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Abstract

The productivity of important crops, particularly sugarcane, is greatly impacted by increased crop vulnerability to changing
climatic conditions, including various abiotic stress factors like temperature, waterlogging, drought, etc. Salinity tolerance
potential of five high yielding sugarcane genotypes was determined based on morpho-physiological, biochemical, and yield
traits. The findings showed that morphological features (plant height, leaf area, stem diameter, number of internodes, and
internodal length) were suppressed under salinity stress (EC;,, 4, 8 and 10 dS/m). The relative water content (RWC) decreased
by 4.4-12.5% as salinity level increased. Solute potential (¥'s) ranged from—1.11 to—2.27 MPa, whereas the water potential
(¥Yw) dropped from — 0.86 to — 1.99 MPa (from control to EC;,,~ 10 dS/m). Genotypes Co 13035 and Co 0118 maintained
higher plant water status. There was a reduction in pigments and gas exchange traits due to increase in salinity in comparison
to their respective control. Proline concentration increased up to seven times under salinity stress, with greatest accumula-
tion in Co 0238 and Co 13035. The ionic (Na*/K") ratio increased by 4, 6, and 8 times respectively under EC;, 4, 8 and 10
dS/m as compared to the control. The genotypes that were most resistant to salinity stress were Co 13035, Co 0238, and
Co 0118, which had low Na*/K* ratio. The results concluded that genotype Co 13035 had highest survival rate, low Na*t/
K*, maintained higher water content and osmolyte accumulation, better chlorophyll content, and single cane weight under
salinity stress, thereby could be considered as tolerant to salinity.
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Introduction

The global food supply faces a serious environmental threat
from soil salinity. It has a disproportionate impact on the
world’s arid and semiarid regions, which rely heavily on
irrigation to sustain their agricultural economics. It is
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projected that unrestrained soil salinization, climate change,
an increase in irrigated agricultural output, and an expo-
nential rise in human population will exacerbate future soil
salinization, rendering near about 1.5 million hectares of
arable land annually (Kumar et al., 2023a, 2023b, 2023c;
Sheoran et al., 2023). Numerous factors like genotype, plant
developmental stage, stress progression rate, severity, and
duration affect plant responses to salinity stressors. The
crops productivity on saline soil may be sustained by grow-
ing salt-tolerant plants, comparing to remediation methods
like leaching, drainage, and the application of additives,
which are frequently expensive and ad hoc fixes (Kumar
et al., 2019; Mann et al., 2023). Salinization of soil because
of regular irrigation practices is a serious constraint in the
environment that rigorously affects agricultural sustainabil-
ity, particularly in high water guzzling crop like sugarcane.
Like most other crop species, sugarcane is usually a glyco-
phyte that exhibits high sensitivity to salinity during various
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growth and developmental phases (Dhansu et al., 2022a,
2022b; Kumar et al., 2022).

Earlier studies showed that the water having salinity
level > 8 dS/m and soil EC of > 1.7 dS/m severely affect the
physiological characteristics during critical growth stages
in sugarcane and caused reduction in cane yield up to 50%
(Dhansu et al., 2022a, 2022b; Plaut et al., 2000; Santana
et al., 2007) and every unit increase beyond ECe—1.7 dS/m
reduced crop yield by 5.9% (Rao et al., 2015). Sugarcane (a
C4 plant) is mainly a cash crop on global prospective, and
has four major growth stages (germination, formative/tiller-
ing, grand growth and maturity). Though all growth stages
of sugarcane are susceptible towards salinity stress, but
germination and tillering phases are most vulnerable (Sen-
gar et al., 2013). Soil salinity impairs crop physiology and
associated metabolic processes that are attributed to reduced
osmotic potential of the soil solution, oxidative stress, ionic
toxicity (Na*™ and CI~ ions), and nutritional imbalances
(Pooja et al., 2012; Verma et al., 2023). Besides inhibiting
leaf emergence and extension, the excess salt ions can induce
leaf yellowing, burning, abscission and depletion of pho-
tosynthetic pigments that impeded photosynthetic absorp-
tion (Pooja and Sharma, 2016). Oxidative stress develops
in response to salinity stress because of the buildup of reac-
tive oxygen species (ROS). Plants induce their antioxidant
defense system by activation of various enzymes to combat
negative impacts of oxidative stress (Kumar et al., 2021;
Pooja et al., 2020). Capacity of sugarcane to tolerate salinity
stress is complex and greatly influenced by a variety of traits
like high number of roots, high leaf area and numbers of till-
ers, wax-coated stem and strong ratooning ability (Mahade-
vaiah et al., 2023). Availability of salt tolerant sugarcane
clones is still inadequate in all cropping regions. Hence,
the present study was designed to explore salinity tolerance
potential of high yielding available sugarcane genotypes and
characterise the bio-chemical and physiological parameters
contributing salinity tolerance and to identify salinity toler-
ant sugarcane clones for the use of farmer community and
as donor in future breeding programme.

