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Water stress, whether caused by waterlogging or drought resulting from climate change, can significantly reduce
sugarcane yield. To elucidate the physiological response of sugarcane under such conditions, four genotypes were evaluated
under controlled waterlogged (WL) and drought (D) environments. Plants were cultivated in pots and subjected to WL and
D treatments for 14 days. Stomatal conductance (gs) varied among the genotypes with a general trend of increasing gs under
WL conditions and decreasing gs under D conditions over the treatment period. Notably, specific genotypes exhibited
contrasting responses: one showed high gs under WL but low gs under D, while another maintained improved gs under both
conditions, suggesting greater adaptability. Changes in gs between 0 and 7 days after treatment (DAT) were further
quantified. One genotype, PS862, showed a 64% increase in gsunder WL and a 75% decrease under D. In contrast, genotypes
of PSJT941 exhibited a 5% decrease under WL and only a 49% decrease under D. Enhanced gs under both stress conditions
correlated with higher photosystem Il efficiency (Fv/Fm) and a lower crop water stress index (CWSI), indicating superior
physiological resilience. These findings highlight genotypic variability in sugarcane response to water stress and identify
candidates with potential for cultivation under water stressed environments.

Keywords: Abiotic stress tolerance, crop water stress index, drought stress, stomatal conductance, waterlogging stress.
Abbreviations: WL_Water Logging; D_drought; gs_Stomatal conductance; DAT_Days After Treatment; Fv/Fm_Quantum
Yield of Photosystem II; CWSI_Crop Water Stress Index; PS862, PSJT941, Kidang Kencana_KK_sugarcane varieties;
RBD_Randomized Block Design.

Introduction

Sugarcane is a major crop that provides a large amount of calories. Its calorie content is higher than that of other crops.
Sugarcane is the primary source of sugar. Climate change affects sugarcane production, especially changes in rainfall
distribution that lead to drought and flooding; some regions receive insufficient rainfall, while others receive adequate
rainfall. Soil moisture fluctuations in agricultural fields (e.g., rainfed fields) are likely to occur during the growing season
because of unpredictable rainfall distribution, leading to adverse effects on crop performance and yield (Lobell et al., 2011;
Lakshmanan & Robinson, 2014; Noya et al,, 2018; Mina et al., 2021). Many studies have reported the effects of water stress
on plant performance; however, investigations of the combined effect of two water stress factors, that is, waterlogging and
drought, on genotypes of a single species are still rare, especially for sugarcane.

Waterlogging often occurs due to poor soil drainage during heavy rainfall, whereas drought stress is frequently evident in
rainfed fields with low rainfall intensity. Drought and waterlogging are the significant factors that reduce the yield of
sugarcane (Ferreira et al.,, 2017), maize, wheat (Daryanto et al.,, 2016), and soybean (Mittler, 2002; Valliyodan et al., 2014),
affecting crop productivity worldwide (Wang et al,, 2003; Rampino et al, 2006). Sugarcane is a C4 species, that is, a
photosynthetic pathway type, adapted to warm climates; it shows a relatively high-water demand and is intolerant of water
deficits (Lakshmanan & Robinson, 2014). It needs to be evaluated under water stress caused by both waterlogging and
drought to develop improved traits for future breeding projects. Stomatal conductance (gs) is an essential trait for
physiological evaluation, because it shows clear responses to environmental changes (Krdber et al., 2015). C4 species are
known to exhibit efficient photosynthesis due to their higher water-use efficiency compared to C3 species (Danielle et al.,
2014). Under natural conditions, the stomatal conductance of C4 species is 2 to 6-fold lower than that of C3 species (Knapp,
1993). Although the stomatal conductance of C4 is lower than that of C3 species, this trait is an advantage in fixing CO2 more
and transpiring water from leaves so that plants can improve the metabolism process, especially in waterlogging conditions.
Even in drought conditions, stomatal opening remains an advantageous trait for tolerant plants. The tolerance trait, as
indicated by greater stomatal opening, suggests that metabolic processes continue to function under stress conditions.
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There are three mechanisms of crop adaptability to environmental stress: i.e., escape, tolerance, and avoidance (Turner et
al,, 2001; Nicholas, 2015). A decrease in stomatal conductance is an initial response of a crop that reduces metabolic activity
by limiting CO2 diffusion from the atmosphere to the leaves (Cornic, 1994; Ocheltree et al., 2014) and decreasing Fv/Fm
(Lawlor and Cornic, 2002; Shu et al,, 2022). Fv/Fm represents the maximum quantum yield of photosystem II (PSII), where
the variable fluorescence (Fv) is the difference between the maximum (Fm) and minimum (Fo) fluorescence emissions in
dark-adapted leaves (Kitajima and Butler, 1975). Under drought stress, C4 species, as well as C3 species, are reported to
have low gs, even if drought-tolerant crops show low gs under water deficit as well as under waterlogging. On the other
hand, gs responses have been reported to decrease under waterlogging and drought, for example, in seashore mallow by up
to 27% (Zhou et al.,, 2012) and in sugarcane by up to 50% (Soleh et al.,, 2018).

