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Abstract

Water deficit is one of the most critical factors for determining the growth and yield of sugar-
cane. Understanding the physiological and molecular mechanisms of sugarcane responses
is essential for developing resilient cultivars. In this study, three sugarcane cultivars, NX04
(sensitive), BL (moderate), and NXI-4T (tolerant), were grown in a greenhouse for 2 months
and then subjected to drought stress for 8 days after planting. Morphological variation
showed that the tolerant sugarcane cultivar exhibits a longer root system and delays leaf
chlorosis and rolling. Malondialdehyde (MDA) content was increased in the sensitive and
moderate cultivars, although it slightly increased in the tolerant cultivars at 8 days after
drought stress. The increase was accompanied by increases in proline content and in gene
expression of the catalase (Cat) and ascorbate peroxidase (Apx) across all cultivars, which
protect cells from oxidative damage. Interestingly, the expression of the photosynthetic
Pepc (phosphoenolpyruvate carboxylase) and Sps (sucrose-phosphate synthase) genes was
significantly decreased, whereas SPS activity increased under drought stress. This implies
that the SPS protein may be regulated through post-translational modification. The expres-
sion of transcription factors (TFs) of NAC, rather than DREB, was significantly upregulated
in the tolerant cultivar under 8 days of drought stress, in line with the delay of chlorosis.

Keywords: antioxidant; gene expression; malondialdehyde; morphological; physiological
and molecular analysis; photosynthetic; sugarcane cultivars; transcription factors expression

1. Introduction
Sugarcane is a major crop for producing sugar in Indonesia, planted mainly on Java

and Sumatra. The sugarcane industry not only provides a sugar supply but also ensures
energy security by producing bioethanol from molasses and bagasse, as well as organic
fertilizers [1]. However, sugarcane production is consistently insufficient to meet the na-
tional domestic demand. Climate change has been considered to result in lower sugarcane
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production. The global rise in temperature has exacerbated water stress, leading to re-
duced sugarcane production [2,3]. In addition, competition between sugarcane and other
food crops for water and land often results in sugarcane losing out [4]. The shift from
irrigated systems to marginal land with limited water supply has a significant impact on
sugarcane production.

Water is essential for plant growth, and water scarcity affects the vegetative growth
of sugarcane. Drought conditions significantly affect leaf area, leaf rolling, and stomatal
closure, leading to a substantial 60–80% reduction in sugarcane yield [5,6]. In addition,
plant roots play important roles in water absorption, and drought-tolerant sugarcane has
been reported to have a longer root system [6,7]. Application of plant growth-promoting
rhizobacteria has also been reported to enhance water absorption and mitigate drought
stress in sugarcane [8]. Understanding the impact of water stress on the physiological
and molecular characteristics of susceptible, moderate, and tolerant sugarcane cultivars is
crucial for developing a breeding strategy.

Drought stress induces various changes in physiological processes, including increases
in reactive oxygen species (ROS) and damage to lipids, proteins, and DNA, leading to
decreased growth and yield in plants. To mitigate the damage, plants activate enzymatic
and non-enzymatic scavenging systems. Superoxide dismutase (SOD), catalase (CAT), per-
oxidase (POD), and ascorbate peroxidase (APX) are mainly enzymatic scavenging systems.
The activity of APX and CAT was higher in the drought-tolerant sugarcane [9]. Similar
results were observed, with the expression of APX and CAT genes upregulated in response
to biotic stress in sugarcane [10]. The contents of non-enzymatic scavengers, such as small
metabolites, proline, sugar alcohols, and glycine betaine, were accumulated to protect cells
under drought stress [11–13]. Several studies have reported that overproduction of small
metabolites helps plants acclimate to drought stress [12], including sugarcane [7].

Sugarcane is a C4 plant that operates a unique CO2 concentration mechanism through
the operation of phosphoenolpyruvate carboxylase (PEPC). The PEPC acts as the initial
carbon-assimilating enzyme with a high affinity for CO2, enabling efficient carbon fixation
under reduced water supply. The PEPC, pyruvate orthophosphate dikinase (PPDK), and
sucrose-phosphate synthase (SPS) were reported to undergo post-translational modification
(PTM) and increase their activities in response to drought stress [14,15]. Furthermore, nitrate
reductase (NR), a key enzyme in nitrogen assimilation, was also regulated by drought stress
in a PTM-dependent manner [16]. Whether the limited water supply affects the activity of
photosynthetic enzymes in sugarcane remains unclear and warrants further investigation.