Material and methods
Plant material and experimental site

Single-budded setts of five Genotypes namely Co 0118, Co
13035, Co 15023, Co 15025, and Co 0238 were planted
in 50 kg capacity cemented pots having soil of ECe—0.55
dS/m, pH—7.9, field capacity of 28% v/v (bulk den-
sity ~1.45 g/cc), and a porosity of ~40%. The whole experi-
ment was performed under CRBD (completely randomized
block design) design during second fortnight of March 2022,
at ICAR—SBIRC (Sugarcane Breeding Institute, Regional

Centre), Karnal in five replications. The study region has
a semi-arid environment where hot summers exist during
April to October and cold/winters exist from November to
March along with an annual rainfall of 700-800 mm.

Experiments design and salinity treatments

Chloride dominant salinity was created using 4 salts i.e. cal-
cium chloride (CaCl,), sodium chloride (NaCl), Magnesium
chloride (MgCl,), and Magnesium sulphate (MgSO,) as
(1:1:1:1) to prepare four levels of irrigation i.e. Control (best
available water), EC,,, ~4 dS/m (moderate saline irrigation),
EC;,, ~ 8 dS/m (severe saline irrigation) and EC;,, ~ 10 dS/m
(extreme saline irrigation) for this study. Prior to applying
the various salt treatments, the plants of the selected geno-
types were given 45 days to germinate and acclimatise. We
filled the pots to an initial capacity of 13.2 L (based on the
size of the field). Then evaporation was noted through the
pan. Thereafter, 7.5 L of water was provided every week
during the summer and every two weeks during the winter.
The drainage hole at the bottom of the pots was plugged
with glass wool to prevent the potting mix from flowing
out. This experiment was conducted in a naturally ventilated
net house, open on all sides but covered on the top with a
polyethylene sheet to prevent the influx of rainwater. The
experimental pots were reshuffled fortnightly to avoid any
potential pot position effect.

Observations recorded

The TVD (top visible dewlap) leaves on the plant in
each replication both in control and stressed conditions
were tagged to record the functional traits of leaves, gas
exchange attributes, chlorophyll fluorescence, and relative
leaf chlorophyll. The same leaves were subsequently used
for ion analyses. Plant height, leaf area, number of inter-
nodes, and stem diameter were measured after 60—75 days
of exposure to salinity treatments using randomly selected
samples of five plants from each treatment. A metre stick
was used to calculate the plant's stature. Vernier measur-
ing instruments were used to ascertain the diameter of
the stem. The CI-203 Handheld Laser Leaf Area Metre
was used to measure the leaf area. Three plants from each
treatment were chosen at random, and between 9:00 and
10:00 a.m., the first TVD leaf was removed from each
plant. Traditional techniques were used to calculate the
leaf osmotic potential (s) and leaf water potential (w),
as well as the relative water content (RWC%). RWC (%)
in leaf was determined using the methodology proposed
by Weatherley (1950). Using KCI standards for calibra-
tion, a Vapour Pressure Osmometer (Wescorlnc, Logan)
was used to psychrometrically determine ¥, (Kaur et al.,
2022). A pressure chamber (Model WP4C; Dew Point
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Potentiometer, WA) with a cooled mirror dew point tech-
nique was used to determine the ¥, in MPa (Soni et al.,
2021).

Estimation of total leaf chlorophyll (Gu et al., 2016)
and carotenoids (Lichtenthaler & Buschmann, 2001) was
done in acetone and absorbance was taken at 663, 645 and
440.5 nm for the estimation of photosynthetic pigments.
During the morning hours (9:00 AM to 11:30 AM), the
LI-COR 6800 (LI-COR, Lincoln, NE, USA) portable pho-
tosynthesis system was used to record various parameters
associated with gas exchange, including photosynthetic
rate (Pn), transpiration rate (E), and stomatal conductance
(gS) that was connected to a standard cuvette of 6 cm?.
(WUE:ins) and intrinsic (WUEint) water usage efficiency,
the ratios of Pn to E (Pn/E) and Pn to gs (Pn/gs) were
recorded.