Stomatal conductance (gs) typically decreases under environmental stress, including water stress (Lawson and Blatt, 2014).
Therefore, enhancing gs regulation is a potential strategy to improve crop stress resilience. The development of advanced
traits related to gs has been explored as a means to enhance crop performance under adverse conditions (Flexas etal., 2013).
Additionally, improvements in abiotic stress tolerance, particularly in response to drought and waterlogging, have been
extensively evaluated in cereal crops to identify the adaptive physiological and morphological traits that contribute to stress
resilience (Powell etal., 2012; Zhang et al.,, 2020). One genotype may show tolerance to only one or two water-stress factors,
either waterlogging or drought. Genotypes that are tolerant of waterlogging may be more resistant to drought, and vice
versa.

Under water-stress conditions, considerable variation exists among plant genotypes, including sugarcane, in their
physiological traits. In this study, stomatal conductance, chlorophyll fluorescence, and root growth were evaluated in
several sugarcane genotypes grown under WL and D to identify genotypes with improved physiological performance and
adaptation to these contrasting water stresses.

Results

The gs response varied among the four sugarcane genotypes at 0, 7, and 14 DAT in both WL and D treatments (Figure 1). At
0 DAT in the WL treatment, gs ranged from 133 mmol H20-m2-s'1in PS862 to 198.3 mmol H20-m2-s'1 in PS]JK922, while in
the D treatment, gs ranged from 173.7 mmol H20-m2:s'1in PSJT941 to 223.3 mmol H20-m2:s1 in PS]JK922. At 7 DAT in WL,
gs ranged from 166.3 mmol H20-m2-s'1 in KK to 217.5 mmol H20-m2:s'! in PS862, while in the D treatment, gs ranged from
50 mmol H20-m2-s-1in PS862 to 105.6 mmol H20-m-2-s"1 in KK. At 14 DAT in the WL treatment, gs ranged from 255.1 mmol
H20-m2-s1in KK to 326.4 mmol H20-m-2-s-1in PSJK922, while in the D treatment, gs ranged from 5.6 mmol H20-m2:s1 in
PS862 to 87.5 mmol H20-m-2-s'1in KK. gs showed a tendency to increase under WL treatment at 7 and 14 DAT, except in
PSJT941 genotypes at 7 DAT. Conversely, in the D treatment, gs decreased sharply, especially in the 14 DAT genotype of
PS862, which had the lowest gs (Figure 1). In a comparison of gs among the genotypes tested, there were genotypes with
higher gs in WL but lower in D, and conversely higher in D but lower in WL, which is a normal trend that tends to respond
to water stress, as shown in PS862 and PSJK922 at 7 and 14 DAT, respectively (Figure 1). The genotype PS862, which had
the highest gs under WL conditions, showed a 63.6% increase; however, under D conditions, it decreased to 74.4%. Although
gs slightly decreased in PSJT941 at 7 DAT in the WL treatment, all genotypes showed an increase at 14 DAT, whereas in the
D treatment, all genotypes showed a decrease at both 7 and 14 DAT.
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Figure 1. Temporal changes in stomatal conductance (gs, mmol H,0 m™2 s™!) of four sugarcane genotypes subjected to
waterlogging (WL) and drought (D) conditions over 14 days. Measurements were taken at 0, 7, and 14 days after treatment
(DAT). Grey lines denote genotypes under WL conditions, while black lines represent those under D conditions. Data points
indicate the mean values of four biological replicates per genotype. A consistent decline in gs was observed under drought
stress, whereas under WL conditions, responses were variable, including partial recovery in specific genotypes.
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Table 1. Stomatal conductance (gs) of four sugarcane genotypes at 0 and 7 days after treatment (DAT) under waterlogging
and drought stress, including percentage difference.

