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Abstract: A total of sixteen accessions of Tripidium arundinaceum (Retz.) Welker, Voronts. & E.A.
Kellogg (previously known as Erianthus arundinaceus (Retz.) Jeswiet) were evaluated for salinity
tolerance at the bud germination stage by irrigating with 175 mM salinized Hoagland solution
in perlite-sand hydroponics. Six accessions, IND99-907, IND01-1134, IND01-1136, IK76-48, and
Bethuadahari, were germinated with healthy roots as compared to other accessions. These six
accessions were further evaluated for morphological, physiological, and root anatomical parameters
for different levels of salinity stress at the formative phase. Young leaf elongation was ceased after the
fourth and twelfth day in Co 97010 and Co 86032, respectively, at 175 mM of salinity stress. The growth
of young leaves in Co 97010 and Co 86032 was observed up to 25 mM of salinity stress only, whereas in
T. arundinaceum accessions viz., IND99-907 and Bethuadahari, growth was recorded even at 175 mM.
Lignification of cell walls, thickening of protoxylems, and vacuolization of cortex regions were
observed in Co 97010, Co 86032, Bethuadahari, and IND01-1134 as compared to the normal anatomical
structures in IND99-907. The accession IND99-907 recorded the lowest Na/K ratio, followed by
IND99-1136 at 175 mM of salinity stress. The accession IND99-907 was identified as a salinity-tolerant
genotype and suitable for utilization in the sugarcane crop improvement programmes.

Keywords: Tripidium arundinaceum; Erianthus arundinaceus; Saccharum spp.; salinity stress; leaf
elongation rate; sodium-potassium ratio; root anatomy

1. Introduction

Soil salinization is a global threat to crop production in arid and semiarid regions [1],
and also affects microbiomes in the rhizosphere [2,3]. Nearly 20% of irrigated land world-
wide is estimated to be affected with salinity, and salinity is projected to affect 50% of arable
land by the middle of the twenty-first century [4,5]. Nearly a total of 900 million hectares of
arable land are salt-affected and this figure is projected to grow by 2 million hectares (1%)
annually [5]. Saline water also significantly contributes to salinity, and irrigation water
with a salinity level more than 0.7 dSm−1 is not suitable for irrigation [6]. Though India is
self-sufficient in sugar requirement, the projected yield by 2050 is 105 tonnes per hectares;
this requires an additional sugarcane area of one million hectares, and is projected to meet
only the 75% sugar requirement [7]. The recent decision of the Indian government to blend
petroleum products with 20% ethanol [8] necessitates the higher demand for sugarcane for
biofuel production and cogenerations. With a view to the global and national demands for
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sugar production and increasing land area under salinity, it is imperative to identify the
novel genetic resources for salinity tolerance and their utilizations in crop improvement
through conventional and biotechnological approaches [9].

Sugarcane is an important source of sugar and biofuel, cultivated in tropical and
subtropical regions in the world. India is one of the largest producers of sugarcane,
cultivated in 5.16 million hectares with production of 405.40 million tonnes during 2021 [10].
Sugarcane is a salt-sensitive or glycophyte crop that shows higher sensitivity to the salinity
stress at various growth stages. High salt concentration exhibits toxicity symptoms, low
sprout emergence, nutritional imbalance, and overall growth reduction, leading to low
biomass production and sugar yield [11]. The most affected traits were cane height, leaf
area, and biomass [12]. Salinity tolerance in sugarcane is a complex trait, and many
traits such as a wax-coated stem, larger roots, higher leaf area, high tillering, and a good
ratooning ability are significant contributors to the salinity tolerance in sugarcane [13].
Salt tolerance is a complex trait governed by many genes involved at the biochemical,
molecular, and physiological levels. High salinity causes both hyperionic and hyperosmotic
stresses and affects the plants in two major ways. Firstly, it reduces the ability of the
plant roots to extract water from the soil with high salt concentrations, and secondly, the
high salt concentration is toxic and kills the cells [14]. Many studies have observed that
tolerant genotypes tended to adapt and grow even under salinity stress due to: protection
against the oxidative damage and higher activities of antioxidant enzymes [15–17]; the
regulated uptake of sodium and chlorine to avoid the sodium toxicity [2,18]; and the
accumulation of osmoprotectants and compatible solutes such as proline, glycine betaine,
sugars and polyols, as they are uncharged, polar, water-soluble, and do not interfere with
cellular functions [5,19,20]. The specific metabolic pathways, complex physiological traits,
and molecular or gene networks confer the higher level of tolerance in salinity-tolerant
genotypes [19]. Therefore, identifying the novel genetic resources and genes associated
with salinity tolerance would lead to many methods of crop improvement using molecular
biology and genetic engineering techniques.

Tripidium arundinaceum (Retz.) Welker, Voronts. & E.A. Kellogg (previously known
as Erianthus arundinaceus (Retz.) Jeswiet) [21,22] is a wild relative of sugarcane and har-
bours many genes for agronomic traits as well as tolerance to both biotic and abiotic
stresses [23–29]. Identification of novel genetic resources from T. arundinaceum germplasm
serves as a valuable breeding asset for sugarcane crop improvement [30]. ICAR-Sugarcane
Breeding Institute, Coimbatore, has the largest collection of T. arundinaceum germplasm
in India [31]. Hence, this study aims at the characterization of T. arundinaceum accessions
collected from low-altitude regions along the coastal regions of India for morphological,
anatomical, and phycological parameters. T. arundinaceum genotype IND99-907 was iden-
tified as the most tolerant genotype and suitable to use in sugarcane crop improvement
through plant breeding and biotechnological approaches.

