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Abstract
The aim of this study is to investigate physiological responses and root characteristics of four sugarcane genotypes under 
drought stress and recovery conditions. The experiment was conducted in rhizoboxes under greenhouse conditions from 
February to May of 2019. A factorial experiment in completely randomized design with two replications was employed. 
Factor A contained three water regimes (full irrigation, drought, and recovery) and factor B consisted of the four sugar-
cane genotypes; Biotec 1, PR3067, UT6, and UT12. Data were recorded on physiological parameters, root characteristics 
and biomass yield. Early-drought led to a reduction in the relative water content (RWC), SPAD chlorophyll meter read-
ing (SCMR), chlorophyll fluorescence (Fv/Fm), stomatal conductance (gs), transpiration rate (E), net photosynthetic rate 
(Pn), root length (RL), root surface area (RSA), root diameter (RD), root volume (RV), and biomass. Conversely, water use 
efficiency (WUE) increased. Biotec 1 showed low reductions on Fv/Fm, SCMR, Pn, gs and E whereas PR3067 and UT 12 
showed high reductions for all traits. After rewatering, four parameters (SCMR, Fv/Fm, Pn, and WUE) illustrated how the 
sugarcane genotypes recovered from drought. We concluded that the ability of sugarcane to recover from drought was geno-
type dependent. Genotype Biotec 1 and UT 6 had the best drought recovery among the other sugarcane genotypes in each 
parameter and recover to levels equal to that of full recovery. Genotype Biotec 1 showed good recovery for SCMR, Fv/Fm 
and RL but Pn and WUE cannot reach to the full irrigation. Interestingly, UT 6 displayed good recovery for SCMR, Fv/Fm, 
Pn, RL and WUE. Additionally, the Biotec 1 and UT 6 genotypes demonstrated a high recovery efficiency for biomass by 
85% and 79%, respectively. Despite rewatering, genotypes PR3067 and UT 12 produced low recovery efficiency at 56% and 
49%, respectively. Our study proposes Biotec 1 and UT 6 as drought-tolerant genotypes capable of maintaining satisfactory 
photosynthetic rates, as well as suitable root systems, leading to high biomass after recovery. Furthermore, breeders can 
utilize this genotype as a parent in sugarcane breeding for drought resistance, and photosynthetic and root traits could be 
used as selection criteria for enhancing sugarcane drought resistance.
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Introduction

Sugarcane is an important industrial crop, as well as 
one of the main sources of sugar and bioethanol (Souza 
et al. 2014) worldwide. Additionally, waste, and other 

by-products generated in sugar production may be used in 
bioelectricity and fertilizer production (Singh et al. 2021). 
Sugarcane is largely cultivated in tropical and subtropi-
cal regions where erratic and insufficient rainfall signifi-
cantly limits crop productivity. In Thailand, sugarcane 
occupies more than 1.8 million hectares (FAO, 2022), 
where 90 percent of those growing areas exist under rain-
fed conditions (OCSB., 2022). Sugarcane is commonly 
cultivated in Thailand’s late rainy season from October 
to January where drought occurs at the early growth or 
tillering stage.

Sugarcane is frequently exposed to early-season and 
mid-season drought. This stress can reduce plant growth, 
resulting in plant stunting, tillering suppression, and 
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defective and low-millable cane; eventually leading to 
both cane and sugar yield losses (Robertson et al. 1999; 
Dinh et al. 2017; Devi et al. 2018). Roughly 75% of the 
reduction of sugarcane yields are due to drought stress 
(Robertson et al. 1999). In sugarcane, genotype selection 
for drought resilience emphasizes the necessity of adapt-
ability in drought-prone areas and high yield retentions 
under water deficits. Understanding drought-resistant 
mechanisms are, therefore, important in sugarcane breed-
ing programs. Plants have several adaptive mechanisms 
in response to drought stress. One mechanism, for exam-
ple, involves the root’s ability to increase water uptake 
during drought conditions and enhances the root’s ability 
to grow to deeper soil levels allowing plants to extend 
below ground moisture (Fang et al. 2017; Zhang et al. 
2017) and compensate for the lack of water (Puangbut 
et al. 2018; Gano et al. 2021). The adapted root system 
promotes the uptake of water and nutrients to maintain 
the water balance in the plant in anticipation of upcom-
ing dehydration.