Plants have developed various survival mechanisms to adapt to drought conditions,
one of which is the enhancement of drought-tolerant genes. The drought-inducible gene has
been identified in sugarcane and is involved in drought adaptation [7]. Furthermore, gene
expression efficiency is influenced by transcription factors (TFs) that respond to environ-
mental stimuli. TFs are proteins that bind to DNA promoter sequences and either promote
or block gene expression. Several TFs are involved in the regulation of stress-responsive
gene expression, and among them are DREBs (dehydration-responsive element-binding
proteins), NAC, bZIP (basic leucine zipper proteins), MYB, and WRKY [17,18]. DREBs are
family members of AP2/ERF TFs that play a crucial role in drought stress responses [19,20].
DREB expression was found to be upregulated under drought, salt, and cold conditions
in sugarcane [13,21]. Moreover, overexpression of the DREB gene significantly confers
drought tolerance in transgenic plants [22], including transgenic Nicotiana benthamiana [23]
and sugarcane [24,25]. The NAC is involved in growth, development, and drought stress
responses in plants [26,27], and NAC expression has been reported to modulate sugar
metabolism in sugarcane [25] and peach ripening [28]. The bZIP is also known to regulate
plant growth and plays an important role in responses to abiotic stress. The overexpression
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of bZIP increased sucrose content in tobacco leaves [29] and enhanced drought tolerance
in transgenic tobacco [30]. MYB is another TF in plants that plays a role in the adaptive
response to drought stress. MYB has been reported to be involved in responding to drought-
induced leaf senescence in sugarcane [31] and in synthesising signalling-related substances
to regulate drought stress [25]. The overexpression of the honeysuckle MYB increases
flavonoid biosynthesis gene and drought resistance in transgenic Arabidopsis thaliana [32].
Numerous studies on the role of TFs as key regulators of drought stress have been reported;
however, studies on sensitive, moderate, and tolerant sugarcane cultivars under water
stress remain limited.

To gain more understanding of how sugarcane responds to drought stress at physi-
ological and molecular levels, three sugarcane cultivars for sensitive (NX-04), moderate
(BL), and drought-tolerant (NXI-4T) were subjected to water deficit regimes in greenhouse
conditions. The sugarcane cultivars were classified as sensitive, moderately tolerant, and
drought-tolerant, respectively, according to the Indonesian Ministry of Agriculture decrees.
Furthermore, the transgenic sugarcane cultivar NXI-4T was developed by inserting the betA
gene, which encodes choline dehydrogenase (CDH) [7]. Drought stress was induced by
withholding water for 8 days. The morphological, physiological, and molecular responses
were observed at 0 (before), 4, and 8 days after dehydration. The results indicate that
the tolerant sugarcane cultivar exhibited longer root length, delayed chlorosis, increased
antioxidant activity, and highly upregulated NAC expression. The physiological and molec-
ular analysis underlying drought tolerance in a sugarcane cultivar may be useful for the
sugarcane breeding program.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Sugarcane bud chips of three sugarcane cultivars, sensitive (NX04), moderate (BL),
and tolerant (NXI-4T) to drought stress, provided by the Sugarcane Research Centre, PT.
Perkebunan Nusantara I in Indonesia were used as plant material. All sugarcane cultivars
are commercially available, and the classification was based on the Indonesian Ministry
of Agriculture decrees. Furthermore, NXI-4T is a drought-tolerant transgenic sugarcane
overexpressing the betA gene, which encodes choline dehydrogenase from the bacterium
Rhizobium meliloti with a higher glycine betaine content [7]. The sugarcane bud chips were
germinated for 2 weeks, then transplanted into pots containing sandy soil media (10 kg
per pot). The sugarcane cultivars were grown in a greenhouse for 2 months, supplied
with water daily and with NPK fertilizer twice. The sugarcane cultivars were subjected to
drought stress by water withholding for 8 days. Rolling leaf symptoms were observed, and
soil and leaf samples were collected before, 4, and 8 days after drought stress for analysis.
Fresh weight was determined using the whole plant upon completion of the treatments.
The remaining soil was loosened by rinsing with water, and the roots and shoot parts
were measured separately. For physiological and molecular analysis, the youngest fully
expanded sugarcane leaves were harvested at the indicated time and plunged into liquid
nitrogen. The experiment was conducted using a completely randomized factorial design
consisting of three treatments in three replicates.