Fresh, separated TVD leaf samples of 100 mg were
used to calculate membrane damage (Dionisio-Sese &
Tobita, 1998). The percentage of membrane damage was
then determined using the established methodology:

EC after boiling

x 100
EC before boiling + EC after boiling

Membrane injury(%) =

Homogenising 200 mg of leaf tissue in 10 ml of 3%
sulphosalicyclic acid allowed quantifying the proline
concentration of the extract (Bates et al., 1973). Using
toluene as a standard, the absorbance of the extract com-
bination was measured at 520 nm. As a marker of lipid
peroxidation, the levels of malondialdehyde (MDA) were
calculated (Heath & Packer, 1968). On a UV spectropho-
tometer, the absorbance was measured in comparison to
a standard at 532 nm and 600 nm.

Statistical analysis

DUNCAN's Test was used to compare the means of the
observed parameters at the 5% confidence level. SAS soft-
ware (Version 9.3, SAS Institute Inc., USA) was used to
conduct statistical analysis on the collected data.

Results

The Table 1 depicts the impact of salinity environment on
growth and development of sugarcane plants along with the
variability in these traits among different genotypes. The
table shows the mean values of morphological characters
(plant height, leaf area, stem diameter, intermodal length
and number of internodes) for sugarcane plants and it was
observed that as the salinity level (EC;, ) increases from 4
dS/m to 10 dS/m, all of the morphological traits showed
decreasing trend. Plant height and stem girth, are the impor-
tant morphological attributes for cane development showed
reduction of 19.87% and 8.66% under EC,,, ~4dS/m, 30.21%
and 19.52% under EC;,, ~4dS/m and 43.75% and 30.06%
under EC;,, ~ 10 dS/m, respectively. Among the studied
Genotypes, Co 13035 was found statistically superior or
at par to the studied checks. Other important morphologi-
cal attributes include TVD leaf area, showed reduction of
4.22%, 10.83% and 17.91% at EC;,,~4, 8 and 10 dS/m,
respectively (Table 1). Genotype, Co 13035 also showed
superiority in terms of leaf area followed by Co 0118 and
Co 0238 (Table 1). Whereas, number of internodes also
reduced alongwith increasing salinity and noted maximum
reduction of 27.68% under higher salinity of EC;;,~10 dS/m
(Table 1). Genotypic differences for number of internodes

Table 1 Effects of saline

water irrigation on morpho- Treatments/traits Plant height ~ Cane Girth  Leafarea  No. of internodes  Internodal length

physiological characters among Salinity treatments (T)

sugarcane genotypes Control 17347 22,52 170.21% 17.7% 9.80°
ECiw ~4 dS/m 139.00° 20.57° 163.02° 16.47° 9.23"
ECiw ~8 dS/m 121.07¢ 18.56¢ 151.77° 14.5¢ 9.09°
ECiw ~10 dS/m 97.573¢ 16.94¢ 139.73¢ 12.8¢ 9.07°
LSD @ 5% (T) 2.823 0.472 2.50 0.988 0.304
Genotypes (G)
Co 0118 140.583% 21.80° 162.25 15.79% 9.47¢
Co 13,035 143.42° 20.50° 163.65 14.71% 10.50?
Co 15,025 106.67¢ 18.87% 135.53¢ 16.13% 7.24
Co 15,023 133.75¢ 18.55¢ 149.63¢ 15.75% 9.28¢
Co 0238 139.417° 18.54° 157.85° 14.46° 10.05°
LSD @ 5% (G) 3.156 0.572 2.80 1.104 0.304
LSD @ 5% (TxG) 6313 1.054 5.59 NS 0.680

Dunkan’s LSD test indicates that the means sharing at least one letter are not statistically significant

(p>0.05)
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were also found significant and Co 15025 had the highest
number of internodes. Similar results were also revealed by
intermodal length and noted 5.82, 7.24 and 7.45% reduction
with increasing salinity from EC;, ~4dS/m to EC,,, ~ 10dS/m
(Table 1). The intermodal length is highest in Co 13035
(10.50) and lowest in Co 15025 (7.2).