Water is an integral part of the physiological processes 
in plants, particularly photosynthesis. When the ability to 
uptake water decreases, stomatal conductance will reduce 
to avoid excess water loss from the plant. This action 
limits the amount of carbon dioxide entering through 
the stomata. Drought decreases several of the sugar-
cane’s physiological traits; such as relative water content 
(RWC), stomatal conductivity (gs), PSII photochemical 
efficiency (Fv/Fm), and photosynthetic rate (Pn) (Silva 
et al. 2013; Graça et al. 2010; Devi et al. 2018; Khong-
hintaisong et al. 2018). Today, breeding drought-tolerant 
sugarcane involves several important physiological traits 
as selection criteria; including leaf area, chlorophyll con-
tent, stomatal conductance, transpiration, and photosyn-
thetic rate (Silva et al. 2007; Pirnajmedin et al. 2015). 
Devi et al (2018) reported that drought-tolerant sugarcane 
genotypes possess high photosynthetic activity and yield 
retention. However, information on the photosynthetic 
response of sugarcane during drought and recovery peri-
ods is still lacking.

The physiological and photosynthetic mechanisms of 
drought resistance in sugarcane are determined by the 
roots under drought conditions (Namwongsa et al. 2019). 
Previous studies revealed that root length at deeper layers 
contribute to the photosynthetic rate in maize and Jerusa-
lem artichoke (Lavinsky et al. 2016; Puangbut et al. 2018). 
Such information is lacking in the study of sugarcane. This 
study aimed to investigate the root traits and physiological 
responses of sugarcane under drought stress and recovery 
conditions. Sugarcane genotypes with favorable photosyn-
thesis and yield retention are expected to be promoted in 
regions under water deficits.

Materials and Methods

Plant Materials and Crop Management

The experiment was conducted in rhizoboxes under 
greenhouse conditions from February to May 2019 at the 
Agronomy Field Crop Research Station, Khon Kaen Uni-
versity, Khon Kaen, Thailand (16°28′N, 102°48′E, 200 m 
above sea level). A factorial experiment in completely ran-
domized design with two replications was used. Factor 
A was three water regimes: full irrigation (control treat-
ment), drought (withholding water beginning from 15 to 
90 days after transplanting: DAT), and recovery (rewater-
ing beginning from 76 to 90 DAT) and factor B were four 
sugarcane genotypes. Biotec 1, an interspecific hybridiza-
tion crossed between Chainat 1 (Saccharum officinalum) 
and wild species (Saccharum spontaneum) (Department 
of Agriculture (Thailand), 2022), PR3067 is drought sus-
ceptible genotype with high reduction for root length has 
been reported by Namwongsa et al., (2019). The variety 
UT6, a commercial genotype and UT12, a drought sus-
ceptible genotype from Thailand (Khonghintaisong et al. 
2020; Nawae et al. 2020).

At three days after bud germination, a single bud of 
each genotype was planted at the center of each box at 
the depth of 5 cm below the soil’s surface. Fertilizer (15-
15-15) was applied at the rate of 1.56 g per rhizobox at 1 
DAT, whereas the fertilizer grade 46-0-0 was applied at 
the rate of 1.56 g per rhizobox at 60 DAT.

Rhizobox Preparation and Irrigation Management

The measurements of root distribution and root architec-
ture were conducted in the modified box-pinboard method 
(needle-board) previously described by Namwongsa et al 
(2019) and Thangthong et al (2017). Briefly, rhizoboxes 
50 cm in width, 10 cm in thickness, and 120 cm in height 
were filled evenly with dry soil to a height of 115 cm. 
The packed soil was then divided into 11 layers at 10 cm 
intervals, starting from the bottom of the box to the top. 
The boxes contained a needle grid at the back of the box, 
spaced 5 × 5 cm, in which to hold the roots in their original 
position after washing. A transparent window at the front 
of each box allowed users to observe and photograph root 
growth and development.

Prior to transplanting, water was applied to all the 
rhizoboxes at field capacity (FC) to a depth of 5 cm for 
crop establishment for 14 days. Soil moisture content at 
FC were determined to be 12%, using the pressure plate 
method. At 15 DAT, drought treatment was imposed by 
withholding the water at 50% evapotranspiration (ET) 
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through 90 DAT. Recovery treatment was imposed by 
withholding the water at 50% ET from 15 to 75 DAT, and 
the plants were rewatered to FC conditions through 90 
DAT. The full irrigation treatment required water to be 
applied to the growing media at FC throughout the entire 
experiment.

The water requirements of sugarcane were calculated on 
a daily basis based on the crop water requirement. Water 
losses through plant transpiration and soil evaporation were 
determined by the Namwongsa et al (2019) procedure.