2.2. Soil and Leaf Water Contents Analysis

Soil samples were collected from the root zone at the indicated times and then heated
at 105 ◦C to a constant dry weight. Soil water content (SWC) was determined using the
equation: (wet weight − dry weight)/(wet weight) × 100. Leaf water content expressed
as Relative Water Content (RCW) was measured in the youngest fully expanded leaves as
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previously described [8]. The RCW was determined by the equation: (fresh weight − dry
weight)/(turgid weight − dry weight) × 100.

2.3. Measurement of Metabolite Contents

The metabolites of glucose, sucrose, and proline were extracted from the frozen sugar-
cane leaves using a mixture of methanol:chloroform:water (12:5:3, v/v/v) as previously
described [33]. Glucose content was measured spectrophotometrically using the DNS (dini-
trosalicylic acid) assay at 540 nm [34]. The glucose content was calculated by comparison of
the glucose standard curve. Sucrose content was determined using the resorcinol sulfuric
acid method as previously described [35]. The proline content was measured with the
ninhydrin-based colourimetric assay as described by Abraham et al. (2010) [36].

The malondialdehyde (MDA) measurement was conducted by grinding the frozen sug-
arcane leaf (1 g) in 0.1% trichloroacetic acid (TCA), as described in the previous method [8].
The MDA was measured using a spectrophotometer at 532–660 nm. The MDA content
was determined by comparison with the standard curve and calculated using the method
described by Buqori et al. (2025) [8].

2.4. Chlorophyll Contents and Enzyme Activity Measurement

Total chlorophyll was measured by extracting frozen sugarcane leaves (0.1 g) with
5 mL of 95% ethanol, then centrifuged at 10,000× g at 4 ◦C for 10 min. Total chlorophyll
in the supernatant was then determined using a spectrophotometer at 645 and 663 nm,
according to the previously described equation [10].

Activity of phosphoenolpyruvate carboxylase (PEPC) and sucrose-phosphate synthase
(SPS) was determined by grinding 1 g frozen sugarcane leaves in liquid nitrogen, followed
by extraction in a buffer containing 50 mM MOPS, 10 mM MgCl2, 1 mM EDTA, 2.5 mM DTT,
and 10% PVP. After centrifugation at 12,000× g and 4 ◦C for 5 min, the supernatant was
desalted using Sephadex G-25 resin (Sigma-Aldrich, Missouri, USA) and stored at −80 ◦C
for analysis of enzyme activity. PEPC activity was assayed with the buffer containing
50 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 50 mM NaHCO3, 2 mM dithiothreitol, 0.4 mM
NADH, and 5 units of malate dehydrogenase (MDH). The reaction was initiated by adding
50 µL of desalted crude extract protein and 1 mM phosphoenolpyruvate (PEP). The decrease
in NADH level was monitored at 340 nm using a spectrophotometer, and 1 unit of PEPC
activity is defined as the oxidation of 1 µM NADH per min per mg of total protein.

The SPS activity was determined by measuring the formation of sucrose-6-phosphate [37].
The reaction mixture contained 30 mM MOPS-NaOH (pH 7.5), 10 mM MgCl2, 15 mM UDP-
glucose, 10 mM fructose-6-phosphate (F6P), 10 mM glucose-6-phosphate (G6P), and 30 µL
of desalted leaf extract. The reaction was performed at 30 ◦C for 10 min, then terminated
by adding 70 µL of 1 M NaOH, and incubated at 95 ◦C for 10 min. After chilling on ice,
0.25 mL resorcinol (1%) and 0.75 mL 30% HCl were added, and the mixture was incubated
at 80 ◦C for 8 min to develop colour, then measured at 520 nm using a spectrophotometer.
The SPS activity in the leaf was calculated as the quantity of sucrose produced per minute
per mg protein at 30 ◦C.

