salt or water stress, can be quickly identified In vitro
Sundararajan et al., 2017; Hallajian, 2016; Ali et al., 2022).
Polyethylene glycol (PEG)-induced drought stress is also a
widely used experimental approach to simulate drought
conditions in controlled environments. Lysine-chelated zinc
(LCZ) improves callus growth and mineral nutrient uptake
in basmati rice genotypes under drought stress. Hence, LCZ
could be a great source for improving growth and other
physiological parameters under abiotic stresses, especially
under drought stress (Slaton, 2005). However, no
considerable work has been done in rice to understand the
mechanism of drought tolerance by applying LCZ at the
callus/cellular level. Therefore, we aimed to investigate the
role of LCZ in alleviating drought-induced stress in rice
(Bas-370 and Kashmir Basmati) callus tissues. In this
respect, rice calli were treated with different PEG
concentrations to simulate drought stress (Control, 10%, and
20% PEG), both with and without LCZ (20 uM) for 15 days
in controlled conditions.

Materials and Methods

An In vitro experiment was conducted to examine the
role of lysine-chelated zinc in alleviating drought stress at
the cellular level in Basmati rice. Two genotypes, Bas-370,
and Kashmir Basmati, were used. Grains (caryopsis) were
sterilized and cultured on MS basal medium (Murashige &
Skoog, 1962). Supplemented with 4 mg L' 2,4-D (2,4-
dichlorophenoxyacetic acid) for callus induction. The
experiment was carried out in the Advanced Tissue Culture
Laboratory, Department of Botany, Government College
Women University, Faisalabad, Pakistan.

Seed sterilization: To initiate the callus culture, dehusked
rice grains were surface sterilized with 70% ethanol for 10
sec. After the removal of ethanol, grains were dipped in 20%
sodium hypochlorite for 20 minutes. Then, it was washed
with 0.1% mercuric chloride (HgCl,) for 2-3 minutes under
a Laminar Air Flow Cabinet. The grains were rinsed with
autoclave distilled water and dried before inoculation on MS
media. After inoculation, the culture was kept in the growth
room at 25 + 2°C under a 16/8 h light and dark photoperiod.

Treatments: In Erlenmeyer flasks, 2 g of one-month-old
callus was added to liquid MS medium, along with

optimized concentrations of PEG and LCZ (control (0), 10%

PEG, 20% PEG, 20 uM LCZ, 10% PEG + 20 uM LCZ and
20% PEG + 20 uM LCZ). The flasks were incubated on a
gyratory shaker at 25 + 2°C under 3000 lux light for 15
days. Each treatment was replicated three times, using 10
flasks for each replicate. A factorial layout with a

completely randomized design was used for the experiment.
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After 15 days of treatment, callus was collected to assess
the subsequent parameters (Fig. 1).

Growth determination: After harvesting, calli were first
washed by gently agitating in deionized distilled water for
a few minutes, continuously agitated, and then dried with
tissue papers. Callus fresh weight, dry weight, RGR
(Relative Growth rate), mineral nutrients (K, Ca, Mg, Mn,
Fe, and P), and STI (stress tolerance index) were recorded.
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Fig. 1. Callus formation in control and LCZ-treated samples.
Relative Growth Rate was calculated as follows:

RGR = In (Final fresh weight) — In (Initial fresh weight)
The callus STI was calculated as follows:

Average dry weight of callus treated x 100
The average dry weight of callus control

STI=

Determination of mineral nutrients: A 0.5 g sample of
dried callus was digested in 5 mL of concentrated HNOs at
100°C, with the temperature subsequently increased to
150°C in digestion flasks. After digestion, the volume was
brought up to 50 mL in a volumetric flask. The extract was
then filtered and analyzed for concentrations of mineral
nutrients, including potassium (K), calcium (Ca),
magnesium (Mg), manganese (Mn), and iron (Fe).