2. Materials and Methods
2.1. Plant Material and Treatments

A total of sixteen T. arundinaceum accessions were chosen for the study, collected from
coastal regions with lower altitudes. These accessions were maintained in the national
collection of germplasm maintained at the Indian Council of Agricultural Research (ICAR)-
Sugarcane Breeding Institute (SBI), Coimbatore, India, and details are given in Table 1. The
salinity-sensitive sugarcane genotype Co 97010 and the popular cultivar Co 86032 were
also included in the study.
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Table 1. List of T. arundinaceum clones selected for salt tolerance studies.

S. No Clone Altitude (ft) Location District/State

1 IND99-880 10 Eswaramangalam Malappuram, Kerala, India

2. IND99-884 0 Ponnani Malappuram, Kerala, India

3. IND99-895 0 Kottapuram Ernakulam, Kerala, India

4. IND99-907 10 PadiyattuKadavu Ernakulam, Kerala, India

5. IND01-1134 15 Tarapur Jagatsingpur, Orissa, India

6. IND01-1136 15 Kandadhru Jagatsingpur, Orissa, India

7. IND03-1253 5 CFO NalleBetapur Middle Andaman, India

8. IND03-1255 20 Phoolathala Middle Andaman, India

9. IND03-1262 10 Tirur South Andaman, India

10 IND02-1208 10 Yethakota East Godavari, Andhra
Pradesh, India

11. IND02-1260 20 MilderaKatchal Nicobar Islands, India

12. IND10-1591 - South 24 Paraganas West Bengal, India

13 EaLakshadweep Lakshadweep Lakshadweep, Islands

14 Ea A & N Andaman & Nicobar Andaman & Nicobar

15 IK76-48

16 Bethuadahari Bethuadahari Nadia, West Bengal, India

2.2. Screening of T. arundinaceum Accessions at the Germination Stage

The experiment was carried out under a polyhouse facility (16-h photoperiod, 30/25 ◦C
day/night, 380−400 µmol m−2 s−1) at ICAR-Sugarcane Breeding Institute, Coimbatore,
India. Single buds of T. arundinaceum and sugarcane genotypes were grown in a pots
containing the mixture of perlite and sand. Each pot was irrigated with 25 mL of salinized
Hoagland nutrient solution (175 mM) containing sodium chloride, calcium chloride, and
sodium sulphate in 2:2:1 proportion (molar weight basis) for 14 days. Genotypes were
scored for salinity tolerance level based on their shoot emergence, and observations on
shoot length, leaf length, root length, and root number were recorded on the 14th days. The
control treatment was maintained by irrigating with Hoagland nutrient solution. Based on
the performance of entries during germination studies, the shortlisted entries were further
evaluated for different levels of salinity stress at the formative phase.

2.3. Assessing the Salinity Tolerance Level at the Formative Stage

Single bud sets of five T. arundinaceum accessions and sugarcane cultivars (Co 97010
and Co 86032) were grown in perlite-sand hydroponics for 60 days in controlled conditions
in a polyhouse facility. At the formative phase (60th day), healthy plants with uniform
plant growth were selected and irrigated with salinized Hoagland nutrient solutions (25, 75,
125, 175 mM) containing salts of sodium chloride, calcium chloride, and sodium sulphate in
2:2:1 proportion (molar weight basis). The control treatment was maintained by irrigating
with the Hoagland nutrient solution. Pots were arranged in factorial randomized block
design with five replications [32]. To assess the salinity-induced stress tolerance, the freshly
emerging terminal leaf was tagged and leaf growth/leaf elongation rate was recorded on
days 0, 4, 8, 12, and 16 at 10:00 a.m. The actively growing roots and leaf samples were
sampled on the 16th days of salinity stress for physiological and biochemical assays, and
for estimation of sodium and potassium contents.
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2.4. Root Anatomy during Various Levels of Salinity Stress

To assess the cellular changes in the root corticular and vascular tissues, root samples
of 5 cm from the root tip were sampled from the 16th day of stressed and control treatments.
The hand sections were made and mounted on a slide, and the observed image was
captured from a light microscope under 4.5× and 40× resolutions.

2.5. Estimation of Sodium and Potassium in Root Samples

Oven-dried and finely ground roots (100 mg each) from each treatment were digested
overnight with 10 mL of HNO3:HClO4 (3:1) diacid mixture. The flasks were gently heated
on a hot plate until the development of intense white fumes, and the process continued
till the digested mixture remained transparent. Leftover digested material was cooled and
the final volume was increased up to 50 mL using doubled-distilled water. This solution
was filtered with Whatman filter paper no. 42 and used for estimation of Na+, K+, Ca2+

and Mg2+contents using a flame photometer and ICP-OES (ICP 9000, Shimadzu, Japan),
ICAR-Central Soil Salinity Research Institute, Karnal, India.

2.6. Relative Water Content

Relative water content was measured as per the protocol described by Augustine et al.,
2015 [23]. Leaf samples collected from different treatments were cut into pieces of size
approximately measuring around 10 cm and the fresh leaf weight was recorded. The
leaves were soaked in the distilled water overnight. After soaking, excess water on the leaf
surfaces was removed and turgid weight was recorded. The leaves were completely dried
at 37 ◦C until the leaves attained a constant weight and dry weight was measured. The
relative water content was calculated using the following formula:

Relative Water Content (RWC) =
Fresh weight − Dry weight

Turgid weight − Dry weight
× 100

2.7. Biochemical Assay

Root and leaf samples sampled from control and stressed samples were used for
biochemical and physiological assay and the detailed protocols were described in our
previous studies [24]. Chlorophyll a, chlorophyll b, and carotenoid contents were estimated,
as described by the Lichtenthaler and Wellburn (1983) method [33], and in brief, triplicate
technical samples of control and treated from each genotype were taken for analysis. For
each sample, 50 mg leaf sampled from a leaf of third whorl was digested with 10 mL
of DMSO in a test tube at 65 ◦C for 4 h followed by cooling at room temperature, and
absorbances were recorded at 470, 645, and 663 nm to estimate the chlorophyll a, chlorophyll
b, and carotenoid contents by using the following formulae and expressed as mg g FW−1:

Chlorophyll a = (12.21 × A663)− (2.81 × A645)

Chlorophyll b = (20.13 × A645)− (5.03 × A663)

Carotenoid =
((1000 × A470)− ((3.27 × Chlorophyll a) + (104 × Chlorophyll b)))

229

Proline contents were estimated from the samples drawn from the root samples of
control and stressed plants on the 16th days after imposing stress. Protocol described by
Bates et al., (1973) [34] was used in our studies and in brief, 50 mg of root samples from
each genotype for each treatment and control samples were homogenized in 5 mL of 3%
aqueous sulphosalicylic acid and centrifuged at 10,000× g rpm for 15 min. Supernatant
was separated, and 2 mL of filtrate was taken in a separate test tube, and 2 mL glacial
acetic acid and 2 mL acid-ninhydrin were added, followed by heating for one hour and
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cooling instantly. The colour intensity was measured at 520 nm after adding the touline.
The proline content was estimated by using the standard curve derived from pure L-proline
and expressed as µmol g FW−1.

The total protein contents in the stressed roots of each treatment and control samples
for each genotype were estimated by using the Bradford method [35,36]. The 1.0 g of
root sample was homogenized in 2.0 mL of Bradford reagents, centrifuged at 10,000 rpm
for 30 min, and colour development in the supernatant was measured at 595 nm. The
total protein content was estimated using the standard curve deduced from bovine serum
albumin and expressed as µg g FW−1

.
Superoxide dismutase (SOD) activities were estimated by using the modified Beauchamp

and Fridovich (1971) methods [37,38]. One gram of samples from each treatment and
control root samples of each genotype were homogenized in ice-cold 50 mM Potassium
phosphate buffer (pH of 7.8) by using a prechilled pestle and mortar, and centrifuged at
1000× g rpm at 4 ◦C for 10 min. The supernatant containing the enzyme and 50 µL of
supernatant from each sample was mixed with 50 mM potassium phosphate buffer, 13 mM
of methionine, 2 µM riboflavin, 0.1 mM EDTA, and 75 µM nitroblue tetrazolium, and
the final volume was increased up to 3.0 mL. One blank sample was prepared without a
supernatant and another blank without supernatant and nitroblue tetrazolium to calibrate
the spectrophotometer reading. The absorbance was measured at 560 nm to estimate the
SOD activities and was expressed as Units g FW−1. Peroxidase activities were measured
using the method of Castillo et al. (1984) [39] by measuring the absorbance at 470 nm at
0-seconds, 30-seconds, and 1-minute time intervals and expressed as µmol ng FW−1 min−1.

The lipid peroxidation in the root samples of treatment and control for each genotype
with triplicate technical replicates was conducted by using the Heath and Packer (1968)
method [40]. One gram of root sample from each treatment and genotype was homogenized
with 0.1% trichloroacetic acid buffer, centrifuged at 10,000× g rpm (4.0 ◦C) for 30 min. The
supernatant contains malondialdehyde, and 1.0 mL of supernatant was mixed with 4 mL
of 0.5% thiobarbituric acid, heated at 95 ◦C for 30 min, and the absorbance was measured
at 532 nm; lipid peroxidation was estimated and expressed as nmol g FW−1.

3. Results
3.1. Effect of Salinity Stress on the Germination of T. arundinaceum

The germination studies were carried out in perlite-sand hydroponics by imposing
the salinity stress by irrigating with salinized Hoagland solution containing 175 mM of
salts. The control treatment was maintained by irrigating with the Hoagland solution.
Most of the test entries showed dead roots under 175 mM and healthy roots under control
(Figure 1). Only five entries, viz., IND99-907, IND01-1134, IND01-1136, IK76-48, and
Bethuadahari, showed healthy roots, though there was a reduction in root number and root
length (Table 2). Co 97010 recorded 54.32, 68.97, and 79.31% reductions for the shoot, leaf,
and root lengths, observed in Co 97010, as compared to 29.17, 48.88, and 64.06% reductions
in IND99-907, respectively. Co 97010 showed 84.7% reduction in root number, whereas
IND99-907 showed only 28% reduction. The lowest reduction rate was observed for shoot
length in IND01-1134 (5.88%) and Bethuadahari (15.49%), for root number in IND99-907
(28%), and for root length in Bethuadahari (5.21%).
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Figure 1. Responses of T. arundinaceum germplasm accessions IND99-907, IND07-1136, IK76-48,
and IND07-1134 in comparison with sugarcane salt-sensitive genotype Co 97010 under 16 days
of salt stress (175 mM) at the germination stage under Control (C) and 175 mM salinity stress (S).
(a) Comparison of the growth of shoots and roots biomass and the number of roots of salt-sensitive
Co 97010 and IND99-907; (b) comparison of shoot and root growth and the number of roots of
salt-sensitive Co 97010 and IND01-1136; (c) comparison of shoot and root growth and the number of
roots of salt-sensitive Co 97010 and IK76-48; and (d) comparison of shoot and root growth and the
number of roots of salt-sensitive Co 97010 and IND01-1134.
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Table 2. Performance of T. arundinaceum accessions for 14 days after salinity stress (175 mM) during
the germination stage.