2.5. RNA Extraction and Gene Expression Analysis

Total RNA was extracted from 0.5 g of frozen sugarcane leaves using an RNA isolation
kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. The RNA was
used as a template for first-stranded cDNA synthesis using reverse transcriptase (RT) and
oligo-dT primer (Roche, Basel, Switzerland). Quantitative real-time PCR (RT-qPCR) was
conducted using the cDNA to determine the expression of Pepc, Sps, and TFs (DREB2,
MYB-R2R3, NAC23, bZIP1). The reaction mixture (25 µL) contained 12.5 µL of 2× SYBR
Green master mix (Thunder-birdTM SYBR qPCR Mix, Toyobo, Tokyo, Japan), 0.5 µmol/L
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of primers, 50 ng cDNA, and nuclease-free water. The specific primers listed in Table 1 were
used to detect the corresponding gene expression. The RT-qPCR program was conducted
as previously described [10], with annealing temperatures adjusted to primer-dependent
values (Table 1).

Table 1. Nucleotide sequences of primers used in this study. The nucleotide sequences of the primer
pairs were designed using primer design software (NCBI and PerlPrimer 1.1.21).

Primers Nucleotide Sequence (5′-3′) Amplicon Length
(bp)

Annealing
Temperature References

MYB-R2R3 F: CTACTGGAGAACACACATGAGG
R: CGCAGCTACCATTGTGAGTGTC 149 55 This study

NAC23 F: CTCGTCTTCTACGCCGGCAA
R: CCCGCCCTTCTTGTTGTAGAT 150 55 This study

DREB2 F: CTGAGAACGTCAACTGCGTG
R: CCTTTGCCGCCTCATCGTAT 189 55 This study

bZIP1 F: GCGAAAGAAGGCATACATCCA
R: TGTTGTGCTCCTCCAACCAG 150 55 This study

Actin F: TCCAGCGGATATTCGGTATG
R: AGCATAAGGCTAGGTGATGT 143 55 This study

Cat F: GCTCAGTTCGACAGGGAACG
R: CACGTGGATCCCTCAAGGTC 208 55 [38]

Apx F: GATTTGATTGCCGTGGCTG
R: TCTTCAGGAAGTTTGCCAGTTG 134 55 [39]

PsaA F: AGGGGCTTATACCCTCAG
R: GGATTAGGTGCCTAACGGAC 121 52 This study

RbcL F: CTACACCCCGGAGTACGAAA
R: GGGCTCGATGTGATAGCATCG 195 60 This study

Pepc F: TGGGTGGTGACCGTGATGG
R: GCAGCGCCACATAGAGAGC 129 60 [10]

Sps F: GGGTCTCCATAGGACCATTA
R: GGGGTGTTATTGTGTGAGTA 110 55 [10]

2.6. Statistical Analysis

Experimental data were analyzed using standard one-way ANOVA followed by
Tukey’s honestly significant difference test at a significance level of p ≤ 0.05.

3. Results
3.1. Water Content and Morphological Variation Under Drought Stress

In this study, three sugarcane cultivars categorized as sensitive (NX-04), moderate (BL),
and tolerant (NXI-4T) to drought stress were grown in pots in a greenhouse, and drought
stress was applied after 60 days. The soil water content (SWC) was sharply depleted during
the first 4 days and remained continuously reduced for 8 days of water stress relative to
before water stress initiation (Figure 1a). The SWC fell below the soil field capacity (15%)
in 4 and 8 days and appeared slightly higher in the tolerant cultivar. In line with the SWC,
the measurement of relative water content (RWC) showed a smaller decline in the tolerant
cultivars than in the sensitive cultivar (Figure 1b).
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Figure 1. Soil water content (SWC) and relative water content (RWC) in sugarcane cultivars during
drought stress. The SWC (a) and RWC (b) were measured at 0, 4, and 8 days of drought stress. NX04,
BL, and NXI4T represent sensitive, moderate, and tolerant sugarcane cultivars, respectively. Values
are means ± SD of three biological replicates, and different lowercase letters indicate significant
differences (p ≤ 0.05).