Under the control condition, Genotypes have a high rela-
tive water content (80.16%) and a slightly negative water
potential and osmotic potential (—0.86 and—1.11 MPa),
indicating good hydration with the turgor potential of
0.25 MPa. It was noted from the results that RWC decreased
by 4.40-12.46% with increasing salinity (Table 2) and Geno-
types Co 15025 (76.33%) and Co 15023 (74.83%) main-
tained higher mean RWC under salinity stress. The water
potential (‘¥,,) is a measure of potential energy of water of a
system in comparison to pure water at atmospheric pressure.
With increase in salinity, ¥, decreased from —0.86 MPa
(control) to—1.11 MPa (EC;,, ~10 dS/m), and genotype
Co 13035 (- 1.24 MPa) and Co 0118 (— 1.3 MPa) retained
lowest ¥, (Table 2) Osmotic potential (‘¥() an important
attribute represents the effect of dissolved solutes on water
movement. Results showed decreased in mean values of ¥
with increasing salinity (Table 2) i.e.,—1.11 MPa,—1.41 M
Pa,—1.86 MPa, —2.27 MPa under control, EC;, of 4 dS/m,
8 dS/m and 10 dS/m respectively. Similar to ‘¥, lowest ¥
values were also noted in genotype Co 13035 (—1.48 MPa)
and Co 0118 (—1.55 MPa).

Turgor potential is another component of water poten-
tial that helps in maintaining the shape and rigidity of plant
cells. Significant effects of salinity as well as genotypes
were noted for turgor potential (Table 2). Results showed
increased in mean values of turgor pressure with increasing

salinity (Table 2) i.e., 0.25 under control whereas 0.28,
0.29, 0.31 at salinity level of EC;,, ~4 dS/m, 8 dS/m and
10 dS/m. It was also observed from the results that geno-
type Co 0238 shows a lower relative water content (73.52%)
and 0.33 MPa turgor potential, whereas genotype Co 15025
shows more negative osmotic and water potential (—1.93
and — 1.59 MPa). Results revealed statistically (p <0.001)
significant decline in the studied gas exchange attributes.
Chlorophyll, photosynthetic pigment showed decline of
6.25, 20.14 and 25.69% under variable salinity regimes
of EC,,,~4, 8 and 10 dS/m, respectively. Similarly, SPAD
reading (measure of greenness index) also declined by 8.78,
18.16 and 27.31% under salinity stress of EC,,, ~4, 8 and
10 dS/m, respectively. Genotypes also depicted significant
variability and noted that Genotype Co 0118 and Co 13035
displayed higher mean chlorophyll content (1.62 mg/g) and
SPAD reading (40.79) respectively over salinity regimes,
statistically followed by Co 13035 and Co 0238 (Fig. 1A,
B). Such genotypic variations might be attributed towards
photo-inhibition followed by ROS formation. Carotenoids
content was also showed similar decreasing trend with
increasing salinity stress and genotype Co 0238 had higher
carotenoid content followed by Co 13035 (Fig. 1C).

For negating the injurious effects of salinity, the crop
genotypes slow down their metabolism by reducing the
photosynthetic rate (Pn). Present study found a reduction
of 15.16, 29.34 and 57.7% at EC,,, of 4, 8 and 10 dS/m,
respectively. Among different sugarcane genotypes, the Co
0238 substantially showed higher Pn values (13.21 umol
CO, m~2 s7!) that was followed by Co 13035 (12.48 umol
CoO, m~2s ) in comparison to others (Fig. 2A). Stomatal
conductance (gS) and the rate of transpiration also found

Table 2 Consequences of saline

- ) Treatments/Traits Relative Water Water potential Osmotic potential ~ Turgor
IZT;:OI;?E;EE;(;?lga?:;nv;ater Content (%) (MPa) (MPa) potential
genotypes (MPa)

Salinity treatments (T)

Control 80.16 -0.86° —1.11° 0.25

ECiw ~4 dS/m 76.63° —1.11° —1.41° 0.28°

ECiw ~8 dS/m 71.76° —1.54¢ —1.86° 0.29%
ECiw ~10 dS/m 70.17¢ —1.99¢ —2.27¢ 0.31°

LSD @ 5% (T) 131 0.06 0.048 0.026
Genotypes (G)

