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ABSTRACT 
 

The objective of this study was to compare the gas exchange, photosynthetic capacity and water potential of 
sugarcane genotypes cultivated under water deficit conditions imposed during the initial growth phase. Experiments 
were performed in a greenhouse using two sugarcane genotypes namely: HoCP93-776 (drought susceptible) and 
TCP02-4587 (drought tolerant). Sixty days after planting, two different water treatments were applied (i.e., with or 
without water deficit). At 0,30 and 60 days after the treatment, gas exchange variables were evaluated for their 
relationship with water use, intrinsic instantaneous water use efficiency and instantaneous carboxylation efficiency. 
The SPAD index, photosynthetic pigments, water potential and relative water content in the leaves were also 
analyzed. The genotype HoCP93-776 was more sensitive to drought treatment as indicated by the significantly 
lower values of SPAD index, photosynthetic pigments, water potential (Ψw) and relative water content (RWC) 
variables. The genotype TCP02-4587 had higher water potential, stomatal control efficiency, water use efficiency 
(WUE), intrinsic instantaneous water use efficiency (WUEintr), instantaneous carboxylation efficiency and 
photosynthetic capacity. The highest air vapor pressure deficit during the drought conditions could be due to the 
stomatal closing in the HoCP93-776, which contributed to its lower photosynthetic capacity. 
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INTRODUCTION 
 
Water deficit is a common problem in the majority 
of sugarcane production regions worldwide 
(Hemaprabha et al. 2004; Gilbert et al. 2011). The 
lack of adequate water supply leads to a 
substantial negative impact on the growth and 
development of plants, which reduces crop 
production and causes socio-economic damages.  
Sugarcane (Saccharum spp.) is a globally 
important crop used in the production of 60% of 

the world’s sugar as well as for the production of 
bioethanol and energy generation (Amalraj et al. 
2010). This crop has been cultivated in a region 
between the 35º parallels north and south of the 
equator, which includes both tropical and 
subtropical regions (Silva et al. 2010). In many of 
these areas, especially in the arid and semi-arid 
regions, rainfall does not provide the amount of 
water required by the sugarcane. Therefore, water 
deficit is one of the most important limiting factors 
for obtaining high production indices of sugarcane. 
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Studies related to drought tolerance in sugarcane 
crops have focused on agronomic and 
physiological characteristics that may be able to 
assist in the development and adaptation of new 
genotypes that are able to withstand adverse 
conditions (Hemaprabha et al. 2004; Silva et al. 
2008; Rodrigues et al. 2009; Jangpromma et al. 
2010a). These solutions can be complex because 
they are dependent on the plant’s genotype, the 
stage of plant development and the duration and 
severity of the stress. Out of the four phenological 
stages in sugarcane, the tillering and grand growth 
phases, also known as the formation phases, have 
been identified as the critical periods of water 
demand (Ramesh and Mahadevaswany 2000). 
Therefore, during this time period, the damage 
caused by water deficit is most harmful to crop 
production.  
As a C4 plant, sugarcane possesses high 
photosynthetic efficiency at elevated light 
saturation (McCormick et al. 2008). 
Carbohydrates are produced via the process of 
photosynthesis. These carbohydrates are used in 
the plant’s dry structural material and  
accumulate in the form of sugars in the stem, 
directly reflecting the economic profit of the  
crop (McCormick et al. 2008). However, 
photosynthesis is particularly sensitive to water 
deficit because the stomata close to conserve 
water, reducing CO2 diffusion to the fixation sites 
in the leaf mesophyll in the vicinity of the enzyme 
ribulose 1,5-bisphosphate carboxylase/oxygenase 
(Rubisco), which causes diminished 
photosynthesis and, consequently, reduced 
productivity (Lawlor and Tezara 2009; Ghannoum 
et al. 2009; Galmés et al. 2011). Thus, tradeoffs 
exist between water conservation and the CO2 
assimilation rate for carbohydrate production.  
Plants have developed physiological mechanisms 
that result in saving water for later periods. 
Stomatal closing is the first line of defense against 
dehydration. Plants that possess better control of 
stomatal function are more drought tolerant. In 
fact, stomata can be regulated based on the level of 
water deficit by only partially closing, leading to 
some carbon fixation during drought conditions 
and an increase in the efficiency of water use 
(Yordanov et al. 2000; Lawlor and Tezara 2009).  
The ability of sugarcane to maintain key 
physiological processes, such as photosynthesis 
during moderate drought stress, is indicative of its 
potential to support productivity in a water-scarce 
environment (Silva et al. 2007; Centritto et al. 