Entries Roots Status
Shoot Length Leaf Length Root Number Root Length

C S R (%) C S R (%) C S R (%) C S R (%)

IND99-880 Dead 4.93 2.93 40.61 19.75 12.50 36.71 8.33 0.00 100 15.25 0.00 100

IND99-884 Dead 3.50 1.25 64.29 14.25 7.75 45.61 5.67 1.00 82.35 35.33 2.33 93.40

IND99-907 Alive 6.00 4.00 29.17 29.67 15.17 48.88 8.33 6.00 28.00 32.00 11.50 64.06

IND01-1134 Alive 4.25 4.00 5.88 19.50 14.92 23.50 9.00 6.33 29.63 33.33 16.67 50.00

IND01-1136 Alive 5.00 3.50 30.00 22.67 11.42 49.63 8.50 2.67 68.63 27.33 23.33 14.63

IND02-1208 Dead 5.50 3.25 40.91 28.33 17.25 39.12 6.67 4.33 35.00 34.00 21.00 38.24

IND02-1253 Dead 6.75 4.00 40.74 21.67 9.09 58.07 9.67 1.00 89.66 24.33 14.67 39.73

IND02-1255 Dead 9.33 2.50 73.21 31.00 15.58 49.73 8.33 0.00 100.00 24.67 0.00 100

IND10-1591 Dead 7.50 6.00 20.00 30.67 18.09 41.03 10.00 1.67 83.33 31.00 2.00 93.55

Bethuadahari Alive 6.33 4.66 26.38 10.33 8.73 15.49 11.66 8.00 31.39 12.66 12.00 5.21

IK76-48 Alive 4.25 3.25 23.53 16.67 9.84 40.99 6.67 1.00 85.00 29.33 13.67 53.41

Co 97010 Dead 10.13 4.63 54.32 21.75 6.75 68.97 24.00 3.67 84.70 29.00 6.00 79.31

CD at 5% significance
for genotypes 1.979 0.705 1.073 0.53

CD at 5% significance
for treatments 0.808 0.288 0.438 0.28

3.2. Leaf Elongation Rate (LER) of T. arundinaceum and Sugarcane Genotypes under
Salinity Stress

Based on germination studies, five T. arundinaceum accessions, viz., IND99-907, IND01-
1134, IND01-1136, IK76-48, and Bethuadahari, were shortlisted for further evaluation
to assess their salinity tolerance levels in perlite-sand hydroponics experiments. The
60-days-old plants were imposed with salinity stress by irrigating with salinized Hoagland
solution containing 25, 75, 125, and 175 mM, and the controls were maintained by irrigating
with nonsalinized Hoagland solution. The results showed a decreasing pattern in the
leaf elongation rate with an increase in salinity levels (Figure 2). Leaf elongation was
observed for most of the genotypes at minimal to moderate salinity levels, and a significant
reduction in leaf elongation was observed at higher levels of salinity levels. The highest
leaf elongation rate was observed in IND01-1136 (59.13 cm), followed by the genotype
IND99-907 (58.13 cm) at 25 mM on the 16th day after imposing stress. Co 97010 showed no
growth at the 175 mM saline level. IND99-907, IND01-1134, and Bethuadahari showed a
consistent growth pattern at all levels of salinity, and Bethuadahari recorded the highest
LER of 29.13 cm, followed by IND99-907 (27.94 cm) at 175 mM salinity at the 16th day of
treatment. IND01-1136 showed high LER at a salinity stress of 25 mM, and the growth rate
decreased with an increase in salinity levels.

3.3. The Effect of Various Levels of Salinity Stress on the Na/K Ratio in Roots

Root samples of T. arundinaceum were assessed for sodium and potassium contents in
roots at different levels of salinity stress by a flame photometer (Table 3). Sodium content
showed an increasing trend in all the genotypes. At 175 mM, IND99-907 recorded the
highest sodium (19.06 mg/g) and potassium (18.79 mg/g) contents with a Na/K ratio of
1.01, indicating that genotype IND99-907 has an inherent mechanism to nullify the toxicity
of sodium by an increased uptake of potassium. Similarly, IK76-48 recorded a 1.10 Na/K
ratio, IND01-1136 recorded a 1.51 Na/K ratio, whereas roots of sensitive standard Co 97010
and Co 86032 completely dried and recorded 2.40 and 5.22, respectively. At 125 mM saline
level, IND99-907 recorded the highest sodium (25.04 mg/g) and potassium, (23.72 mg/g)
with an Na/K ratio of 1.06. However, lower Na/K ratios were recorded for IND01-1136
(0.88) and IK76-48 (0.94), whereas sensitive genotypes Co 86032 and Co 97010 recorded



Sustainability 2023, 15, 6962 8 of 27

ratios of 1.49 and 1.59, respectively. Similarly, at 75 mM, IND99-907 showed the lowest
Na/K ratio (0.54), followed by IK76-48 (0.86), IND01-1134 (1.01), and IND01-1136 (1.02),
respectively. The two entries, viz., IND99-907 and IND01-1136, recorded a relatively lower
Na/K ratio at all levels of salinity stress as compared to other genotypes.
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Table 3. Response of T. arundinaceum accessions for accumulation of sodium and potassium under
different levels of salinity stress.