Co 0118 74.41° —1.3% —1.55° 0.24%

Co 13,035 76.33 —1.24° —1.48° 0.29°

Co 15,025 73.52° —1.59¢ —1.93¢ 0.27°

Co 15,023 74.32° —1.42° —1.72¢ 0.29°

Co 0238 74.83° —1.32° —1.61° 0.33°

LSD @ 5% (G) 1.47 0.067 0.053 0.029
LSD @ 5% (TxG) 2.93 0.134 0.107 0.058

Dunkan's LSD test indicates that the means sharing at least one letter are not statistically significant

(p>0.05)
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Fig. 1 Effect of different saline water irrigation on total chlorophyll content, SPAD reading and carotenoid content of sugarcane genotypes

decreased in the range 10.03-28.09% and 9.79-28.93%,
respectively over salinity levels. Stomatal conductance was
higher in Co 0238 while transpiration was maximum in Co
0118, whereas Co 15025 and Co 15023 displayed lowest Pn,
gS and E (Fig. 2A-B).

Water use efficiency was also calculated as instantaneous
water use efficiency (rate of photosynthesis/rate of transpi-
ration; Pn/E) and the intrinsic water use efficiency (Rate
of Photosynthesis/stomatal conductance; Pn/gS). Similarly,
both WUE decreased with increasing stress and Geno-
types displayed statistically significant differences in WUE
(Fig. 3A, B).

Results revealed that all these biochemical attributes
enhanced with stress intensification and noted an increase
of 3.21-fold in membrane injury, 3.69-fold in lipid peroxi-
dation in term of MDA content and 7.09-fold in proline
content under high salinity of 10 dS/m with respect to
their control as shown in Table 3. MI refers to cell mem-
brane damage resulting in cellular contents leakage as

@ Springer

well as disruption of their structural integrity and func-
tion. Genotypes Co 13035 (17.8%) and Co 0118 (19.47%)
depicted lower mean MI in comparison to others. Similar
to MI, LP (measure in terms of malondialdehyde content)
was minimum in Co 0118 (0.503 nmol/g) followed by Co
13035 (0.510 nmol/g). Genotypes differentially depicted
in their ability to grow and yield satisfactorily, and noted
with intensified stress condition the per cent survival in
terms of plant population and single cane weight decreased
(Fig. 4A, B). Genotype Co 15025 displayed significant
reduction in survival rate (52%) under low (EC;,, of 4
dS/m) and high (EC;,, of 10 dS/m) salinity treatments,
only 5.5% were survived (Fig. 4A). Other studied Geno-
types showed nearly 40-50% survival up to EC;,, ~ 8 dS/m
which further reduced with stress intensification and Gen-
otype Co 13,035 showed maximum survival of 33% under
EC,, ~10 dS/m (Fig. 4A). All investigated clones exhib-
ited significant gradual decrease in weight of single cane
(SCW) with increasing salinity level (Fig. 4B).
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Table 3 Effect of saline water irrigation on biochemical traits in sug-
arcane genotypes

Treatments/ Membrane Proline MDA Con- Na*/K*
Traits injury (%) content (ug/g tent (nmol/g
DW) FW)

Salinity treatments (T)
Control 10.21¢ 85.0¢ 0.249¢ 0.28¢
ECiw~4dS/m  17.5¢ 325.6° 0.519¢ 1.16°
ECiw~8dS/m  26.72° 564.4° 0.606° 1.76°
ECiw~10dS/m 32.8° 603.0° 0.920° 2312
LSD @ 5% (T)  0.445 9.29 0.012 0.059
Genotypes (G)
Co 0118 19.47¢ 380.0° 0.503¢ 1.19¢
Co 13,035 17.8° 395.75° 0.510° 1.13¢
Co 15,025 27.33% 347.75° 0.709? 1.95%
Co 15,023 21.7° 368.75¢ 0.571° 1.48°
Co 0238 22.75° 480.25° 0.574° 1.13¢
LSD @ 5% (G) 0.497 10.39 0.013 0.066
LSD @ 5% 0.994 20.78 0.027 0.133

(TXG)

Means having at least one common letter are not statistically signifi-
cant (p <0.05) by using Duncan’s LSD test

Correlation analysis

To identify the trait significance, Pearsons correlation anal-
ysis was done among traits both at control condition and
EC,;,,~8 dS/m. Under control conditions, Genotypes showed
highly significant correlation among SCW and plant height
(r=0.86), ¥s and Ci (r=0.8) while Proline, MI, MDA and
Na*/K* revealed negative association (Fig. 5A).