2009; Galmés et al. 2011). In previous studies, the 
efficiency of gas exchange in the plants possessing 
higher photosynthetic capacity, higher capacity in 
the efficiency of water use and higher intrinsic 
water use efficiency has been positively correlated 
with the maintenance of productivity during 
drought periods in a variety of crops, including 
sugarcane (Machado et al. 2009; Silva and Costa 
2009), soybean (Gilbert et al. 2011), rice (Centritto 
et al. 2009) and wheat (Monneveux et al. 2006). 
These species have been widely studied to 
determine the characteristics of efficient genotypes 
for water use or drought tolerance. 
Besides stomatal closure, non-stomatal limitations 
on photosynthesis and growth also occur during 
the periods of water scarcity. These qualities can 
help in the physiological understanding of 
sugarcane. Studies on the maximum quantum 
efficiency of photosystem II, the Fv/Fm ratio 
(variable to maximal fluorescence), which reflects 
the maximum efficiency of the light absorbed by 
the antenna complex of photosystem II that is 
converted into chemical energy (Maxwell and 
Johnson 2000), has proven to be a good 
physiological reference to diagnose the integrity of 
the photosynthetic system in sugarcane during 
water deficit (Silva et al. 2007; Graça et al. 2010; 
Silva et al. 2011). As selection criteria for the 
screening of genotypes that display improved 
drought adaptation, studies in sugarcane have used 
the relative water content of the leaf (Rodrigues et 
al. 2009), the leaf water potential (Endres et al. 
2010), estimates of the leaf chlorophyll content 
(Silva et al. 2011) and photosynthetic pigments 
(Jangpromma et al. 2010b). 
A study of what occurs in the physiology of plants 
that grow under extreme conditions may 
contribute to both an increased efficiency and 
economic value of the crops. Understanding the 
relationship of water to the physiological response 
of sugarcane during drought conditions is 
strategically important because these data can be 
used to genetically improve the drought tolerance. 
The aim of this work was to comparatively study 
the gas exchange responses, photosynthetic 
capacity and water potential in two sugarcane 
genotypes cultivated under water deficit conditions 
during their initial growth phase. 
 
 
MATERIAL AND METHODS 
 
Plant material and growth conditions 



Photosynthesis In Sugarcane Under Drought 
 

Braz. Arch. Biol. Technol. v.56 n.5: pp. 735-748, Sept/Oct 2013 

737 

The experiments were conducted in a greenhouse 
in the Department of Plant Physiology at Texas 
AgriLife Research, Texas A&M University 
System, Weslaco, TX, USA (26°12' N and 97°57' 
W, at an altitude of 22.90 m). Two sugarcane 
genotypes used were the HoCP93-776 (drought 
susceptible) and TCP02-4587 (drought tolerant) 
genotypes, which were chosen based on the data 
from the North American programs of crop genetic 
improvement. Buds were obtained from the 
healthy stalks and dispersed in 19-L pots with inert 
substrate mixed with 50 g of Osmocote (14-14-14) 
fertilizer (Carolina Biological Supply Co., 
Burlington, NC, USA). Three mini stalks with 
individual buds of each cultivar were planted per 
pot. These were later thinned to leave only one 
plant per pot. In this remaining plant, the primary 
stalk was maintained to eliminate the effects of 
tillering varieties and uneven occupation of the 
pots. During the experiment, the average air 
temperature was 27.4 ± 5°C, the daily average 
relative humidity was 62.8% and the daily average 
photosynthetically active radiation was 800 µmol 
m-2 s-1. Until 60 days after the planting (DAP), all 
the pots received the same quantity of water to 
allow for proper plant development. At 60 DAP, 
the treatments were initiated (i.e., with or without 
water deficit). In treatment W (water treatment), 
the plants were hydrated with a quantity of water 
necessary to maintain the ideal moisture level in 
the substrate, which was approximately 22% 
(corresponding to 100% capacity for the pots’ 
water retention). In treatment D (drought 
conditions), the plants were maintained at 50% of 
the moisture level used in treatment W. Using an 
ECH20 soil moisture sensor (Decagon, 
Washington, USA), the moisture levels were 
monitored two times a day (i.e., in the morning 
and the afternoon) by inserting the 10 cm 
dielectric Echo Check sensors (Decagon, 
Washington, USA) into each pot. The 
experimental design was entirely randomized in a 
2 x 2 factorial: two genotypes and two water 
regimens (without deficiency = W and with 
deficiency = D), in four replicates. Three time 
points were evaluated: 0, 30 and 60 days after 
treatments (DAT). 
 