To assess morphological variation, leaf number, yellowing, rolling leaf symptoms,
and fresh weight of the sugarcane were recorded under drought stress, and the parame-
ters were plotted in Figure 2. Fresh weight and leaf number did not differ between the
sugarcane cultivars during 8 days of drought stress. This indicates that sugarcane growth
was unaffected during the 8-day stress period. Fresh weight is widely used to quantify
morphological and biomass changes in plants under drought stress. This measurement was
conducted to assess the ability of plants to maintain an appropriate water status for growth
and survival under drought conditions. However, rolling leaf symptoms and yellowing
(chlorosis) leaves were observed more quickly in the sensitive and moderate genotypes
than in the drought-tolerant NXI-4T. On the other hand, root length and root diameter
were greater in the tolerant cultivars. These results indicated that the NXI-4T cultivar is
a drought-tolerant sugarcane with key characteristics: a deep, extensive root system and
delayed yellowing and leaf rolling [40].

Figure 2. Radar plot showing the morphological variation in sugarcane cultivars at 8 days after
drought stress. Values indicate the percentage of trait values under drought conditions relative
to those at 0 days (before water withholding). Green, blue, and red colours are sensitive (NX04),
moderate (BL), and tolerant (NXI4T) sugarcane cultivars, respectively.

3.2. Physiological Response of Sugarcane Cultivars Under Drought Stress

Drought stress induced a rapid accumulation of ROS, such as H2O2 (Table 2), which is
reactive and can oxidize multiple cellular components, resulting in increased cell damage.
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Measurement of MDA (malondialdehyde) content showed an increase in sensitive and
moderate sugarcane cultivars at 4 days and remained at high levels at 8 days after drought
stress (Table 2). This increase was greater in sensitive compared to moderate sugarcane
cultivars. However, the content was slightly increased 8 days after drought stress in the
tolerant cultivar. The MDA serves as a marker of oxidative stress and cellular damage
linked to drought stress.

Table 2. Content of metabolites in leaves of sugarcane cultivars during days 0, 4, and 8 of drought
stress. NX04, BL, and NXI4T represent sensitive, moderate, and tolerant sugarcane cultivars, respectively.
Different lowercase letters within rows indicate significant differences between treatments (p < 0.05).

Metabolites Sugarcane
Cultivars

Treatment of Drought Stress

0 Days 4 Days 8 Days

H2O2
(µmol/g FW)

NX04 2.77 ± 0.06 bc 4.37 ± 0.28 a 4.88 ± 0.11 a

BL 2.58 ± 0.19 c 3.53 ± 0.21 abc 4.13 ± 0.22 ab

NXI4T 2.27 ± 0.02 c 3.59 ± 0.36 abc 3.87 ± 0.21 ab

MDA
(µmol/g FW)

NX04 3.81 ± 0.39 c 8.15 ± 0.49 ab 8.82 ± 0.40 a

BL 5.95 ± 0.40 abc 7.38 ± 0.41 ab 7.38 ± 0.52 ab

NXI4T 5.97 ± 0.50 abc 5.32 ± 0.42 bc 6.62 ± 0.34 abc

Proline
(mg/g FW)

NX04 0.14 ± 0.01 e 1.01 ± 0.11 c 2.12 ± 0.08 b

BL 0.27 ± 0.08 d 0.66 ± 0.14 d 2.16 ± 0.07 b

NXI4T 0.25 ± 0.04 d 0.80 ± 0.04 c 2.68 ± 0.13 a

Sucrose
(mg/g FW)

NX04 5.56 ± 0.32 ab 5.36 ± 0.02 ab 3.28 ± 0.33 d

BL 5.78 ± 0.32 ab 6.17 ± 0.43 a 5.81 ± 0.70 ab

NXI4T 3.50 ± 0.10 cd 4.14 ± 0.53 bc 5.24 ± 0.03 ab

Glucose
(mg/g FW)

NX04 0.28 ± 0.01 c 0.61 ± 0.08 b 0.68 ± 0.02 b

BL 0.82 ± 0.08 ab 0.88 ± 0.07 ab 1.07 ± 0.08 a

NXI4T 0.28 ± 0.01 c 0.69 ± 0.11 b 0.74 ± 0.07 b

To overcome damage caused by drought stress, plants activate antioxidant scavenging
systems. Proline and sugar are well-known as non-enzymatic antioxidant systems. Proline
contents significantly increased in 4 and 8 days after drought stress (Table 2). Glucose accu-
mulation increased concomitantly, whereas sucrose accumulation was only significantly
increased at 8 days of water stress in the tolerant sugarcane cultivar of NXI-4T. The increase
in sucrose is suggested to contribute to osmoregulation and provide energy for survival
under severe stress in the tolerant plants [41].