Genotypes gsat 0 DAT gsat 7 DAT % Difference Stress Conditions
(mmol m-2s-1) (mmol m-2s-1)
PS862 133.0 217.5 +63.6 WL
PSJK922 198.3 215.5 +8.7 WL
PS]T941 176.0 166.4 -5.4 WL
KK 135.4 166.3 +22.8 WL
PS862 195.7 50.0 -74.5 D
PSJK922 223.3 91.9 -58.9 D
PS]JT941 173.7 89.0 -48.7 D
KK 219.3 105.6 -51.8 D
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Figure 2. Percentage change in stomatal conductance (gs) from 0 to 7 days after treatment (DAT) in four sugarcane
genotypes under waterlogging (WL) and drought (D) stress. The x-axis represents the percentage change in gs under WL
conditions, while the y-axis represents the percentage change under D conditions. Data points correspond to the mean
values from four biological replicates per genotype. A negative linear regression (y = -0.3464x - 50.713; R? = 0.8087)
indicates a strong inverse relationship between gs responses to WL and D, suggesting a physiological trade-off across
genotypes.
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Figure 3. Changes in maximum quantum efficiency of photosystem II (Fv/Fm) in four sugarcane genotypes subjected to
drought (D) and waterlogging (WL) at 0, 7, and 14 days after treatment (DAT). Square markers represent genotypes
subjected to drought stress, and round markers represent genotypes subjected to waterlogging. Each data point represents
the average of four biological replicates.
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Figure 4. Crop Water Stress Index (CWSI) between WL (A) and D (B) among four genotypes at 0 and 14 DAT. Vertical bars
indicate the SE of five plants. * and **: significantly different at the 5% and 1% levels between WL and D.

The gs percentage difference of the four genotypes between 0 and 7 DAT showed an increase in WL treatment, except in the
PSJT941 genotype, ranging from -5.4% in PSJT941 to 63.6% in PS862; however, gs of all genotypes decreased in the D
treatment, ranging from -48.7% in PSJT941 to -74.5% in PS862 (Table 1). The gs performances of PS862, PSJK922, and KK
were better under WL conditions; even if KK improved under D conditions, PS862 had the lowest gs response under D
conditions. The genotype PSJT941 showed a slightly negative gs at WL but had the highest gs in D among the genotypes.
The Fv/Fm values of the four genotypes were above 0.7 under the WL treatment, while those under the D treatment were
above or equal to 0.7 at 7, except in PS862, which was extremely low compared to the others. However, Fv/Fm at the 14
DAT was sharply decreased in all genotypes under D treatment (Figure 3).

The CWSI of genotypes in the WL treatment at 0 and 14 DAT was significantly increased; the lowest increase was in PS]JK922,
and the highest increase was in PS862 and KK (Figure 4a). CWSI under the D treatment showed a significant increase in all
genotypes, except PSJT941. Higher increases were observed for PS862 and KK (Figure 4b).

Aboveground dry matter tended to be higher in the genotypes under WL treatment than under D for PSJT941 and PS862;
conversely, the genotypes PSJK922 and KK tended to be higher in D than in WL (Figure 5a). Some genotypes showed
consistent responses in aboveground dry matter and root weight to both WL and D treatments, for example, PS862,
PSJK922, and KK, except for PS]JT941 (Figure 5a and 5b).
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Figure 5. Aboveground dry matter (A) and root volume (B) among genotypes at the pot experiment under WL and D
treatments. Vertical bars indicate the SE of four plants. * and **: significantly different at the 5% and 1% levels between WL
and D.

Discussion

Under natural conditions, soil moisture fluctuates between wet and drought conditions due to uneven precipitation
distribution, poor drainage, and lack of irrigation, especially in rainfed fields. These conditions can affect crop growth
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performance and yield (Suralta and Yamauchi, 2008; Lakshmanan & Robinson, 2014). Drought or waterlogging has the most
substantial negative Influence on sugarcane (Ferreira et al.,, 2017). In this study, the sugarcane genotypes grown under WL
and D conditions showed genetic differences in gs in their uppermost leaves. The gs value was different between 7 and 14
DAT in both WL and D treatments. This variation may partly be due to some genotypes being adapted to the two water-
stress regimes via the gs response. The gs of the sugarcane genotypes decreased sharply in the D treatment and increased
slightly in WL at 7 and 14 DAT. In the gs percentage difference between 0 and 7 DAT across genotypes (Table 1), PS]JT941
appeared tolerant in D and/or WL conditions; however, PS862 was the most tolerant in WL. Under drought conditions, one
genotype showed a rapid 74.5% reduction in gs within 7 days, indicating a highly conservative water-use strategy but
potentially at the cost of reduced carbon assimilation. Conversely, another genotype exhibited only a 48.7% reduction in
stomatal conductance, maintaining moderate stomatal function under drought, which may support sustained
photosynthetic activity and growth under mild stress conditions (Chaves et al., 2009).