Gas exchange measurements 
The measurements for gas exchange were 
recorded between 8:00 and 10:00 AM in the 
medium portion of leaf +1 completely expanded. 
These evaluations were completed with an 

infrared, portable CO2 gas analyzer (ADC, 
BioScientific Ltd., Hoddesdon, UK). The 
photosynthesis rate, transpiration, stomatal 
conductance, intracellular CO2 concentration and 
leaf to air vapor pressure deficit (VPDleaf-air) were 
all evaluated. Using the photosynthesis (Pn), 
transpiration (E), stomatal conductance (gs) and 
leaf intercellular CO2 concentration (Ci) values. 
Relationship were calculated the instantaneous 
water use efficiency WUE (µmol mol-1) was 
calculated as Pn/E, the instantaneous intrinsic 
water use efficiency WUEintr (µmol mol-1), was 
calculated as Pn/gs and the instantaneous 
carboxylation efficiency (Pn/Ci).  
 
Fluorescence analysis of chlorophyll a 
The photochemical efficiency of photosynthesis 
was obtained from the fluorescent analysis of 
chlorophyll a. The measurements were made on 
the same leaves that were evaluated for gas 
exchange. The maximum photochemical 
efficiency (Fv/Fm) readings of photosystem II 
were determined using a portable modulated 
fluorescence measurer (Opti-Sciences, 
Incorporation, Hudson, NH, USA) after adapting 
the leaves to the dark for 30 min via special leaf 
clips. The readings were made after saturating 1 s 
light pulses to promote the closing of the 
photosystem II reaction centers, according to the 
method described by Maxwell and Johnson 
(2000). 
 
Measuring chlorophyll content via SPAD 
reading and spectrophotometry 
An estimation of the chlorophyll content was 
determined using a SPAD-502 chlorophyll meter 
(Minolta Corp., Ramsey, NJ, USA). An average of 
three readings in leaf +2 of each plant was used. 
The soil plant analysis development (SPAD index) 
reading corresponded to the green color content in 
the leaf, and its value was equivalent to the 
amount of light transmitted by the leaf in two 
regions of the red and infrared wavelengths. The 
quantity of red light absorbed indicated the 
quantity of chlorophyll, whereas the quantity of 
light absorbed next to the infrared wavelength 
served as an internal reference to compensate for 
leaf thickness (Torres Netto et al. 2005). After all 
the SPAD index were completed, the leaves +2 
were collected, placed in plastic bags and kept 
refrigerated for future analysis of the leaf 
pigments. The chlorophyll a, chlorophyll b 
contents, and total chlorophyll were obtained 
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according to the method described by 
Lichtenthaler (1987). Briefly, chlorophyll extract 
was obtained from 0.69 cm2 leaf discs, incubated 
in 2 mL of N,N-dimethylformamide (DMF), and 
an absorbance reading was performed using 
spectrophotometry at wavelengths of 480 and 647 
nm.  
 
Water potential and relative water content in 
the leaf 
Leaf water potential (Ψw) was evaluated between 
8:00 and 10:00 AM using a Scholander pressure 
chamber (Soil Moisture Equipment, Santa 
Barbara, CA, USA). The reading was determined 
at the extremity (tip) of leaf +2 of the primary 
tiller. Pressure was applied until exudation 
occurred from the cut made in the leaf petiole. 
Leaf relative water contents were calculated 
according to the methods of Jamaux et al. (1997). 
Leaf discs were collected (0.69 cm2) from each pot 
in leaf +2 to determine the fresh mass. The turgid 
mass was obtained after 24 h of rehydrating with 
distilled water at 4°C. The dry mass was obtained 
after the discs were dried at 80°C for 48h. Based 
on the fresh weight (FW), dry weight (DW) and 
turgid weight (TW) of leaf discs, the relative water 
content (RWC) was calculated using the following 
formula: RWC = (FW - DW/ TW – DW) x 100. 
 