Genotypes
Na (mg/g of Dry Sample) K (mg/g of Dry Sample) Na/K Ratio (mg/g of Dry Sample)

C T1 T2 T3 T4 C T1 T2 T3 T4 C T1 T2 T3 T4

IK76-48 5.59 8.86 14.37 15.19 15.74 13.67 16.44 16.71 16.09 14.34 0.41 0.54 0.86 0.94 1.10

Bethuadahari 9.74 16.44 14.20 20.54 22.04 14.78 22.54 9.32 11.67 10.47 0.66 0.73 1.52 1.76 2.11

IND01-1136 4.78 10.35 16.60 15.91 12.87 12.99 23.76 16.31 17.99 8.51 0.37 0.44 1.02 0.88 1.51

IND99-907 8.76 8.82 16.95 25.04 19.06 41.79 34.05 31.63 23.72 18.79 0.21 0.26 0.54 1.06 1.01

IND01-1134 9.31 8.96 14.44 17.13 17.54 13.67 13.35 14.24 9.68 10.66 0.68 0.67 1.01 1.77 1.65

Co 86032 6.42 12.46 16.94 19.64 19.77 19.54 18.14 16.14 13.14 3.79 0.33 0.69 1.05 1.49 5.22

Co 97010 10.01 15.08 23.96 18.74 18.94 26.47 21.33 17.91 11.76 7.88 0.38 0.71 1.34 1.59 2.40

CD (5% level
of significance)

G S G × S G S G × S G S G × S

1.72 1.30 3.43 3.27 ns 6.54 0.34 ns 0.68

C: Control, T1: 25 mM, T2: 75 mM, T3: 125 mM & T4: 175 mM.

3.4. Root Anatomy under Salinity Stress

Microscopic images of the root structure showed the stelar regions of vascular tissues
at various levels of salinity stress (Figure 3). Salinity-tolerant IND99-907 and sensitive
Co 97010 showed clear differences in the lignification pattern of the cell wall around the
metaxylem, contributing to the cell-wall thickening. Further, the root protoxylem thickness
increased during the exposure to salt stress in Co 97010, Co 86032, Bethuadahari, and
IND01-1134 at various levels of salinity stress. Vacuolization of cortex tissues was observed
in most of the genotypes except IND99-907. No significant changes for thickening of root
cell wall and metaxylem were observed in IND99-907, whereas a slight decrease in the
metaxylem thickness was observed in the genotype Co 97010.

3.5. Chlorophyll a, Chlorphyll b, and Carotenoids Contents in Leaves

Photosynthetic pigments are essentially required for photosynthesis. The quantity and
quality of photosynthetic pigments are important factors for plant assimilation [41]. In our
studies, photosynthetic pigments such as carotenoids and chlorophyll a and b were skewed
with decreasing patterns, with increases in salinity concentration for most of the genotypes,
and this was in agreement with a previous study in sugarcane [12]. The highest chlorophyll
a content was recorded for IND99-907 (2.33 mg g FW−1) at 175 mM, followed by IND01-
1136 (1.89 mg g FW−1) and IK76-48 (1.66 mg g FW−1). A similar pattern was observed for
carotenoids, with IND99-907 having the highest carotenoid content of 0.88 mg g FW−1,
followed by IND01-1136 (0.78 mg g FW−1) and IK76-48 (0.76 mg g FW−1) at 175 mM. With
regards to chlorophyll b, IK76-48 recorded the highest content (0.78 mg g FW−1), followed
by IND99-907 (0.77 mg g FW−1) and IND01-1136 (0.75 mg g FW−1). At 125 mM salinity
stress, Bethuadahari showed the highest contents of all three photosynthetic pigments,
followed by IK76-48; the same was observed in the case of the salinity stress of 75 mM
(Figure 4). Further comparison of pigment levels across different salinity stress levels
showed that genotypes IND99-907 and IND01-1136 showed the higher contents of all three
photosynthetic pigments as compared to other genotypes at 175 mM.
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Figure 4. Effects of salinity stress on chlorophyll a, chlorophyll b, and carotenoids (mg g FW−1) at
various levels of salinity stress in T. arundinaceum genotypes: (a) chlorophyll a, (b) chlorophyll b, and
(c) carotenoids.
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3.6. Relative Water Content (RWC) in Leaves under Salinity Stress

RWC is an essential indicator of water status [42] and a sensitive variable which
response quickly to environmental stresses [43]. In this study, a decrease in the RWC was
observed for all the genotypes with increasing salinity levels (Figure 5). At 175 mM of
salinity stress, Co 97010 showed a drastic reduction in water content with less than 80% of
RWC; similarly, <90% of RWC was observed in the genotype IND01-1134. Other genotypes
maintained 90–95% of RWC at high salinity stress. The highest RWC was observed in IK76-
48 with 93.73%, followed by 93.46% and 93.07% in IND00-1136 and Co 86032, respectively,
at 175 mM of salinity stress. Genotypes IND01-1136, IK76-48, Co 86032, and Bethuadahari
maintained steady levels of RWC at all levels of salt concentrations.
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Figure 5. Changes in the relative water content (%) in T. arundinaceum under various levels of
salinity stress.

3.7. The Effect of Various Levels of Salinity Stress on the Accumulation of Proline

Proline plays a vital role in plant stress management by acting as an osmolyte and in-
volving in the stabilization of subcellular structures like proteins and membranes, foraging
free radicals, and buffering cellular redox potential in stress environments [44,45]. In this
study, the level of proline accumulation varies with genotypes, and an overall increasing
trend up to moderate levels of salinity stress and a decreasing trend at higher levels of salt
stress was observed (Figure 6). Comparatively, all the other genotypes except Co 86032
and IND99-1134 showed an overall decreasing trend with increasing salinity stress. The
genotypes IND99-907 and IK76-48 showed a peak at 75 mM of salinity stress with proline
accumulations of 12.34 and 15.42 µmol g FW−1, respectively.
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Figure 6. Effect of salinity stress on proline accumulation in T. arundinaceum genotypes.