Determination of phosphorus (P): To prepare the Br-
reagent, 25 grams of ammonium molybdate was
completely dissolved in 400 mL of distilled water (Solution
A). Separately, 1.25 grams of ammonium metavanadate
was dissolved in 300 mL of distilled/deionized water, and
then 250 mL of concentrated HNO; was added to this
solution (Solution B). After allowing Solution B to cool, it
was slowly mixed with Solution A in a 1-liter volumetric
flask. The combined solution was then diluted with
distilled water to a final volume of 1000 mL and
thoroughly mixed to ensure homogenization. The reagent
was allowed to stand for 30 minutes before use. The optical
density (O.D.) of the test solution was measured at 460 nm
using a spectrophotometer, Hitachi U-2001.

Statistical analysis: The collected data were subjected to
analysis of variance (ANOVA) using the COSTAT
software package (Cohort Software, Berkeley, California)
under a factorial arrangement. Differences between
treatment means were compared using the Least
Significant Difference (LSD) test at a 5% probability level.



EFFECT OF LYSINE-CHELATED ZINC TO STRENGTHEN RICE GROWTH

BBas-370 Kash Bas

045 -
04
035 -

o
w
L

0.25 1

o
[}
L

0.15 1

e
=
A

Callus fresh wt. (g

0.05 1

Treatment

12 - B Bas-370 BKash Bas

0.6 1

0.4 -

Relatve growth rate (g)

T3 T4
Treatment

0.4
0.35

C
025

S
[}

0.15

Callus dry w
o

0.05

200
180
160
140
120
100
80
60
40
20

Callus STI % ag

821

BBas-370 BKash Bas

B@Bas-370 BKash Bas

T3 T4
Treatment

gh

Treatment

Fig. 2. Effect of LCZ on fresh weight., dry weight., RGR (Relative Growth Rate), and STI (Stress Tolerance Index) of basmati rice

callus under drought stress

T1= control, T2= 10% PEG, T3= 20% PEG, T4= 20 uM, T5= 10% PEG+20 uM, T6= 20% PEG+20 uM
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Results
Growth parameters

Callus fresh weight: Fresh weight was reduced in callus
at different levels of drought stress in the culture medium
compared to the control (Fig. 2; Supplementary Table 1).
Both Bas-370 and Kashmir Basmati showed a reduction in
callus fresh weight, but more was observed in Kashmir
Basmati than in Bas-370. The fresh weight of the callus
was increased with the addition of LCZ in the medium
compared to the control. Application of LCZ with PEG
improved the callus fresh weight in both genotypes, but
more improvement was observed in Bas-370.

Callus relative growth rate (RGR): The relative growth
rate (RGR) was reduced with the increase of PEG
concentration in the media, but more reduction was observed
at 20% PEG. RGR in both genotypes was reduced under
drought stress, but more reduction was seen in Kashmir
Basmati than Bas-370 (Fig. 2; Supplementary Table 1).
Application of LCZ improved RGR in both genotypes under
drought stress, but more improvement was observed in both
Bas-370 alone and combination with PEG.

Callus dry weight: Callus dry weight was increased with
elevated levels of PEG in Basmati-370 compared to
Kashmir Basmati. LCZ application alone, as well as in
combination with PEG, improved the callus dry weight
compared to the control (Fig. 2, (Supplementary Table 1).
The application of LCZ alone and in combination with
different PEG levels exhibited a positive response in both
genotypes, and more effective results were seen in
Basmati-370 than in Kashmir Basmati.

Stress tolerance index (STI): Both genotypes showed a
significant increase in STI with the increase in PEG
concentration in the media. STI in Kashmir Basmati was
reduced more than in Bas-370 (Fig. 2, Supplementary
Table 1). The application of LCZ improved the STI of
callus in both genotypes compared to the control alone and
in combination with the PEG concentration.

Mineral nutrients

Callus potassium (K*) content: Potassium (K) increased
in callus tissues of Basmati-370 compared to Kashmir
Basmati with PEG treatment. With the addition of LCZ in
the culture medium, more increase in uptake of K content
was observed than control in callus tissue of both
genotypes (Fig. 3; Supplementary Table 2). More increase
in K content was observed with the application of LCZ in
combination with PEG than alone PEG treatment.