Statistical analyses 
The experimental data were subjected to the 
analysis of variance (F test), and the averages were 
compared using Tukey’s test with a 5% probability 
cutoff. The Pearson correlation (r) was used 
(Brussab and Morettin 1986) to verify the relation 
between the gas exchange variables, chlorophyll a 
fluorescence, photosynthetic pigments, the leaf 
water potential and the RWC of the study period. 
 
 
RESULTS  

 
Gas exchange responses differed between the two 
genotypes in both the well-watered plants and 
those subjected to water deficit. The leaf to air 
vapor pressure deficit VPD(leaf-air) values at the 
initiation of stress were low, with averages values 
of 1.6 kPa for TCP02-4587 and 1.4 kPa for 
HoCP93-776 (Fig. 1A). Figure 1B showed the 
time point at which the highest stomatal 
conductance values were recorded. The increased 
vapor pressure was identified in both the 
genotypes during the water deficit period, with 

varying levels at 30 and 60 DAT from 2.5 to 2.8 
kPa for the HoCP93-776 genotype and from 2.5 to 
2.3 kPa for the TCP02-4587 genotype (Fig. 1A). 
The VPD(leaf-air) had a negative influence on both 
the stomatal conductance (r = -0.77**) and 
photosynthesis in the HoCP93-776 genotype 
during water deficit (Table 1), which thus 
demonstrated higher stomatal sensitivity to 
VPD(leaf-air). VPD(leaf-air)  also displayed an inverse 
correlation with water potential (Ψw) and RWC 
(Table 1). Conversely, these correlations were not 
observed in the TCP02-4587 genotype, which 
suggested that the VPD(leaf-air) had little effect on 
the physiological processes in this genotype. The 
stomatal conductance values from the initial phase 
to day 30 of water deficit decreased less for 
TCP02-4587, from 0.25 mol m-2 s-1 to 0.11 mol m-2 

s-1, compared to HoCP93-776, which changed 
from 0.38 mol m-2 s-1 to 0.06 mol m-2 s-1 (Fig. 1B). 
At day 60 of drought, similar stomatal 
conductance values were observed in both the 
genotypes. The average stomatal conductance 
value was close to 0.10 mol m-2 s-1 for both the 
genotypes (Fig. 1B). 
Transpiration displayed maximum values of 
approximately 4.6 mmol m-2 s-1 in the well-
hydrated plants of the two tested genotypes (Fig. 
1C). After 30 days of water deficit, there was 
reduced transpiration for both the genotypes. The 
HoCP93-776 genotype showed an average value 
of 1.3 mmol m-2 s-1 and the TCP02-4587 genotype 
had a value of 2.3 mmol m-2s-1. Therefore, the 
HoCP93-776 and TCP02-4587 genotypes 
displayed reductions of 64 and 42% in relation to 0 
DAT, respectively. These values remained stable 
until the end of the experiment. For both the 
genotypes tested, transpiration was positively 
correlated with stomatal conductance during 
drought conditions and displayed no correlation 
with the VPD(leaf-air) (Table 1). Therefore, the 
stomatal conductance began to have a greater 
effect on transpiration than the VPD(leaf-air) during 
water deficit. 
Net photosynthesis followed similar trends as 
stomatal conductance and transpiration rates. The 
average photosynthesis rates at the start of the 
water treatments were 29.42 µmol m-2 s-1 for 
TCP02-4587 and 30.75 µmol m-2 s-1 for HoCP93-
776 (Fig. 1D). At 30 DAT, 52.6 and 79% 
reductions were observed in the TCP02-4587 and 
HoCP93-776 genotypes, respectively during water 
deficit. Photosynthetic rates were recorded at 14 
µmol m-2 s-1 and 6.5 µmol m-2 s-1 for TCP02-4587 



Photosynthesis In Sugarcane Under Drought 
 

Braz. Arch. Biol. Technol. v.56 n.5: pp. 735-748, Sept/Oct 2013 

739 

and HoCP93-776, respectively. These values 
remained nearly constant until 60 DAT. These 
results demonstrated that the TCP02-4587 
genotype had greater CO2 assimilation throughout 
the water deficit period. The TCP02-4587 
genotype could be identified by its correlations 
with gs and E compared to HoCP93-776. During 

water deficit, the correlation between the 
photosynthesis and stomatal conductance of 
TCP02-4587 was significant (r = 0.96**), while 
HoCP93-776 had a correlation of r = 0.92**. The 
photosynthesis and transpiration correlation values 
were r = 0.93** for TCP02-4587 and r = 0.85** 
for HoCP93-776 (Table 1). 