Plants induce antioxidant enzyme activity to detoxify ROS accumulation during water
stress. The increase in ROS induces molecular responses that are key determinants of plant
tolerance to drought stress. The expression of the gene for catalase (Cat) and ascorbate
peroxidase (Apx) was significantly upregulated during drought stress (Figure 3a,b). The
induction of Cat and Apx expression was dominantly higher in tolerant sugarcane cultivars,
which increased by 2.5–3-fold.

Drought stress severely restricts plant growth by reducing water uptake, leading
to wilting, leaf rolling, and senescence. To observe the effect of drought stress on
photosynthesis, chlorophyll content in sugarcane cultivars was assessed under drought
stress. The results showed a decrease in chlorophyll content in sensitive sugarcane
cultivars at 4 and 8 days of water stress (Figure 4a). However, the contents were
transiently increased in moderate- and tolerant-sugarcane cultivars at 4 days, then
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decreased after 8 days of drought stress. The increase in chlorophyll content may help
provide energy for photosynthetic carbon assimilation.

Figure 3. Enhancement of Cat (a) and Apx (b) gene expression in the leaves of sugarcane cultivars at 0,
4, and 8 days after drought stress. Orange, yellow, and green colours represent NX04 (sensitive), BL
(moderate), and NXI4T (tolerant) sugarcane cultivars. Actin was used as the reference gene. Relative
expression was determined by setting the baseline (day 0) to one unit. Values are means ± SD of
three biological replicates, and different lowercase letters indicate significant differences (p ≤ 0.05).

Figure 4. Change in chlorophyll content (a), activity of phosphoenolpyruvate carboxylase (PEPC)
(b) and sucrose-phosphate synthase (SPS) (c) in response to drought stress in leaves of sugarcane
cultivars. Orange, yellow, and green colours represent NX04 (sensitive), BL (moderate), and NXI4T
(tolerant) sugarcane cultivars. Values are means ± SD for three independent biological samples, and
different lowercase letters indicate significant differences (p ≤ 0.05).

Plants employ regulatory mechanisms to mitigate abiotic stress, including post-
translational modifications (PTMs) of proteins. This mechanism is directed to maintain
metabolic processes to sustain growth and development. Measurement of PEPC activity, as
the primary carbon assimilating enzyme, showed a decrease in activity in all sugarcane
cultivars during water stress, except an increase at 4 days of water stress in tolerant culti-
vars (Figure 4b). However, SPS activity was induced under water stress in the moderate-
and tolerant cultivars (Figure 4c). The increases in SPS activity were consistent with the
increase in sucrose content detected in the sugarcane cultivars (Table 2) and with previous
reports [7]. Although the increase in SPS activity has not been confirmed by further analysis,
the PTM of the SPS protein is a crucial regulatory mechanism that allows plants to rapidly
adjust to drought stress [42].

3.3. Expression of Photosynthetic Genes and Transcription Factors During Drought Stress

Photosynthesis is one of the main plant processes that impacts plant growth and yield.
The susceptibility of photosynthesis to drought stress is primarily due to stomatal closure,
which reduces CO2 assimilation. Quantification of gene expression by RT-qPCR revealed
that expression of PsaA and RbcL genes, which are localised in the chloroplast, was not
affected by drought stress for 8 days in moderate and tolerant sugarcane cultivars, while the
expression was slightly decreased in sensitive sugarcane cultivars (Figure 5a,b). However,
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the Pepc and Sps, which are nuclear genes, were downregulated during 8 days of drought
stress in all sugarcane cultivars. These downregulations were inconsistent with the enzyme
activity presented in Figure 4b,c.