3.8. Accumulation of Total Protein under Various Levels of Salinity Stress

Proteins play a crucial role in plant stress tolerance and response since they are directly
involved in the attainment of enhanced stress tolerance [46]. In this study, the protein
content was observed to be following an overall decreasing trend for most of the genotypes
(Figure 7). At 175 mM saline level, Bethuadahari recorded the highest protein content of
1165.93 µg g FW−1, followed by Co 97010 with 1110 µg g FW−1 of total protein content.
The accession IND99-907 recorded 1181.48 µg g FW−1 of total protein content in the control,
and the protein content was reduced with increase in salinity stress, recording the lowest
protein content of 708.15 µg g FW−1 at 175 mM saline level. A similar pattern was observed
for IND01-1136, where the protein content was 1313.33 µg g FW−1 in the control and
734.0715 µg g FW−1 was at 175 mM of salinity stress.

3.9. Superoxide Dismutase Activities under Various Levels of Salinity Stress

During stress conditions, antioxidant enzymes such as superoxide dismutase (SOD)
play crucial roles in defense against plant stresses [47,48]. In this study, the SOD activity
varied based on different levels of salinity stress (Figure 8), and an overall decreasing
trend of SOD activity was observed for the most of the genotypes. At a 175 mM saline
level, the highest SOD activity was recorded in Bethuadahari (21.94 Units g FW−1), fol-
lowed by IND01-1136 (16.33 Units g FW−1), The IND99-907 showed an SOD activity of
7.16 Units g FW−1, but the sensitive Co 97010 recorded a SOD activity of 11.71 Units g
FW−1. The highest SOD activity was observed for IND99-907 (32.23 Units g FW−1) at
25 mM of salinity stress.
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Figure 8. Effects of salinity stress on superoxide dismutase in T. arundinaceum genotypes.

3.10. Peroxidase Activity under Various Levels of Salinity Stress in Roots

Peroxidases are important enzymes majorly involved in the breakdown of hydro-
gen peroxide, and are expressed during exposure to both biotic and abiotic stresses in
plants [3,49,50]. In our studies, peroxidase activity was observed to be diverse for in-
creasing salt concentrations; there was no steady increase or decrease observed in the
activity of the genotypes (Figure 9). The highest activity was observed for the sensi-
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tive Co 97010 (0.55 µ mol ng−1 min−1) at a salinity stress of 75 mM followed by IND99-
907 (0.36 µ mol ng−1 min−1). The lowest peroxidase activity was observed for Co 86032
(0.10 µ mol ng−1 min−1) at a 125 mM saline level. IND99-907 showed a peak in enzyme activ-
ity (0.36 µ mol ng−1 min−1) at 75 mM of salinity stress and IND01-1136 (0.25 µ mol ng−1 min−1)
at 25 mM of salinity stress.
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Figure 9. Changes in the peroxidase activity under various levels of salinity stress in T. arundi-
naceum genotypes.

3.11. Lipid Peroxidation in Roots

Lipid peroxidation is a major molecular mechanism and is considered as toxic to the
cells, causing oxidative stress to the cell structures [51]. In this study, an overall decreasing
trend was observed for all of the genotypes (Figure 10). IND99-907 and IND01-1136 showed
a peak with 8.72 and 7.8 nmol g FW−1, respectively, at 25 mM of salinity stress, and a
further decreasing trend was observed. IK76-48 showed the lowest lipid peroxidation
profile, with values ranging between 2.20 to 2.40 nmol g FW−1. The sensitive genotype
Co 97010 recorded a decreasing profile with the lowest lipid peroxidation of 3.21 nmol g
FW−1at 175 mM of salinity stress. The lowest lipid peroxidation was observed in IK76-48
(2.40 nmol g FW−1), followed by the genotype Bethuadahari (2.75 nmol g FW−1) at a
175 mM saline level.

3.12. Changes in Na/K Ratio under Salinity Stress Studied Using ICP-OES

Based on physiological and biochemical assays and young leaf elongation rates, IND99-
907 and IND01-1136 were shortlisted and compared with salt-sensitive genotype Co 97010
for the elemental distribution pattern of sodium, potassium, calcium, and magnesium by
ICP-OES and SEM-EDX analysis (Table 4). Sodium absorption was similar in all genotypes,
ranging from 21.05–22.52 mg g−1 of dry weight, but the potassium absorption was reduced
under salinity stress as compared to control in most of the genotypes. IND99-907 has
a higher potassium content of 9.65 mg g−1 of dry weight as compared to IND01-1136
(3.76 mg g−1 of dry weight) and Co 97010 (2.76 mg g−1 of dry weight). Estimation of the
Na/K ratio by ICP-OES and SEM-EDX showed that IND-99-907 recorded the lowest Na/K
ratio as compared to IND01-1136 and Co 97010. A similar trend was also observed in other
cations such as calcium and magnesium.
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Figure 10. Effects of salinity stress on lipid peroxidation in all of the genotypes.

Table 4. Estimates of sodium and potassium by the ICP-OES method at 175 mM and their ratios
(Na/K) at the 15th day after salinity stress in the formative phase.