In response to short-term drought stress, plants adapt by closing their stomata to minimize water loss. However, for long-
term adaptation to drought, plants regulate the accumulation of osmolytes in their roots to maintain metabolic function
while preventing excessive water loss (Chaves et al.,, 2009). The reduction in gs is a well documented plant response aimed
at conserving water by limiting transpiration (Flexas et al., 2004).

In addition, plants regulate stomatal closure under waterlogging conditions owing to oxygen deficiency, which affects
metabolic processes (Bailey-Serres, & Voesenek, 2010). During the initial phase of waterlogging, plant stomata tended to
remain open to facilitate the evaporation of excess water. However, studies suggest that within approximately 24 h of soil
flooding, stomatal conductance and transpiration rate decrease by 30% to 40%, indicating a regulatory response to water
stress (Else et al., 1995). Other studies have shown that plant stomata close at critical stress levels and reopen later. In
contrast, tolerant plants usually keep stomata closed for prolonged periods under stress, as reported in Fraxinus
pennsylvanica Marsh. The stomata closed rapidly following waterlogging but reopened after 2 weeks of waterlogging (Sena
and Kozlowski, 1980); however, stomata remained closed for extended periods in species tolerant of waterlogging (Kuai et
al,, 2014).

The gs responses of the genotypes under the two water treatments were opposite; in the WL treatment, gs gradually
increased at 7 and 14 DAT, although genotypes PSJT941 and KK showed the slowest responses. At the same time, the gs
values of PS]T941 and KK under D conditions were relatively higher than those of PS862 and PSJK922 (Figure 1). This result
suggests that PS]JT941 or KK may be tolerant of the conditions in D and/or WL, especially PSJT941, which showed a slight
decrease in gs i.e.,, 5% and 49% under WL and D, respectively (Table 1). Genotypes PS862 and PSJK922 may be tolerant to
WL. The differences in gs between the genotypes may be partly correlated with CWSI (Figure 4), which is high in genotypes
intolerant of water stress and low in those tolerant of water stress. Canopy temperature is highly correlated with water
potential (DeJonge et al,, 2015; Anda et al., 2021), and stomatal conductance modulates water deficit, which affects crop
yield (Dominique, 2015). Canopy temperature increases when gs decreases owing to environmental changes, such as water
stress. Stomatal closure is the initial response of plants to reduced metabolic activity under stressful conditions (Nicholas,
2015).

Genotypes PS]JT941 and PS862 showed higher gsunder D and WL conditions, respectively; therefore, their metabolic activity
was higher than that of the other genotypes. An increase in gs is typically accompanied by an increase in the maximum
quantum yield of photosystem II (Fv/Fm), which implies a more integrated stress tolerance mechanism that balances water
loss regulation with photochemical performance (Zhang et al., 2022). In the present study, most genotypes with higher gs
also exhibited a greater increase in Fv/Fm under both WL and D treatments. However, in the KK genotype, higher gs was
not associated with an increase in Fv/Fm under WL conditions (Figures 1 and 3), as reported in a previous study (Soleh et
al,, 2018). This might be due to potential compensatory mechanisms (e.g., non-photochemical quenching). The tendency for
higher gs values is partially correlated with increased aboveground dry matter (Munns and Tester, 2008). For example,
genotype PS862 exhibited both higher gs and aboveground dry matter under WL conditions, suggesting its tolerance to this
stress. In contrast, PSJT941 showed high aboveground dry matter under both WL and D conditions, indicating its
adaptability to both environments. Furthermore, genotypes capable of adapting to both WL and D conditions, such as PS862
and PS]JT941, exhibited greater root weights, which may contribute to their resilience under stress (Comas et al., 2013).
The stomatal response to D was followed by a change in leaf sugar content (data not shown); genotypes with higher gs also
had higher sugar content. A decrease in the leaf sugar content during D stress may inhibit the photosynthetic activity of a
plant that is susceptible to D. However, there was no decrease in the leaf soluble content of a plant that is resistant to D
(Doan et al., 2019).