Soil Moisture Content

Soil moisture content was measured using the micro-auger 
gravimetric method at 14, 30,60, and 90 DAT at the soil 
depths of 15 and 15–30 cm (14 DAT); 0–15, 15–30, 30–45, 
45–60, and 60–75 cm (30 and 60 DAT); and 10, 25, 45, 65, 
85, and 105 cm (90 DAT), respectively. Soil moisture con-
tent was calculated through the following equation:

Physiological and Photosynthetic Traits

Physiological traits; including relative water content (RWC), 
SPAD chlorophyll meter reading (SCMR), and chlorophyll 
fluorescence (Fv/Fm) were measured at 60 (drought period) 
and 90 (recovery period) DAT. These parameters were 
recorded on the second or third fully expanded leaf from 
the top of the main stalk.

Relative water content (RWC) was determined as the 
weight difference between a harvested fresh leaf and a water 
saturated leaf (Chumphu et al. 2019), calculated through 
Eq. 2, below. Leaf samples were taken and recorded for leaf 
fresh weight. The leaf sample was then cut into three or four 
2 × 2 cm pieces and then imbibed in distilled water for 24 h 
at a room temperature (25 °C). The water saturated leaves 
were dried with blotting paper and weighed to determine 
their saturated weights. The leaf samples were oven-dried 
at 80 °C for 72 h to obtain the leaf dry weight.

SCMR was measured via a SPAD-502 chlorophyll 
meter (Minolta SPAD-502 m, Tokyo, Japan). Chlorophyll 

(1)

Soil moisture content (% ) =

[

wet weight - dry weight

dry weight

]

x 100

(2)
Relative water content =
[

leaf fresh weight - leaf dry weight

leaf saturated weight - leaf dry weight

]

x 100

fluorescence (Fv/Fm) was measured using a chlorophyll 
fluorescence meter (MINI-PAM-2000, Heinz Walz GmbH, 
Germany) between 09:00 and 12:00. The measured leaves 
were dark-adapted for 15 min using leaf clips (FL-DC, Opti-
Science) before fluorescence measurements were taken. The 
chlorophyll fluorescence was determined following the pro-
cedures of Maxwell and Johnson (2000).

Net photosynthetic rate (Pn), stomatal conductance 
(gs), and transpiration rate (E) were measured at 90 DAT 
using a LI-6400 Portable Photosynthesis System (LI-COR 
Inc., Lincoln, Nebraska, USA). Light intensity and carbon 
dioxide concentration were set at 1,500 µmol m-2 s-1 and 
400 µmol mol-1, respectively. Water use efficiency (WUE) 
for each treatment was calculated as the net photosynthetic 
rate divided by the transpiration rate (Pn/E) at 90 DAT.

Root Traits

Root traits were observed at 90 DAT and the roots harvested 
from the rhizoboxes were washed carefully with tap water. 
After washing, the needles were carefully removed from the 
roots. The root samples were then divided into smaller sizes 
(10 × 10 cm) and scanned with an Epson scanner (Perfection 
V700, Japan). Analyses of root length (RL), root surface 
area (RSA), root diameter (RD), and root volume (RV) were 
done through the WinRHIZO program (WinRHIZO Pro(s) 
V.2004a, Regent Instruments Inc).

Biomass Production

Sugarcane plant shoots were cut at the soil surface and sepa-
rated into leaves and stems. Each sample was oven-dried 
at 80 ºC for 48 h or a constant weight was reached and, 
weighed. Similarly, the fresh roots which had been scanned 
were oven-dried at 80 ºC for 48 h and recorded as root dry 
weight. Biomass was calculated by adding the total shoot 
dry weight with the root dry weight.

Statistical Analysis

Data was compiled using Microsoft Excel 2019. Statistical 
software SigmaPlot 10.0 was utilized for data visualization.
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Results

Soil Moisture Contents and Relative Leaf 
Water Contents of Four Sugarcane Genotypes 
following Full Irrigation, Drought Stress, 
and Recovery Treatments

Soil moisture contents under full irrigation (FI), drought 
stress (DS), and recovery (RC) treatments are presented 
in Fig. 1. The soil moisture contents showed clear distinc-
tions between full irrigation and drought treatments at 30 
and 60 days after transplanting (DAT). When the imposed 
drought was applied, soil moisture content reduced from 
11.00% to 7.70% at 30 DAT and declined even more to 
3.39% at 60 DAT. Meanwhile under recovery treatment, the 
values decreased to 7.17% and 4.24%, while withholding 

water up to 30 and 60 DAT, respectively. However, follow-
ing the recovery treatment beginning at day 76, the values 
recovered to field capacity by 90 DAT.