Whereas as, TCC also showed strong positive correlation
with biochemical attributes (r > 0.8). Under salinity stress,
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SCW revealed strong negative relation with stem girth, leaf
area, Pw, Ws, g5, Ci, proline (Fig. 5B). Overall, it was noted
from the morphological, physiological, biochemical traits
and yield, Genotype Co 13035 performed better than studied
check Co 0118, while Co 15025 was found sensitive towards
salinity stress.

Discussion

Plant height and stem girth, are the important morphologi-
cal attributes for cane development and reductions in these
traits suggest that salinity stress hinders growth of plants
and foliage development that might be because of lowering
of soil water potential which further restricts the absorption
of water by plant roots (Dhansu et al., 2022a; Simdes et al.,
2023; Soni et al., 2021). In addition to this, salinity stress
disrupts their water and nutrient uptake mechanisms, lead-
ing to diverse physiological and biochemical alterations that
affect their growth and development (Sharma et al., 2021).
Salt stress also interferes with cell expansion and the uptake
of essential nutrients by the plant roots, as well as also cre-
ates an osmotic imbalance between the soil and plant cells,
causing water to move out of the plant cells. This lead to
cellular dehydration, wilting, and overall water stressed con-
ditions that severely affect growth and development of plants
(Kumar et al., 2023a, 2023b, 2023c¢). The reductions in num-
ber of internodes and intermodal length might be because of
increase in concentration of toxic ions (Na*, C17) that inter-
fere with growth of shoot and root systems (Vasantha et. al.
2010). Hence the plants allocate less energy to the growth of
above-ground parts (shoots) and below-ground parts (roots),
resulting in smaller and less vigorous plants (Pooja et al.,
2012; Pooja and Sharma, 2016). Plant water relations under
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Fig.5 Correlation analysis of morphological, biochemical and physiological characteristics of sugarcane genotypes under control and saline

(EC;,, ~8 dS/m) conditions

salt stress are significantly affected because of the existence
of high concentrations of salt (Na* and C1") either in the soil
or irrigation water. Salt stress imposes multiple challenges
on plants that disrupts uptake of water, water transport and
overall water balance (Kumar et al., 2023a, 2023b, 2023c;
Pooja et al., 2019). Relative Water Content (%) represents
the percentage of water content in plant tissues compared to
the maximum water content possible (Dhansu et al., 2022b).
High accumulation of salts inside the soil particularly, in
the root zone decreases the water availability that will be
absorbed by the plant roots. Because of this, the plants may
undergo water loss through transpiration at a higher rate than
water uptake resulting into physiological drought, leading to
a decrease in RWC and water potential (Soni et al., 2021).
Overall, this data indicates that increasing salinity leads to
a reduction in both content and potential of water, while
different genotypes also exhibit variations in water-related
traits. The turgor potential remains relatively stable across
treatments and genotypes (Table 2). Such reduction in ¥,
and ¥, generally rely upon the inherent potential of the crop
genotypes capable to absorb water from the rhizosphere.
Additionally to meet their evaporative demands under salin-
ity stress, plants lowered ¥, and ¥, which regulates con-
ductance of stomata and also alter the photosynthesis and
transpiration phenomenon. Moreover the water uptake by
roots is mediated by the potential difference exist between
the soil water and leaf.

Salinity provoked osmotic and ionic stresses are respon-
sible for severe reduction in leaf expansion area and the

pigments involved in photosynthesis. This further cause
undeniably damage and reduces the CO, assimilation rate
during photosynthesis that regulate various growth stages
of the plant and development (Kumar et al., 2017; 2019).
Results revealed statistically (p <0.001) significant decline
in the studied gas exchange attributes and photosynthetic
pigments. Reduction in chlorophyll content and SPAD
reading may be due to suppression in the activity of ALA
synthase enzyme/increase in the chlorophyllase activity or
might be due to the lack of uptake of the minerals such as
magnesium which is required for the biosynthesis of the
chlorophyll pigments (Chakraborty et al., 2016). Photosyn-
thesis is an essential phenomenon to be performed by the
plants under stressed environment for adequate plant growth
and development. However, the opened stomata under
saline stress shows uptake of salts or toxic ions and exces-
sive water loss. Increase in ion concentration under saline
environment might be another factor that produces variable
stomatal and non-stomatal restrictions that affect the physi-
ological processes of the plants under stress (Thiem et al.,
2020). Decline in the stomatal conductance also suggested
an adaptive approach to resist the loss of water via transpi-
ration under salt stress. These alterations in various studied
gas exchange parameters (Fig. 2A-B) may be related to the
osmotic and ionic stress induced structural modifications
in the photosynthetic machinery at multiple levels. These
includes decreased efficiency of Rubisco, feedback inhibi-
tion as a result of reduced sink activity, closure of stomata,
decrease in photochemical efficiency of chlorophyll and the
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electron transport activity (Mittal et al., 2012). Accumula-
tion of salts in plant leaves via transpiration stream causes
inhibition of growth. Therefore, the association between
stomatal conductance or water-use efficiency, transpiration
and photosynthesis is most considerable aspect under saline
environment (Ran et al., 2021).