Genotypes
Sodium Calcium Magnesium Potassium

S C S C S C S C

(i) Elemental composition (mg g−1 of dry samples estimated by ICP-OES)
Co 97010 21.05 7.52 12.44 9.22 2.18 2.03 2.76 4.00

IND01-1136 22.52 8.23 15.40 12.20 4.31 3.47 3.76 4.18
IND99-907 21.07 14.97 10.12 9.04 2.26 3.54 9.65 19.96

(ii) Cation/K ratio by ICP-OES method
Co 97010 7.64 1.88 4.52 2.30 0.79 0.51

IND01-1136 5.99 1.97 4.10 2.92 1.15 0.83
IND99-907 2.18 0.75 1.05 0.45 0.23 0.18

(iii) Cation/K ration by SEM-EDX method
Co 97010 1.5 0.8 3.24 1.06 0.33 0.71

IND01-1136 1.21 0.79 1.19 1.23 0.52 0.58
IND99-907 0.64 1.03 0.00 0.87 0.18 1.17

4. Discussion

Salinity stress is a major limiting factor affecting crop productivity, and it significantly
affects plant growth and biomass production [12,52,53]. Leaf elongation rate (LER) is
correlated with plant growth and affects the total biomass [54]. Salt stress shortens the
leaf elongation, specifically at the leaf base or growth zone, and is directly affected by
salinity-induced osmatic and ionic stresses [55]. Salinity stress affects the growth and
functioning of root tissues, low to moderate stress levels significantly reduces the growth
and expansion of epidermal and xylem cells, whereas very negligible growth or no growth
of epidermal cells and xylem vessels was observed under severe salt stress [56]. Early plant
responses to salinity stress through the reduction in leaf growth [57] and reduction in LER
were previously reported in many studies [58–61]. Many physiological mechanisms of
associated with development or mitigation of reactive oxygen species (ROS), as well as
enzymes associated with cell wall expansion and phosphorylation, are associated with the
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LER [62–64]. In the present study, salinity-sensitive standard Co 97010 showed a young leaf
elongation up to 25 mM and growth ceased at 175 mM. Consistent young leaf elongation
was observed in IND99-907, IND01-1136, and Bethuadahari at all levels of salinity stress.
Similar observations of tolerant genotypes with increased LER/young leaf elongation were
reported in maize [55] and sorghum [65,66].

The exposure of plants to salinity stress results in the accumulation of cytotoxic ions
such as Na+ and Cl- ions in plant tissue, which interfere with metabolic processes result-
ing in premature leaf senescence and cell death [67]. Tolerant plants respond to salinity
stress through three modes, viz., ionic exclusion, tissue tolerance by compartmentaliza-
tion of toxic ions into vacuoles, and ion-independent tolerance by the maintenance of the
turgor potential of cells or growth and water uptake through independent Na+ accumula-
tion [67]. K+ ions are essentially required for the maintenance of the homeostasis of turgor
pressure in plant tissues and co factor for many enzymatic reactions and maintaining home-
ostasis, playing a significant role in plant-adaptive responses to various environmental
stresses [18,68]. During salinity stress, Na+ and K+ ions were identical for physicochemical
properties [69,70] and compete in many ways, such as binding sites, protein, and ribosome
functions, thus inhibiting many cellular processes and plant turgor homeostasis [67,71].
Hence, maintaining a balanced Na+/K+ ratio has become an important factor for the salt
tolerance mechanism of plants [72]. In the present study, the salt-tolerant genotype IND99-
907 showed a lower Na+/K+ ratio as compared to other T. arundinaceum genotypes and
salt-sensitive Co 97010. A lower Na+/K+ ratio helps the plants in many physiological
mechanisms such as promoting stomatal movement, photosynthesis, and transpiration
control during salinity stresses [73–75].

Roots are indispensable organs for plants which help in the uptake of water and
nutrients, develop a symbiotic association with microorganisms, act as an anchors for the
plant’s stability, and are also used as storage organs [76]. Soil salinity hinders the water
availability to plants, and roots must exhibit a higher osmatic potential to absorb the water,
thereby affecting the yield. It is known that plant roots have an adaptive mechanism
which changes their root morphology and structural features to resist environmental
stresses [77]. Roots play a major role in salinity tolerance, as they are the first organs to
become exposed to salinity stress and regulate the uptake and translocation of nutrients
and water throughout the plant [78]. The root protoxylem and metaxylem thicknesses also
change during exposure to abiotic stresses such as salt and drought stresses [79]. In our
studies, salt tolerant IND99-907 and the sensitive Co 97010 showed clear differences in
lignification of the cell wall around the metaxylem under salinity stress. No significant
changes in cell-wall thickening around the metaxylem was observed in IND99-907 as
compared to cell wall thickening around metaxylem and vacuolization of the cortex tissue
in Co 97010. Further, the root protoxylem thickness increased during the exposure to
salt stress in the Co 97010 genotype, but no significant change in the root thickness was
observed in IND99-907.

Chief photosynthetic pigments are chlorophylls, while carotenoids also transfer extra
energy to chlorophylls and absorb surplus energy from the same [80–82]. Chlorophyll
and carotenoids can be found in the intrinsic part of the chloroplast and have varieties of
functions including light garnering, energy transfer, photochemical redox reaction, and
photoprotection [83,84]. Several studies support the quantitative decrease in the photo-
synthetic pigment content under the influence of salinity stress in different plants such as
beans (Phaseolus vulgaris L.) [85], sunflower leaves [86], Madagascar periwinkle [57], steppe
plants [82], scarlet sage [87], sorghum [41], and Salicornia prostrata and Suaeda prostrate [88].
Chlorophyll reduction due to salinity stress causes a reduction in the photosynthetic activity
and a reduction of CO2 absorption [88]. In the present study, all the other genotypes except
IND99-907 showed a decreasing trend in the photosynthetic pigments content with the
increase of salt concentration; salinity-tolerant IND99-907 showed an increasing trend in
both chlorophyll a and carotenoids content, although a decrease in chlorophyll b content
at 25 mM of salinity stress was observed, and following, an increase in the same was
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observed as the salt concentration was increased. A similar raise in chlorophyll a content
in the tolerant genotype was observed in Salicornia [88] and increases in chlorophyll a
and chlorophyll b contents were observed in the tolerant genotype of maize [89] under
salinity stress.