Relative water content (RWC) decreased as the imposed 
drought occurred for all tested genotypes at 90 DAT (Fig. 2). 
Drought reduced RWC by 24.3% compared to the full irri-
gation treatment. However, in some genotypes, the RWC 
recovered to levels like what was achieved with full irri-
gation. Interestingly, when the plant of genotype PR3067 
exposed to drought was given water, the RWC recovered to 
levels as high as that under full irrigation, whereas plants of 
genotype Biotec 1, UT 6 and UT 12 did not.

Root Distribution Patterns of Four Sugarcane 
Genotypes following Full Irrigation, Drought Stress, 
and Recovery Treatments

Figure 3 displays photographs depicting the root distribution 
patterns of the whole root system on a black sheet of four 
sugarcane genotypes under full irrigation (FI), drought stress 
(DS), and recovery (RC) treatments. Drought reduced root 
growth in all four sugarcane genotypes, compared to the full 
irrigation treatment. In response to drought stress, all geno-
types, particularly genotype UT 12, showed greatly reduced 
root growth in the upper soil layers (0–30 cm). However, 
root growth in the recovery treatment increased in both 
the upper soil layers (0–30 cm) and in the lower soil layers 
(30–110 cm) after recovery. For PR3067 and UT 12, root 
mass was found to increase in the lower soil layers rather 
than the upper soil layers. Additionally, the root growth of 
Biotec 1 and UT 6 fully recovered from drought, whereas 
that of UT 12 did not completely recover.

Responses of Root Traits of Four Sugarcane 
Genotypes following Full Irrigation, Drought Stress, 
and Recovery Treatments

Drought decreased root length (RL), root surface area 
(RSA), root diameter (RD), and root volume (RV) by 53%, 
61.4%, 62.7%, and 74.2%, respectively; compared to that 
of the control treatment (Fig. 4). Those reductions varied 
among sugarcane genotypes. Genotype UT 12, for example, 
showed relatively high reductions in RL, RSA, RD, and RV 
under drought condition, whereas the UT6 and PR3067 gen-
otypes showed less reduction in those traits under drought 
condition. Genotype Biotec 1 presented the highest reduc-
tions in RL, RSA, and RV, whereas RD decreased only 
slightly.

However, all root traits after rewatering showed a recov-
ery to the control level (Fig. 4). The level of drought recov-
ery illustrated by the root traits was genotype dependent. The 

Fig. 1  Soil moisture content under full irrigation (FI), drought stress 
(DS), and recovery (RC) conditions at 15, 30, 60 and 90 days after 
transplanting (DAT). The bars represent the standard errors of the 
means
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Fig. 2  Relative water content (RWC) of four sugarcane genotypes 
under full irrigation (FI), drought stress (DS), and recovery (RC) con-
ditions at 90 days after transplanting (DAT). The bars represent the 
standard errors of the means
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Biotec 1 genotype had higher RL and RSA values than that 
under the full irrigation treatment. The RD and RV values 
were similar across both treatments. For genotype UT6, only 
two traits; RL and RD produced the increments required to 
reach values as high as that of the full irrigation treatment. 
In the remaining two genotypes, PR3067 and UT 12, the 
values of all root traits post drought recovery was less than 
those under the full irrigation treatment.

Responses of Physiological and Photosynthetic 
Traits of Four Sugarcane Genotypes following Full 
Irrigation, Drought Stress, and Recovery Treatments

SPAD chlorophyll meter reading (SCMR) and chlorophyll 
fluorescence (Fv/Fm) in all genotypes decreased under the 
drought treatment at 60 DAT. The lowest Fv/Fm and SCMR 
values were observed in genotypes PR3067 and UT 12, 

Fig. 3  Root distribution patterns of four sugarcanes genotypes under full irrigation (FI), drought stress (DS) and recovery (RC) conditions at 
90 days after transplanting (DAT)
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Fig. 4  Total root length (RL), root surface area (RSA), average root 
diameter (ARD), and root volume (RV) of four sugarcane genotypes 
under full irrigation (FI), drought stress (DS), and recovery (RC) con-

ditions at 90 days after transplanting (DAT). The bars represent the 
standard errors of the means

Fig. 5  Chlorophyll fluorescence (Fv/Fm) and SPAD chlorophyll meter reading (SCMR) of four sugarcane. genotypes under full irrigation (FI), 
drought stress (DS), and recovery (RC) conditions at 60 and 90 DAT. The bars represent the standard error of the means
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whereas the Biotec 1 genotype had the highest Fv/Fm and 
SCMR under drought conditions (Fig. 5). Both SCMR and 
Fv/Fm increased during the recovery period, corresponding 
to those under full irrigation at 90 DAT. Whereas he SCMR 
of all genotypes under recovery treatment was higher than 
that under full irrigation treatment at 90 DAT, for the Fv/
Fm, all genotypes displayed levels similar to that in the full 
irrigation treatment.