Callus calcium (Ca?") content: Elevated levels of PEG in
the culture medium showed an increase in the uptake of
callus Ca content in Basmati-370 compared to Kashmir
Basmati. More reduction was observed at 20% PEG than
at 10% PEG (Fig. 3, Supplementary Table 2). The addition
of LCZ alone and in combination with PEG also improved
the uptake of Ca content in the callus tissue of both
genotypes. Basmati-370 showed an increase in the uptake
of callus Ca content more than Kashmir Basmati.
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Callus magnesium (Mg>") content: Mg content was
reduced in Basmati-370 compared to Kashmir Basmati
with elevating PEG treatments. With the addition of LCZ
in the culture medium, the uptake of callus Mg content was
improved compared to that of the control (Fig. 3,
(Supplementary Table 2). Application of LCZ in
combination with different PEG levels exhibited a positive
response in ameliorating the negative effects of drought
stress in both genotypes and improved the callus Mg
content but not to the extent of control.

Callus manganese (Mn?") content: The uptake of callus
Mn content was reduced in Basmati-370 compared to
Kashmir Basmati, with elevated levels of PEG. The addition
of LCZ alone and in combination with high PEG levels
increased the uptake of callus Mn in both genotypes but
increased in Basmati-370 compared to Kashmir Basmati
(Fig. 3; Supplementary Table 2). The application of LCZ
exhibited a positive response by reducing the negative
effects of drought stress in both genotypes and improving the
callus Mn content, but not to the extent of control.

Callus iron (Fe) content: More reduction in callus Fe
content was found in Kashmir Basmati than in Basmati-370
as the PEG levels increased in the culture medium.
Application of LCZ alone in culture medium increased the
callus Fe content compared to control. When LCZ was
applied in combination with elevated levels of PEG, less
negative effects of drought in both genotypes were observed
(Fig. 4; Supplementary Table 2). Basmati-370 showed more
improvement in callus Fe content than Kashmir Basmati.

Callus phosphorus (P) content: Less reduction in callus
P content was observed in Basmati-370 compared to
Kashmir Basmati with elevating PEG treatments. Callus P
content decreased more at 20 PEG than at 10 % PEG (Fig.
4). LCZ alone and in combination with elevated levels of
PEG exhibited positive responses in both genotypes. More
improvement in Basamati-370 was observed than in
Kashmir Basmati.

Correlation: Stress Tolerance Index (STI). The lines
represent the linear relationships for RGR and DW with
STI, and their equations and R? values are provided. RGR
and STI have a weak, inverse relationship (p>0.05),
suggesting that RGR decreases with higher stress tolerance
but not in a strongly predictable manner. DW and STI have
a strong, direct relationship (p>0.05), indicating an
increase of DW with higher stress tolerance (Fig. 5).

Both K and Ca contents decrease as RGR increases.
This suggests that higher growth rates might result in a
depletion of these nutrients or reduced accumulation in the
callus tissue. Calcium appears to have a slightly stronger
inverse relationship with RGR compared to potassium,
based on the steeper slope and higher R? Potassium (K) is
essential for osmotic regulation, enzyme activation, and
stress responses. Its decline with higher RGR might
suggest that rapidly growing tissues prioritize biomass
expansion over maintaining optimal nutrient reserves (Fig.
5) (Marschner, 2011; White & Broadley, 2003). Both K
and Ca contents increase with the increase of callus DW,
suggesting that heavier callus tissues (indicating greater
biomass accumulation) are associated with higher nutrient
accumulation. While the relationship between DW and K
is strong (R?>=0.8793), it is slightly weaker compared to Ca.
This implies that K content is highly dependent on biomass
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but with a small degree of variability influenced by other
factors. The relationship between DW and Ca content is
exceptionally strong (R2=0.9378). This indicates that Ca
accumulation is almost directly proportional to DW,
suggesting a highly predictable dependency (Fig. 5).

In Fig. 6, the relationship between Relative Growth
Rate (RGR) (x-axis) and the contents of iron (Fe) and
phosphorus (P) in callus tissue (y-axis) is presented. Fe
shows a steeper increase in content with increasing RGR
than P, as indicated by its higher regression slope (slope for
Fe = 580.62, slope for P = 8.59). However, the coefficient
of determination (R?) for P (R? = 0.78) is higher than that
for Fe (R? = 0.62), suggesting that RGR better explains the
variation in P content than in Fe content. Across all growth
rates, P levels remain consistently lower than Fe levels.
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The second part of the figure illustrates the
relationship between Callus Dry Weight (DW) and the Fe
and P contents. Both Fe and P contents show a slight
decline as DW increases, but the relationships are weak,
with low R? values (R? = 0.22 for Fe, R? = 0.18 for P),
indicating that DW accounts for only a small portion of the
variation in these nutrient levels. This suggests that callus
dry weight is a poor predictor of Fe and P content.