Figure 5. Expression of photosynthetic genes in response to drought stress in leaves of sugarcane
cultivars. The expressions of PsaA (a), RbcL (b), Pepc (c), and Sps (d) were determined in the leaves at
0, 4, and 8 days after drought stress. Orange, yellow, and green colours represent NX04 (sensitive), BL
(moderate), and NXI4T (tolerant) sugarcane cultivars. Actin was used as the reference gene. Relative
expression was determined by setting the baseline (day 0) to one unit. Values are means ± SD of
three biological replicates, and different lowercase letters indicate significant differences (p ≤ 0.05).

Transcription factors (TFs) are critical regulators of gene expression, playing key
roles in various biological processes, including abiotic stress responses in plants. Key
TFs, including DREB, NAC, bZIP, and MYB, have been involved in drought responses and
regulate downstream stress-responsive genes. Analysis of RT-qPCR showed that expression
of DREB, a TF responsible for drought and salt tolerance, was significantly upregulated at
4 days and declined at 8 days of water stress in moderate cultivars (Figure 6a). A similar
response was observed in MYB gene expression, which was induced at 4 days of water
stress. Although MYB gene expression was also significantly increased at 4 days in the
moderate cultivar, the increase was lower than that of DREB expression. However, bZIP
expression was highly upregulated in sensitive and moderate sugarcane cultivars, but
not in the tolerant cultivar NXI-4T (Figure 6d). This discrepancy indicates that bZIP is
involved in many biological processes and plays an important role in biotic and abiotic
stresses [43]. Interestingly, among the TFs, NAC expression was significantly upregulated
at 4 and 8 days of water stress in moderate- and tolerant cultivars (Figure 6b), whereas
it was decreased at 8 days in the sensitive cultivar. The enhanced NAC expression was
found in the transgenic sugarcane and did not come from a native cultivar trait, since
the NAC expression was enhanced more in the transgenic drought-tolerant compared
to non-transgenic sugarcane. The NAC TFs act as critical regulators of leaf senescence,
functioning as both positive and negative regulators [44], and may play a key role in
sugarcane tolerance to abiotic stress [27].
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Figure 6. Expression of transcription factors (TFs) in response to drought stress in leaves of sugarcane
cultivars. The expressions of DREB (a), NAC (b), MYB (c), and bZIP (d) were determined in the leaves
at 0, 4, and 8 days after drought stress. Orange, yellow, and green colours represent NX04 (sensitive),
BL (moderate), and NXI4T (tolerant) sugarcane cultivars. Actin was used as the reference gene. Relative
expression was determined by setting the baseline (day 0) to one unit. Values are means ± SD of three
biological replicates, and different lowercase letters indicate significant differences (p ≤ 0.05).

4. Discussion
The growth response of plant cultivars to water stress is critically dependent on their

sensitivity to drought stress. Different genotypes possess distinct morphological and
physiological mechanisms for adapting to water shortages. Observation of morphological
variation showed that root length was longer in moderate- and tolerant-sugarcane cultivars
than in sensitive ones (Figure 2). Under water stress, tolerant plants maximize water uptake
by increasing root length and depth, allowing them to access deeper soil moisture layers [45].
In addition, yellowing leaves (chlorosis) as a symptom of senescence and rolling leaves
were remarkably delayed in tolerant cultivars. The rolling leaf is a typical response to water
deficit, and tolerant plants show the rolling leaf later and remain green [46]. Measurements
of soil water content (SWC) and relative water content (RCW) showed that SWC and RCW
rapidly decreased in the sensitive cultivars (Figure 1a,b). These morphological changes and
retardation of water content indicate that NXI-4T is a tolerant cultivar to water stress.