Net photosynthetic rate (Pn), stomatal conductance (gs), 
transpiration rate (E), and water use efficiency (WUE) under 
the full irrigation, drought, and recovery treatments are pre-
sented in Fig. 6. Under full irrigation, genotypes UT6 and 
UT12 reported higher values of Pn, gs, and E than genotypes 
Biotec 1 and PR3067. Drought stress decreased the Pn, gs, 
and E of all genotypes. Genotype Biotec 1 under drought 
treatment revealed the lowest reductions among all geno-
types. However, the Pn, gs, and E of all genotypes increased 
after rewatering.

Water use efficiency (WUE) increased when early drought 
was imposed at 90 DAT for all sugarcane genotypes, except 
genotype PR3067 (Fig. 6). The WUE under drought treat-
ment of genotypes UT6, Biotec 1, and UT12 increased to 
17.4%, 8.2% and 4.3%, respectively; surpassing the values 
achieved under full irrigation. The WUE of genotypes UT6 
and PR3067 in the recovery period was higher than that 

under full irrigation. Notably, the value of genotype UT12 
in the recovery treatment declined after re-watering.

Biomass Production of Four Sugarcane Genotypes 
following Full Irrigation, Drought Stress, 
and Recovery Treatments

Shoot dry weight (SDW), root dry weight (RDW), and bio-
mass at 90 DAT under full irrigation were higher than those 
under drought and recovery treatments for all sugarcane gen-
otypes (Fig. 7). Genotype PR3067 had the highest SDW and 
biomass among sugarcane genotypes under full irrigation.

Drought stress reduced SDW, RDW, and biomass by 
59.0%, 73.9%, and 62.6%, respectively. Two genotypes, 
PR3067 and UT6, showed smaller reductions than the 
average for biomass (46.0% and 47.4%), SDW (44.4% and 
44.4%), and RDW (53.6%, 56.7%), respectively; whereas 
genotype UT 12 presented the highest reductions for bio-
mass (89.4%), SDW (86.4%), and RDW (97.7%).

Recovery treatment led most genotypes to increase SDW, 
RDW, and biomass by 39.6%, 62.3%, and 44.5%, respec-
tively, compared to the drought treatment. The recovery effi-
ciency on those traits were highest in genotypes Biotec 1 and 
UT 6 and lowest in genotypes PR3067 and UT 12. However, 
all genotypes previously subjected to drought were unable 

Fig. 6  Net photosynthetic rate (Pn), stomatal conductance (gs), tran-
spiration rate (E), and water use efficiency (WUE) of four sugarcane 
genotypes under full irrigation (FI), drought stress (DS), and recovery 

(RC) conditions at 90 days after transplanting (DAT). The bars repre-
sent the standard error (SE) for different means
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to reach the same values for these traits as those in the full 
irrigation treatment.

Discussion

Plant Water Status of Four Sugarcane Genotypes 
in Response to Drought and Recovery

Soil moisture content indicates the amounts of actual water 
in the soil and how much water is lost when plants are 
subjected to drought. In this study, soil moisture content 
declined when severe drought was imposed at 60 DAT. Sub-
sequently, soil moisture content increased to the control level 
(FI) after the recovery treatment at 90 DAT. Similarly, rela-
tive water content (RWC) decreased with increasing peri-
ods of drought. The RWC among genotypes in this study 
reduced only by approximately 24% following exposure to 
drought indicating the possibility of some level of drought 
tolerance among these genotypes. Silva et al (2011) noticed 
that highly drought-resistant genotypes maintain a higher 
RWC value under water-limited conditions. Genotype UT12 
was susceptible to drought, because it showed a greater 
reduction in RWC during the drought period. Conversely, 
the Biotec 1 genotype was tolerant to drought indicated by 

a low reduction in RWC. These findings support the previ-
ous results of Namwongsa et al (2019) stating that drought-
resistance sugarcane genotypes contain a high RWC. RWC 
was the physiological attribute that best differentiated resist-
ant and susceptible genotypes (Silva et al. 2011). Addition-
ally, the RWC value in the recovery treatment increased 
after rewatering. However, the RWC of stressed plants were 
unable to reach the level of the control. Marcos et al (2018) 
observed that RWC partially recovered after a few days of 
plant rehydration applied consecutively for four days. Thus, 
a complete recovery indicated by RWC may depend upon 
the pre-drought severity and the duration of the recovery.