These weak correlations imply that factors other than
biomass accumulation—such as nutrient transport
efficiency, metabolic activity, or stress-related ion uptake
mechanisms—may play a more significant role in
governing Fe and P accumulation in the callus tissue under
the experimental conditions.
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Fig. 4. Effect of LCZ on Fe and P of basmati rice callus under drought stress
T1= control, T2=10% PEG, T3=20% PEG, T4= 20 uM, T5=10% PEG+20 uM, T5=20% PEG+20 uM

Discussion

Drought stress induces a wide range of physiological
changes in plants, including osmoregulation, proline
accumulation, and alterations in water content and soluble
sugars (Hasanuzzaman et al., 2013). These responses are
often accompanied by reductions in photosynthetically
active radiation (PAR), transpiration rate, photosynthetic
efficiency, pigment concentration, stomatal conductance,
and relative water content (RWC), ultimately resulting in
decreased water use efficiency (WUE) and growth
inhibition (Seleiman et al., 2021). Such physiological traits
can serve as effective indicators for evaluating drought
tolerance in various crop species (Hussain et al., 2018).

In the present study, PEG-induced drought stress
significantly affected the growth parameters of rice callus.
A notable reduction in fresh weight was observed under
increasing PEG concentrations, while dry weight
paradoxically increased. This inverse trend may be
explained by the accumulation of osmo protectants such as
proline, soluble sugars, and proteins, which contribute to
osmotic adjustment and increased cellular density under
stress (Boutchouang et al., 2024). These compounds help
maintain cell turgor and metabolic activity, potentially
explaining the higher dry weight despite reduced water
content. Similar observations have been reported in indica
rice (Sagar et al., 2020), date palm (Al-Khayri & Ibraheem,
2014), and other species including tomato and wheat under

PEG-induced stress (Sharma & Srivastava,
Bouiamrine & Diouri, 2012).

Relative Growth Rate (RGR) was also decreased with
increasing PEG, consistent with osmotic stress limiting cell
division and elongation (Mohammad et al., 2019).
However, the application of lysine-chelated zinc (LCZ)
mitigated the negative effects of drought stress, improving
both fresh and dry weights across genotypes. LCZ
application, alone or in combination with PEG,
consistently enhanced callus growth, with Bas-370
showing a greater positive response than Kashmir Basmati.
This genotypic difference may reflect variations in the
efficiency of nutrient uptake, osmotic adjustment capacity,
or zinc metabolism pathways—though further molecular
studies are needed to confirm these mechanisms.

Zinc plays a central role in plant physiology, regulating
processes such as enzyme activation, protein synthesis,
antioxidant defense, and hormone regulation (Cakmak &
Kutman, 2018). When applied in chelated form, as LCZ, zinc
is more bioavailable and effective in promoting growth under
stress conditions. Previous studies have shown that amino
acid-chelated zinc enhances antioxidant activity, protects
against oxidative damage, and improves nutrient transporter
gene expression (Weisany ef al., 2012; Kumar et al., 2023).
These mechanisms may underlie the observed improvements
in Stress Tolerance Index (STI) in our study following LCZ
treatment under PEG stress.

2014;
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Drought stress also had a profound effect on mineral
nutrient accumulation. We observed a general reduction in
the contents of Mg, Mn, Fe, and P, while K and Ca levels
were increased under elevated PEG concentrations. The
increase in K* and Ca?>* may contribute to osmotic
adjustment, as these cations are key in maintaining cell
turgor and membrane stability under dehydration (Ashraf

NAILA MUKHTAR ET AL.,

et al., 2013). These findings align with previous reports
indicating that plants enhance the accumulation of
compatible solutes and specific ions to cope with water
limitation (Tavakol et al., 2018; Niazkhani et al., 2021).
Conversely, the reduced uptake of other nutrients could be
due to decreased membrane permeability, reduced
transpiration, and impaired active transport under stress
conditions (Rouphael et al., 2012; Qi et al., 2019).