Drought stress promotes excessive ROS generation, leading to the accumulation of
malondialdehyde (MDA), which disrupts cell membrane integrity and ultimately triggers
cell death. Drought stress significantly increased MDA content in the sensitive sugarcane
cultivar but not in the tolerant cultivars (Table 2). To overcome cellular damage, plants
operate a highly organized antioxidant defense system to maintain normal cellular function.
The proline content, as a nonenzymatic antioxidant, increased sharply, almost 10-fold, in all
sugarcane cultivars. However, sucrose content was significantly accumulated in tolerant
sugarcane cultivars. Interestingly, the glucose content increased in 4 days and remained
elevated for 8 days of water scarcity. Glucose plays a significant role as an osmoprotectant,
signaling molecule, and energy source during drought in plants [47–49]. In addition,
plants also operate an enzymatic antioxidant defense system that directly converts harmful
ROS into harmless substances. Catalase (Cat) and ascorbate peroxidase (Apx) expression
increased under drought stress in sugarcane [50,51]. Similarly, expression of the Cat and
Apx genes was significantly enhanced in all sugarcane cultivars under drought stress, and
the Cat expression was pronouncedly increased at 8 days of water withholding in tolerant
sugarcane cultivars (Figure 3).
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Water stress reduced the photosynthesis rate and affected plant growth by lowering
chlorophyll content and the expression of photosynthetic genes [52]. The chlorophyll content
was significantly reduced in the drought-sensitive cultivar, whereas in the moderate and
tolerant cultivars, the reduction was observed only at 8 days of water stress (Figure 4a).
Chlorophyll pigmentation was reported to increase under mild stress and decrease under
severe water stress in water-tolerant blue honeysuckle [53]. Maintaining chlorophyll levels
plays an important role in serving energy and adaptive mechanisms under drought stress in
the tolerant cultivar. Measurement of PEPC and SPS activities, the main carbon-assimilation
enzymes, showed an increase under drought stress in the tolerant cultivar (Figure 4b,c).
However, the expression of the corresponding genes Pepc and Sps was reduced under drought
stress in all sugarcane cultivars (Figure 5d,c). These results suggested that the enzymes may
be regulated through post-translational modifications (PTMs) under drought stress, although
extensive work is required. The PTM is prominent in plant proteins involved in photosynthetic
carbon assimilation and in responses to environmental changes [54].

One of the fundamental steps in enhancing drought stress resilience in plants is
understanding the roles of TFs, which regulate gene expression. Examination of TFs in
sugarcane indicated that TFs such as DREB, NAC, and ABRE-binding factor showed high
expression during drought stress [55]. Detection of TF expression using RT-qPCR revealed
that NAC and DREB were significantly upregulated in tolerant cultivars, with increases
of more than 5-fold. However, bZIP and MYB expression were pronounced in sensitive
and moderate cultivars at 4 and 8 days of water stress (Figure 6). These results indicate
that NAC plays an important role in drought tolerance in sugarcane. NAC is one of the
largest families of TFs in plants and is involved in various stress responses. Overexpression
of the NAC gene has been reported to improve drought and salt tolerance in rice [56]
and transgenic cotton [57]. In addition, the expression of sugarcane NACs is involved in
senescence-associated functions [26,44], positively as accelerators [58] and negatively as
delayers [59]. Morphological variation in sugarcane cultivars showed that leaf senescence
was delayed in the tolerant cultivars under drought stress (Figure 2). This suggests that
NAC is a TF responsible for drought stress and delay of senescence in sugarcane.

The DREB transcription factor plays a pivotal role in regulating drought responses
in plants [23,25]. However, DREB expression was lower than that of the NAC under
drought stress in sugarcane (Figure 6a,b). Analysis of the DREB protein domain identified a
transcriptional activation domain within the amino acid sequence, and engineering of these
residues resulted in significant drought stress tolerance [60]. This may suggest that DREB
expression was not activated under normal growth conditions in sugarcane. Recently,
genome editing in plants, especially using CRISPR-Cas9, has acted as a precise molecular
tool to engineer targeted DNA for the rapid development of plants with higher drought
tolerance. Engineering the transcriptional activation domain of DREB will be an important
target for achieving drought-resistant sugarcane in the future molecular breeding program.

5. Conclusions
The physiological and molecular responses of sensitive (NX04), moderate (BL), and

tolerant (NXI4T) sugarcane cultivars to drought stress were examined under greenhouse
conditions. The morphological variation showed that the tolerant sugarcane cultivar exhibits a
longer root system and delays leaf chlorosis and rolling compared to the sensitive cultivars. The
MDA content increased significantly, accompanied by an increase in the antioxidant system
that protects the cell from oxidative damage. The SPS was increased under drought stress
in the tolerant cultivars, although the expression of the corresponding gene was decreased.
Among the TFs, NAC expression increased markedly, consistent with the delayed onset of
chlorosis, suggesting that NACs play an important role in drought stress in sugarcane.
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