Physiological and Photosynthetic Effects of Four 
Sugarcane Genotypes in Response to Drought 
and Recovery

Photosynthesis is an important physiological process for 
plant growth, development, and crop productivity. How-
ever, the process is limited by drought. Previous studies had 
reported that several physiological traits were suppressed 
when plants were subjected to drought during the early 
growth stage (Zhou et al. 2015; Silva et al. 2013; Devi et al. 
2018). In our study, drought significantly altered sugarcane 
photosynthesis by reducing the SPAD chlorophyll meter 

Fig. 7  Shoot dry weight (SDW), root dry weight (RDW), and biomass of four sugarcane genotypes under full. Irrigation (FI), drought stress 
(DS), and recovery (RC) conditions at 90 days after transplanting (DAT). The bars represent the standard error (SE) for different means
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reading (SCMR) and chlorophyll fluorescence (Fv/Fm), 
net photosynthetic rate (Pn), stomatal conductance (gs), 
and transpiration rate (E) of all sugarcane genotypes. Silva 
et al (2013) and Verma et al (2020) found that drought stress 
reduced stomata conductance, CO2 diffusion, photosynthetic 
pigments (SCMR), and photosynthetic rates in sugarcane. 
Moreover, the levels of reduction of photosynthetic traits 
varied among genotypes. Genotype Biotec 1, possessing 
low reductions in Fv/Fm, SCMR, Pn, gs, and E; maintained 
a high Pn under drought, although the stomatal conduct-
ance was limited by the water deficit. Still, partial stomatal 
closure led the plants under the water deficit to fix carbon 
and regulate photosynthesis; thereby increasing WUE under 
drought conditions (Yordanov et al. 2000; Lawlor and Tezara 
2009; Pirasteh-Anosheh et al., 2016; Li et al. 2017). We, 
therefore, concluded that plants possessing a better control 
of the stomatal function were more drought-tolerant.

Lack of water directly affected the photosynthesis system, 
as water is the major donor of electrons to the Photosystem II 
(PSII); thus, any reduction in water content may decrease the 
electrochemical potential of ATP synthase (Pimentel et al. 
2014). Photosystem II photochemical efficiency was deter-
mined by the Fv/Fm, in which values below 0.79 indicated 
that the PSII was damaged, leading to reduced photosyn-
thetic potential (Maxwell and Johnson 2000). Our findings 
indicated that Photosystem II was inhibited by drought, as 
the values of Fv/Fm in all sugarcane genotypes were lower 
than 0.79, except genotype Biotec 1. The Biotec 1 genotype 
maintained a high photosynthetic rate, as its photosynthetic 
apparatus remained intact when the plants were exposed to 
drought (Devi et al. 2018). In contrast, genotypes PR3067 
and UT 12 showed high reductions in Fv/Fm below 0.70 
during the drought period, thus those genotypes were sus-
ceptible to drought. The genotype with a low Fv/Fm value 
was identified as a drought susceptible genotype (Silva et al. 
2007; Devi et al. 2018).

After rewatering, the functions of photosynthesis and 
other physiological traits were restored. The SCMR fully 
recovered to the level reached in the full irrigation treat-
ment. The Fv/Fm values also recovered, but could not be 
equal to the full irrigation treatment. The increases of SCMR 
and Fv/Fm may enhance photosynthesis after rehydration 
since those two parameters had highly positive correlations 
with the photosynthetic rates in sugarcane (Silva et al. 2013; 
Vilela et al. 2017; Devi et al. 2018). Our study revealed that 
the photosynthetic rate (Pn) fully recovered, and that the 
value was greater than that under the full irrigation treat-
ment in certain genotypes. For example, the Pn of PR3067 
was 30% higher than that under full irrigation. The ability 
of plants to recover from drought stress depends on the sug-
arcane genotype and traits (Devi et al. 2018). Our results 
indicated that different sugarcane genotypes had different 
physiological responses to drought and recovery. In addition, 

the capacity to maintain a high Fv/Fm ratio during drought 
and rehydration periods would likely optimize the Pn, result-
ing in high yield retention.