Interestingly, the accumulation of Fe and P showed a
weak or inconsistent correlation with callus dry weight and
RGR. This suggests that factors beyond biomass, such as
transporter regulation, cellular redox status, or root-shoot
communication (in whole plants), may play a stronger role
in controlling Fe and P uptake and storage in callus cultures.

Zinc deficiency is well-documented to impair growth
and mineral nutrition, while excessive levels (>50 mg/L)
may be toxic (Imtiaz et al., 2010; Noulas et al., 2018). In
this research, the application of LCZ offered a balanced
zinc source that not only prevented deficiency but also
improved the uptake of other nutrients even under drought
stress. Our data confirm that LCZ application improved the
all tested mineral nutrients and significantly reduced the
negative impact of PEG induced osmotic stress.

Conclusion

In conclusion, lysine-chelated zinc (LCZ) played a
significant role in enhancing drought tolerance in rice callus
exposed to polyethylene glycol (PEG)-induced stress. Its
application, both alone and in combination with PEG,
improved growth parameters and mineral nutrient uptake in
both rice genotypes, with Bas-370 exhibiting greater
resilience than Kashmir Basmati. LCZ proved more
effective than lysine or zinc alone, highlighting the
advantage of chelation in improving nutrient availability and
stress mitigation. These findings support the potential of
LCZ not only in /n vitro culture systems but also as a foliar
or soil application in whole plants to enhance drought
resistance and nutrient efficiency. Further research at the
whole-plant and molecular level is recommended to validate
its broader applicability in crop improvement strategies.
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Supplementary Table 1. Analyses of variance (ANOVA) for relative growth rate (RGR), dry weight, and stress
tolerance index (STI) in the callus of the two Basmati rice genotypes under drought stress with or
without lysine chelated zinc (LCZ).
Relative growth rate

Stress tolerance index

Source of variance DF (RGR) Dry weight of callus (STI)
Drought (PEG) 2 1.194%%* 0.023%** 5409.798***
Lycine Chelated Zinc (LCZ) 1 0.068*** 0.047%** 11095.111%**
Genotype (G) 1 0.039%** 0.0013%** 186.778***
PEGx LCZ 2 0.00715%*** 0.00107*** 261.715%%*
PEGx G 2 0.00133*** 0.00000619ns 8.0486**
LCZx G 1 0.00059** 0.000001ns 28.444%**
PEGXxLCZx G 2 0.000502*** 0.00000208ns 1.798ns
Error 24 0.000053 0.0000505 1.1944

** *#% = Significance at 0.01 and 0.001, respectively, ns = Non-significant

Supplementary Table 2. Analyses of variance (ANOVA) for uptake of mineral nutrients in the callus of the two
Basmati rice genotypes under drought stress with or without lysine chelated zinc (LCZ).

Source of variance DF Calcium Potassium Magnesium Manganese Iron Phosphorus
(Ca) X) (Mg) (Mmn) (Fe) ®)

Drought (PEG) 2 24.955%**  38.693%** 6206673.3%** 7125.8*** 370260.8*** 83 4***
Lycine Chelated Zinc (LCZ) 1 36.764*** 22 373%%*% 433569.6%** 2086.5%** 389554.9%** 23 gxA*
Genotype (G) 1 1.563***  3.447*%%  60a57.4%**  4044.3%**  11950.1%*** 6.2%%*
PEG x LCZ 2 0.377***  2.135%**  75]12.6%** 77.4%%* 3318.5%** 1 1%**
PEGx G 2 0.00275**  0.0234ns 477.8%* 44 3%*x* 129.5%** 0.001ns
LCZx G 1 0.0064***  0.0374ns  3591.6%** 38.8%** 23.6ns 0.163ns
PEGxLCZxG 2 0.00405*%**  0.0073ns  650.8%** 17.1%%* 41.6* 0.024ns
Error 24 0.000353 0.0836 57.9 0.084 11.9 0.089

* ) FkFx* = Significance at 0.05, 0.01 and 0.001 respectively, ns = Non-significant
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