Relative water content (RWC) is a parameter for measuring the water condition in
plants in terms of physiological consequences under water deficit conditions [90]. RWC
drastically decreases in sensitive genotypes and is maintained at a higher level in tolerant
genotypes under abiotic stresses [25,26]. In the present study, the decreasing trend for
RWC was observed for all of the genotypes, and a drastic reduction in RWC below 80%
was observed for sensitive genotype Co 97010 at 175 mM. Tolerant genotype IND99-907
maintained the stable RWC above 95% up to 125 mM and 90% of RWC at 175 mM. These
results were in accordance with previous studies regarding maintaining a higher level of
RWC in tolerant genotypes [91].

Proline accumulation in response to signaling pathways associated with reactive
oxygen species during abiotic stresses was widely studied and reviewed [92,93]. It acts as
an osmolyte and helps in stabilizing subcellular structures, scavenging free radicals, and
buffering cellular redox potential under stressful conditions [94]. In the present study, all
the genotypes showed increased accumulation of proline up to a certain level of salinity
stress and decreasing trends at higher levels of salinity stress. The proline accumulation
was very high in tolerant genotypes such as IND99-907, IK76-48, and Bethuadahari, and
lower levels of accumulation were observed in sensitive genotypes such as Co 97010 and
IND01-1134. The increased proline content under salinity stress was reported in previous
studies in many crops [95].

Proteins play a crucial role in plant stress tolerance and are directly associated with
various metabolic pathways to enhance stress tolerance [46,50]. The accumulation of salt
stress-induced proteins has a significant role in osmatic adjustments [96–98]. Novel proteins
are found to be involved in the plant stress response under salt stress accumulation, and
differential expression of certain proteins were identified in alfalfa roots [99], sugarcane
shoots [100], and chickpea genotypes [98]. Proteins such as heat shock proteins, osmotin-
like proteins, TSI-1 protein, and protein inhibitors were observed to be upregulated in
potatoes [101]. Studies have shown an increase in soluble protein content in the tolerant
genotypes than the sensitive ones in plants such as tomato [97] and Paulownia [102]. In the
current study, salinity-sensitive genotypes showed an increased accumulation of soluble
proteins as compared to IND99-907 and IND01-1136.

Superoxide dismutase (SOD) is an enzyme that catalyzes the dismutation of superoxide
radicals to oxygen and hydrogen peroxide and acts as a first line of defense against reactive
oxygen species (ROS) [48,103]. Stresses like heat, drought, salinity, and pathogens are said
to increase the activity of SOD [104–106], which is important for the development of plant
stress tolerance [47,106]. Studies have shown the increase in the SOD activity in tolerant
genotypes in various plants such as cotton [107], Siberian elm [108], and wheat [109]. In
this study, the salt-sensitive genotype Co 97010 showed a decrease in SOD activity. SOD
activity was higher, at 25 mM of salinity stress (>30 Units/g FW) for IND99-907.

Peroxidases are involved in various physiological processes, including lignin forma-
tion, suberin formation, cross-linking of cell wall constituents, and phytoalexin synthesis;
they are also involved in the apoptosis of the infection site by activating the hypersensitive
response and thereby limiting the pathogen development [110,111]. Ascorbate peroxidases
are scavenging enzymes, which are particular to plants and algae, and are requisite in the
detoxification of hydrogen peroxide and other hydroxyl radicals [112]. In a study carried
out using Vigna seedlings, the effect of salinity stress on peroxidase activity showed maxi-
mum activity of peroxidases under higher-stress conditions [113]. Similarly, in sweet basil,
the pyrogallol peroxidase (PPOX) and guaiacol peroxidase (GPOX) activities increased
during plant growth [114]. In the present study, an overall increasing trend of POD activity
was observed for all of the genotypes up to a certain level of salt stress and then a decrease
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in the activity was observed. Salt sensitive Co 97010 showed an increased POD as compared
to tolerant T. arundinaceum genotypes IND99-907 and IND01-1136.

Lipid peroxidation is a process where oxidative agents such as free radicals react with
the lipids and cause oxidative cell damage [84,115]. Lipid peroxidation is considered the
major molecular mechanism involved in being toxic to the cells, causing oxidative stress to
the cell structures, which eventually leads to cell death [51]. Peroxidation of lipids is the
reason for the damage to proteins, DNA, and pigments [116]. Studies have reported lower
lipid peroxidation in tolerant genotypes such as maize [117], salt-tolerant Plantago maritima,
and salt-sensitive Plantago media [17], tomato [15], and sugar beet [16]. In the present study,
an overall decreasing trend of lipid peroxidation was observed for all of the genotypes. All
the genotypes recorded a lipid peroxidation of <6 nmoles/g FW, and the lowest value was
observed for IK76-48, with <3 nmoles/g FW at a salinity of 175 mM. Morphological, root
anatomical, and physiological studies revealed that IND99-907 and IND01-1136 showed
higher levels of salinity stress tolerance as compared to other genotypes.

5. Conclusions

Salinity stress significantly affected all the growth parameters of all the sugarcane
genotypes. There was a decrease in the root biomass, shoot biomass, leaf length, root
number, leaf elongation rate, relative water content, photosynthetic pigments, proline
accumulation, and enzyme activities such as peroxidase and superoxide dismutase, in
almost all genotypes. Although there were differential performances among genotypes,
IND99-907 was the superior for many parameters such as root number and length of root,
shoot, and leaf, and young leaf elongation rate, and for physiological traits under salinity
stress. The root anatomy studies showed the consistent structures for protoxylem and
metaxylem in the stele of the roots as compared to damaged stelar regions in sensitive
genotype Co 97010. The accession IND99-907 is a strong candidate genotype with a higher
salt tolerance and is suitable for utilization in sugarcane crop improvement programmes.
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