Root Distribution Patterns and Root Traits of Four 
Sugarcane Genotypes in Response to Drought 
and Recovery

The result indicated that water stress had more impact in 
altering the root pattern of each sugarcane genotype. We 
observed that root growth was distributed primarily at the 
lower soil layers where adequate soil moisture remained in 
contrast to the top soil layer where the soil moisture had 
diminished; corroborating the former studies of Puangbut 
et al (2018), Namwongsa et al (2019) and Set-Tow et al 
(2020). Sugarcane roots penetrate deeper into soil layers to 
absorb water (Namwongsa et al. 2019; Set-Tow et al. 2020); 
thus, the root architecture was further adjusted following 
the soil moisture gradients at different soil depths as a plant 
mechanism to avoid drought (Khonghintaisong et al. 2018; 
Namwongsa et al. 2019; Chumphu et al. 2019; Set-Tow et al. 
2020). However, the root responses under drought condi-
tions were genotype dependent. Genotype UT12 was more 
sensitive to drought stress as indicated by large reductions 
in all observed root traits and, therefore, was identified as 
a susceptible genotype according to the previous study by 
Nawae et al (2020) and Khonghintaisong et al (2020). Geno-
types UT6 and PR3067 produced high root lengths and root 
surfaces, indicating that those genotypes had well-developed 
root systems essential for plants to absorb available water at 
deeper soil layers. Similarly, Hamedani et al (2020) noted 
that when water was scarce during the early growth stage, 
there was an increase in vertical root penetration and root 
length in deeper soil layers which facilitated better water 
uptake. We determined that genotypes UT6 and PR3067 
were the most drought-tolerant genotypes based on the low 
reductions observed in the root characteristics. Increased 
root depth is a drought response that allows plants to obtain 
more accessible water. The study herein confirmed prior 
observations that improving a plant’s root system increased 
its potency to extract nutrients and increase water uptake 
capacity from lower soil layers under drought conditions 
(Comas et al. 2013; Paz1 et al. 2015; Khonghintaisong et al. 
2018; Namwongsa et al. 2019).

After rewatering, the sugarcane roots of all tested geno-
types were evenly distributed in both the upper and lower 
soil layers. Interestingly, the root growths of Biotec 1 and 
UT 6 were greatly enhanced in the upper and lower soil 
layers after recovery, whereas PR3067 and UT 12 produced 
increased root growth in only the lower soil layer. Superficial 
roots regenerated in the upper soil layer, as indicated by their 
white roots, allowed plants to absorb water and nutrients at 
that soil layer (Laclau and Lacla, 2009; Namwongsa et al. 
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2019). Root growth stimulated both root length and root dis-
tribution of all genotypes, except genotype UT 12, which 
did fully respond to the full irrigation treatment. The sug-
arcane root’s ability to recovery after experiencing drought 
depends upon the genotype (Khonghintaisong et al. 2018; 
Leanasawat et al. 2022). The recovery treatment’s findings 
revealed that both the root length and root surface area of 
genotype Biotec 1 increased, surpassing that under the full 
irrigation treatment. This demonstrated Biotec 1’s overcom-
pensation response in root characteristics after a short period 
of rewatering. Increases in root length and root surface area 
due to rewatering would promote greater water uptake from 
the upper and lower soil layers, and eventually increase the 
biomass. Jangpromma et al (2012) reported that root length 
and root surface were important traits associated with bio-
mass after drought recovery. Ohashi et al (2015) demon-
strated that roots had high plasticity regarding their forms 
and sizes following dynamic soil conditions.

Water Use Efficiency and Total Dry Matter of Four 
Sugarcane Genotypes in Response To Drought 
and Recovery

Our findings showed that water use efficiency (WUE) 
increased with early drought, corroborating the previous 
study of Leanasawat et al (2022). When the supply of water 
was limited, drought-tolerant sugarcane genotypes had 
higher WUE than that grown under well-watered conditions, 
but this will not happen for drought-susceptible genotypes 
which consistently had lower WUE under both conditions 
(Silva et al. 2013). The reason for this was that the stomatal 
closure was enhanced under drought conditions which pre-
vented excessive water loss via transpiration, but may also 
reduce CO2 uptake for photosynthesis, thereby adversely 
influencing plant productivity and water use efficiency 
(Lawson and Vialet-Chabrand 2019; Puangbut et al. 2022). 
However, drought-tolerant plant species can establish a bal-
ance level between water loss and carbon gain by optimiz-
ing their CO2 uptake for photosynthesis, while minimizing 
water loss and improving water use efficiency (Silva et al. 
2013; Li et al. 2017; Wu et al. 2018; Puangbut et al. 2022). 
Our results indicated that the balance between carbon gain 
in photosynthesis and water loss via transpiration contrib-
uted to water use efficiency (Xu and Zhou, 2008; Bertolino 
et al. 2019). A significant increment of WUE was noticed 
under rainfed conditions, and stomatal adjustment played 
an important role in stabilizing CO2 fixation and transpira-
tion (Leanasawat et al. 2022; Pirasteh‐Anosheh et al., 2018); 
thus, the photosynthetic capacity could be retained (Lawson 
and Vialet-Chabrand 2019).