Morphological traits, particularly root development, correlate with tolerance to water stress. For instance, genotype PS862,
which is suspected to be tolerant to waterlogging (WL) conditions, exhibited higher root and aboveground dry matter
weights than the other genotypes. Meanwhile, under drought (D) conditions, PSJT941 demonstrated greater root weight
than the other genotypes. This suggests that under water stress, plants tend to allocate more resources to root development
than to shoot growth to enhance water uptake and stress adaptation (Comas et al., 2013). Plants subjected to waterlogging
or flooding form adventitious roots much more readily than those under subterranean conditions (Nishiuchi et al., 2012).
Sugarcane (Saccharum spp.), a C4 species adapted to warm climates, exhibits varying tolerance to water stress. Studies have
suggested that sugarcane is more tolerant to waterlogging than drought under moderate water stress, as its C4
photosynthetic pathway allows efficient carbon assimilation even under suboptimal conditions (Wahid et al., 1997).
However, extremely low soil moisture levels rapidly lead to reduced gs, which negatively affects metabolic activity and dry
matter production (Smith et al., 2005). Nevertheless, maintaining gs under moderate water stress may help to minimize
metabolic suppression, thereby reducing dry matter loss (Inman-Bamber and Smith, 2005).
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Materials and Methods

Four sugarcane genotypes PS 862, PSJK922, PSJT 941, and Kidang Kencana (KK), were selected from the Jatitujuh sugarcane
plantation in Majalengka District, West Java Province, Indonesia. The experiment was arranged in a Randomized Block
Design (RBD) with treatments and three replications, with one seedling planted per pot. A total of 48 pots were prepared
for each water treatment: waterlogging (WL) and drought (D). The plants were grown in plastic pots measuring 25 x 25 x
50 cm, with a spacing of 70 x 70 cm between pots. Unsterilized field soil (Fluventic Eutrudepts) was used as the growing
medium. Each potreceived 20 g of NPK fertilizer (15:15:15). The experiment was conducted in a vinyl-covered greenhouse
at the Experimental Station of the Faculty of Agriculture, Universitas Padjadjaran (6°55'13"S, 107°46'24"E; altitude: 740
m), from October 2018 to January 2019. For the WL treatment, pots were submerged in larger water-filled containers to
maintain soil saturation for 14 days, starting 1.5 months after planting. For the D treatment, irrigation was withheld entirely
for the same 14-day period. Following the stress period, all plants were rewatered under normal conditions for two weeks.

Stomatal conductance measurement

Stomatal conductance was measured using a leaf porometer (Decagon Devices Inc., USA) in four plants of each genotype.
Measurements were made at 0, 7, and 14 days after treatment (DAT) in WL and D or at the vegetative stage at 1.5 months
after growth. Measurements were taken from the second uppermost leaf before noon, when the intensity of sunlight was
sufficient for photosynthesis. The percentage difference in gsamong genotypes at 0 and 7 DAT under WL and D conditions
was subsequently calculated.

Chlorophyll fluorescence measurement (Fv/Fm)

Fluorescence induction was measured with a fluorometer (Handy PEA, Hansatech Instruments Ltd., UK) for the four
genotypes in the WL and D treatments at 0, 7, and 14 DAT at the vegetative stage (at 1.5 months of age). Five leaves were
collected for each genotype. During the measurements, all leaves were dark-adapted for 5-10 min and then exposed to high
light at 1500 umol-m-2-s-1.

Shoot dry weight and root volume

Three months after growth, all genotypes were sampled and oven-dried at 60 °C for 72 h to evaluate shoot and root dry
weight; root volume was measured under wet conditions using a water cylinder. Plant samples were separated into shoots
and roots, and then weighed. These parameters were measured to determine which morphological trait was most affected
by the WL and D treatments.

Crop water stress index (CWSI)

To evaluate the water stress index for the genotypes, we adopted the equation proposed by Idso et al. (1981):
CWSI=Tc-Ta,

Where Tc is the canopy temperature and Ta is the air temperature. A positive CWSI value indicates that the crop is under

stress, whereas a negative value indicates that no stress occurs. The CWSI was calculated between 0 and 14 DAT.

Statistical analyses

The experimental design was a randomized block design. Shoot and root weights and shoot: root ratios were obtained for
four plants from each genotype and then averaged and analyzed using ANOVA. SPSS statistical program (version 21; SPSS
Inc., San Rafael, CA, USA) was used for all analyses.
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