The interplay between, membrane injury (MI), lipid per-
oxidation (LP) and proline is a critical aspect of how plants
cope with salinity stress and their mechanistic understanding
is crucial for developing strategies to improve salinity toler-
ance in crop plants. Alteration in cell membrane structure
due to membrane injury and modification of membrane flu-
idity because of oxidative stress might compel more distrac-
tion of plant resources to repair membrane. These adjust-
ments play significant role in developing salinity tolerance
(Gomathi & Rakkiyapan, 2011; Kumar et al., 2021). Similar
to MI, LP was minimum in Co 0118 and Co 13035 which
might have an efficient protection mechanism to suppress
the cellular damage either predominantly higher capacity
of the antioxidant system to scavenge ROS or inducing the
accumulation of osmo-protectant proline (Azeem et al.,
2023). Proline, a well-known osmo-protectant that helps in
maintaining water balance, stabilizing membrane proteins
and cellular structures as well as directly and indirectly scav-
enging ROS. Co 0238, Co 13035 and Co 0118 had higher
accumulation of proline, which acts as balancer of cellular
redox via maintaining osmotic balance of the cytosol, vacu-
ole and within the external environment (Azeem et al., 2023;
Kumar et al., 2023a, 2023b, 2023c¢). Crosstalk between MI,
LP and proline helps in attenuation of adverse effects of
ionic, osmotic and oxidative stress in the studied genotypes.

Maintaining an adequate equilibrium between sodium
(Na™) and potassium (K*) ions is required by the plants to
survive under saline conditions. Ionic stress mediated nutri-
ent deficiency hampered the plant growth due to alterations
in availability of nutrients, their absorption and further
transport to the entire plant parts (Sharma et al., 2021).
Increase in Na*/K™ under salinity was due to high levels of
sodium ions competes with uptake of potassium ions and
might obstruct the specific transporters for K ions through
Na*/K* co-transporters which can exacerbate the injurious
effects of salinity (Lata et al., 2022). It was also noted that
genotypes Co 13035, Co 0238 and Co 0118 maintained low
Na*/K* over salinity regimes which showed these genotypes
maintained low Na% in their leaves with adequate potas-
sium levels, that were beneficial in minimizing the damage
caused by salinity and promoting growth and survival of
the plants (Dhansu et al., 2022a; Shabala & Cuin, 2008).
For developing salinity tolerant crop varieties, the varieties
exhibiting low Na*/K* ratios and efficient ion management
under saline environment would be on priority basis. All
investigated clones exhibited significant gradual decrease in
weight of single cane (SCW) with increasing salinity level

@ Springer

(Fig. 4B). These reductions in SCW revealed that salinity
stress reduced the cane’s ability to utilize and assimilate the
resources which interacts with several components to con-
tribute final harvest of the plants. The extent of reduction in
survival and SCW could vary, but generally, under severe
and prolonged salinity stress, these might be due to reduc-
tion in availability of water and cell expansion, impaired
nutrient uptake and limited availability of essential ele-
ments, reduced photosynthetic activity and energy produc-
tion, decreased cell division and elongation in the growing
cane and increased metabolic costs to manage salinity stress
generated ionic, oxidative and osmotic stresses (Apon et al.,
2023; Kumar et al., 2023a, 2023b, 2023c¢). Similarly, Vas-
antha et al. (2010), Vasantha and Gomathi (2012), Gomathi
and Thandapani (2014), Dhansu et al. (2022a) suggested
that Genotypes with better ion exclusion capacity, adequate
water and osmotic balancer, along with better ROS scaven-
ger could ameliorate the damaging effects of salinity.
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