WUE also increased in all sugarcane genotypes when the 
drought was relieved. The improved WUE after rewatering 

may be due to a high photosynthetic rate and low transpira-
tion (Leanasawat et al. 2022; Puangbut et al. 2022). Fur-
thermore, during and after rewatering, sugarcane roots can 
absorb more water and nutrients to promote plant growth 
while minimizing water loss via transpiration (Khonghin-
taisong et al. 2018). The responses of the roots and photo-
synthetic traits after rewatering were important to determine 
water use efficiency and total biomass.

We observed that biomass decreased due to early drought 
in all sugarcane genotypes, corroborating the works of 
Khonghintaisong et al (2018) and Leanasawat et al (2022) 
that reported that early drought might adversely influence 
sugarcane growth, biomass and cane production under both 
greenhouse and field conditions. Our findings also indicated 
that sugarcane biomass previously subjected to early drought 
and followed by rewatering could not grow and develop 
optimally as that under the full irrigation treatment, due 
to the short 14-day recovery period. Previous research had 
indicated that the period of recovery and drought duration 
impacted the partitioning of assimilates between roots and 
shoots (Jangpromma et al. 2012; Khonghintaisong et al. 
2018). Given the short recovery period, the assimilates were 
most likely translocated for root growth rather than stalk and 
leaf growth in order to increase the root’s ability to absorb 
water from the soil and promote plant recovery. However, 
due to the short recovery period, root characteristics may not 
fully recover, causing severe disruption to the biomass. This 
confirmed previous studies that sugarcane biomass could not 
fully recover from drought stress despite rewatering (Khong-
hintaisong et al. 2018; Leanasawat et al. 2022). However, 
Biotec 1 and UT 6 showed higher biomass recovery ability, 
whereas UT 12 had the lowest. These results supported the 
previous findings of Nawae et al (2020) that reported that 
the UT 12 genotype was drought susceptible, significantly 
reducing yields. The results herein also agreed with previous 
reports illustrating that the recovery period length and the 
severity of early drought may share significant contributions 
in the plant’s ability to recover.

SCMR, root length, and chlorophyl fluorescence were 
identified as photosynthetic traits affected by drought whose 
regulation when under drought condition can affect biomass 
and cane yield (Silva et al. 2011, 2013; Khonghintaisong 
et al. 2018; Namwongsa et al. 2019; Khonghintaisong et al., 
2020). Our study also determined that sugarcane genotypes 
with high SCMR paired with improved root growth and root 
length could maintain high photosynthetic values and bio-
mass, as well as a higher recovery ability for those traits. The 
Biotec 1 and UT 6 herein were found to have good recovery 
in drought resistant traits. This suggested that there was a 
relationship between photosynthesis and root traits in sug-
arcane genotypes.
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Conclusion

Early drought reduced the physiological, photosynthetic, and 
root traits in all sugarcane genotypes. However, Biotec 1 and 
UT 6 displayed low reductions in all traits. After recovery, 
the mean values of all observed traits increased, yet were 
still below those under full irrigation, except for SCMR, 
Pn, and WUE. Response of sugarcane to drought stress and 
recovery from drought stress is genotype dependent. The 
Biotec 1 genotype presented good recovery potential in 
SCMR, Fv/Fm and RL which recovered to reach the levels 
of full irrigation but Pn and WUE were unable to achieve 
the level of the control. Notably, UT 6, SCMR, Fv/Fm, Pn, 
RL and WUE fully recovered to the level achieved in the full 
irrigation. While the PR3067 and UT 12 genotypes showed 
good recovery for SCMR, Fv/Fm, and Pn; they did not com-
pletely recover for all root traits and WUE. Additionally, 
Biotec 1 and UT 6 had high recovery efficiency for biomass, 
whereas PR3067 and UT 12 displayed low recovery effi-
ciency. Furthermore, sugarcane genotypes with high SCMR 
and increased root length maintained good photosynthetic 
and total biomass. As a result, selection based on physi-
ological, photosynthetic, and root traits may be helpful in 
enhancing drought resistance and recovery potential in sug-
arcane. In a large-scale breeding effort, these traits could be 
used as selection criteria for drought resistance in sugarcane 
germplasm under early drought conditions.
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