 

 

 
 

Figure 1 - Mean diurnal variations of vapor pressure deficit (a), stomatal conductance (b), 
transpiration (c) and photosynthesis rate (d) of two sugarcane genotypes under two water 
regimes (W, well-watered and D, water deficiency) measured at 0, 30 and 60 days after 
treatment imposition (DAT). Each point represents the mean of four plants, and bars 
indicate standard error. 

 
 

Figure 2A illustrated that both the genotypes did 
not exhibit a difference in the internal CO2 

concentration (i.e., they maintained similar values 
at days 30 and 60 of water deficit). However, the 
HoCP93-776 genotype had a Ci measurement of 
142 µmol mol-1, and TCP02-4587 had a Ci value 
of 157.33 µmol mol-1. Therefore, as the plant age 
increased, water deficit limited the increase of the 
internal CO2 concentration. 
The maximum reduction in carboxylation 
efficiency (Pn/Ci) was at 30 days of water deficit, 
which resulted in a reduction of 62% in the 
HoCP93-776 genotype and 25% in TCP02-4587 
(Fig. 2B). This reduction was maintained until 60 
days, therefore, plants were more efficient at 
carboxylation during the 30- to 60-day period. The 
TCP02-4587 genotype displayed a positive 
correlation of the carboxylation efficiency with 
photosynthesis and stomatal conductance and a 

negative correlation with Ci (Table 1). This 
suggested that the maintenance of the internal CO2 
concentration during water deficit was associated 
with higher carboxylation efficiency. In the 
HoCP93-776 genotype, assimilation/leaf 
intercellular CO2 concentration (Pn/Ci) correlated 
positively with photosynthesis (r = 0.77**) and 
stomatal conductance (r = 0.63**). 
The instantaneous efficiency of water use (WUE) 
during the entire water deficit period exhibited an 
expressive reduction in the HoCP93-776 genotype, 
from 6.7 to 3.9 mol mmol-1 (Fig. 2C), while the 
TCP02-4587 genotype displayed little variation, 
from 7.9 to 6.5 mol mmol-1. These values were 
also observed in irrigated plants, therefore, a 
greater capacity for the plants to maintain their 
water usage was observed during the drought 
period. 
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Figure 2 - Mean internal concentration of CO2 (a), instantaneous carboxilation efficiency (b), 
instantaneous water use efficiency (c), intrinsic water use efficiency (d) of two sugarcane 
genotypes under two water regimes (W, well-watered and D, water deficiency) measured 
at 0, 30 and 60 days after treatment imposition (DAT). Each point represents the mean of 
four plants, and bars indicate standard error. 

 
 
 
 
 
 

Table 1 - Pearson’s correlation coefficients for association among gas exchange (Pn, Ci, VPD(leaf-air), gs, E, Pn/Ci, 
WUE, WUEintr), water potential (Ψw) and leaf relative water content (RWC) of two sugarcane genotypes under 
water deficiency regime. 

Variable  Ci VPD(leaf-air) gs E Pn/Ci WUE WUEintr  Ψw RWC 
HoCP93-776 under drought 

Pn 0.27 -0.74** 0.92** 0.85** 0.77** 0.63* -0.57* 0.74** 0.51 
Ci  -0.55 0.53 0.28 -0.08 0.12 -0.85** 0.23 0.33 
VPD(leaf-air)   -0.77** -0.46 -0.27 -0.84** 0.67* -0.74** -0.70** 
gs    0.83** 0.63** 0.50 -0.77** 0.67** 0.49 
E     0.92** 0.17 -0.66* 0.39 0.09 
Pn/Ci      0.16 -0.33 0.28 -0.05 
WUE       -0.19 0.75** 0.75** 
WUEintr        -0.40 -0.30 
Ψw         0.91** 

TCP02-4587 under drought 
Pn -0.37 -0.30 0.96** 0.93** 0.89** 0.88** -0.42 0.80** 0.74** 
Ci  0.158 -0.18 -0.29 -0.65* -0.44 -0.39 -0.35 -0.16 
VPD(leaf-air)   -0.27 -0.26 -0.27 -0.31 0.042 -0.09 -0.01 
gs    0.95** 0.82** 0.77** -0.61** 0.77** 0.81** 
E     0.90** 0.66** -0.56* 0.78** 0.84** 
Pn/Ci      0.71** -0.28 0.79** 0.73** 
WUE       -0.12 0.67* 0.45 
WUEintr        -0.54 -0.75** 
Ψw         0.88** 

 

Significance (* P < 0.05 and ** P < 0.01) 
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In the TCP02-4587 genotype, the WUE ratio was 
positively correlated with photosynthesis (0.88**), 
Ψw (0.80**), RWC (0.74**) and stomatal 
conductance (r = 0.77**) (Table 1), indicating that 
this genotype exhibited better maintenance of 
water status in the leaf without any loss in gas 
exchange. The HoCP93-776 genotype also 
displayed a positive correlation of WUE with 
photosynthesis (r = 0.63*) and Ψw (r = 0.75**) 
and an inverse correlation with VPD(leaf-air) (r = -
0.84**) (Table 1). This reconfirmed its higher 
susceptibility to VPD(leaf-air) during the drought 
period. 
For the intrinsic efficiency of water use (WUEintr), 
during the initial period when both the plant 
genotypes were hydrated, the WUEintr values were 
smaller, with averages of 84.2 µmol mol-1 for 
HoCP93-776 and 119.5 µmol mol-1 for TCP02-
4587. After 60 days of water deficit, the genotypes 
displayed A/gs averages of 118.3 µmol mol-1 and 
144.4 µmol mol-1 for HoCP93-776 and TCP02-
4587, respectively (Fig. 2C). The WUEintr increase 
was due to the large gs reduction caused by 

stomatal closing, which increased photosynthesis. 
This could be explained by the inverse correlation 
of WUEintr with the stomatal conductance 
observed in HoCP93-776 (r = -0.77**) and 
TCP02-4587 (r = -0.61**) (Table 1). In the 
HoCP93-776 genotype, the WUEintr ratio also 
displayed an inverse relationship with 
photosynthesis (r = -0.57*) and a positive 
relationship with VPD(leaf-air) (r = 0.67*) (Table 1). 
For both the genotypes, there was little reduction 
in the maximum photochemical efficiency of 
photosystem II during the water deficit period 
(Fig. 3). During the entire period, the Fv/Fm 
relation varied in the TCP02-4587 genotype from 
0.82 to 0.78, while the HoCP93-776 genotype 
varied from 0.82 to 0.77 (Fig. 3). This suggested 
that both the genotypes maintained highly efficient 
use of excitation energy in the photochemical 
process during the stress. There was a positive 
correlation between the photosynthetic activity and 
Fv/Fm for HoCP93-776 (r = 0.85**) and TCP02-
4587 (r = 0.90**) (Table 2).  

 

 
Figure 3 - Mean maximum quantum yield of photosystem II (Fv/Fm) of two sugarcane genotypes 

under water regimes (W, well-watered and D, water deficiency) measured at 0, 30 and 60 
days after treatment imposition (DAT). Each point represents the mean of four plants, and 
bars indicate standard error. 

 
 
Table 2 - Pearson’s correlation coefficients for association among chlorophyll fluorescence (Fv/Fm), photosynthesis 
(Pn), estimated chlorophyll content (SPAD index), chlorophyll a, b and total (Chl a, Chl b and Chl total) of two 
sugarcane genotypes under water deficiency regime. 

Variable  Pn SPAD 
index 

Chl a Chl b ChlTotal  Pn SPAD 
index 

Chl a Chl b ChlTotal 

           HoCP93-776 under drought  TCP02-4587 under drought 
Fv/Fm 0.85** 0.61* 0.79** 0.49 0.71**  0.90** 0.19 0.67** 0.33 0.64* 
Pn  0.54* 0.91** 0.74** 0.93**   0.17* 0.66* 0.29 0.60* 
SPAD index   0.71** 0.26 0.68*    0.36 0.34 0.36 
Chl a    0.65* 0.99     0.84** 0.99 
Chl b     0.73**      0.90* 

 

Significance (* P < 0.05 and ** P < 0.01) 
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Significant differences were observed between the 
two genotypes in the estimated levels of 
chlorophyll and photosynthetic pigments (Table 
3). At the beginning of the experiment, both the 
genotypes had average chlorophyll content indices 
of about 40 (SPAD index). At days 30 and 60 of 
water deficit, the TCP02-4587 genotype remained 
close to 40 (SPAD index); however, the HoCP93-
776 genotype had lower values, with chlorophyll 
content averages from 36.02 to 30.62 (SPAD 
index), showing a reduction of 14.7 and 23.5%, 
respectively. These results suggested that the 
TCP02-4587 genotype displayed higher 
chlorophyll synthesis capacity, and therefore, a 
higher intensity of green color, even during water 
deficit conditions. 
Independent of the treatment, the TCP02-4587 
genotype displayed higher photosynthetic pigment 

values. After 30 days of water deficit in the 
TCP02-4587 genotype, a reduction of chlorophyll 
a, chlorophyll b and total chlorophyll of 20, 20 and 
20.3%, respectively was observed. For the 
HoCP93-776 genotype, the reduction of 
chlorophyll a, chlorophyll b and total chlorophyll 
was 42, 25.3 and 38.6%, respectively (Table 3). At 
water deficit day 60, the TCP02-4587 genotype 
maintained a lower reduction in the chlorophyll a 
(22.6%), chlorophyll b (5.15%) and total 
chlorophyll (19.4%) values compared with the 
control (Table 3). The HoCP93-776 plants 
displayed the largest decreases (i.e., 42% for 
chlorophyll a, 7% for chlorophyll b and 35% for 
total chlorophyll). Therefore, it could be 
concluded that the HoCP93-776 genotype 
exhibited chlorophyll degradation during the 
prolonged water deficit. 

 
 

Table 3 - Estimated chlorophyll content (SPAD index), chlorophyll a, chlorophyll b and chlorophyll total in two 
sugarcane genotypes water treatments (W, well-watered and D, water deficiency) measured on 0, 30 and 60 days 
after treatment imposition (DAT). 
Genotype SPAD 

(index) 
Chl a 

(µg cm2 FW) 
Chl b 

(µg cm2 FW) 
ChlTotal 

(µg cm2 FW) 
0 DAT W D W D W D W D 
TCP02-4587 40.00Aa† 40.0Aa 23.79Aa 23.79Aa 5.76Aa 5.76Aa 29.56Aa 29.56Aa 
HoCP93-776 42.10Aa 40.0Aa 17.59Ba 18.59Ba 4.27Ba 4.77Ba 21.86Ba 23.36Ba 
30 DAT W D W D W D W D 
TCP02-4587 51.37Aa 40.10Ab 27.31Aa 21.75Ab 7.54Aa 6.02Ab 34.86Aa 27.78Aa 
HoCP93-776 41.27Ba 36.02Bb 17.55Ba 10.12Bb 4.87Ba 3.64Bb 22.43Ba 13.76Bb 
60 DAT W D W D W D W D 
TCP02-4587 46.95Aa 40.00Ab 22.59Aa 17.48Ab 5.04Aa 4.78Aa 27.64Aa 22.26Aa 
HoCP93-776 40.00Aa 30.62Bb 18.03Ba 10.42Bb 4.71Aa 4.38Aa 22.75Aa 14.80Bb 
Mean 40.53                 19.08     5.13 24.22 
CV%   8.67                 13.71 13.25 12.97 

†Means for each evaluation season in a same row and within a same attribute column and having the same letter (lower case), 
and in the same column between genotypes (upper case) are not significantly different at 0.05 probability level (Tukey’s test). 
 
 
 

No correlation was identified between the SPAD 
index and the photosynthetic pigments for the 
TCP02-4587 genotype subjected to water deficit 
(Table 2). However, a positive correlation was 
observed between the SPAD index and 
photosynthesis (r = 0.17*), chlorophyll a with 
photosynthesis (r = 0.66*) and with Fv/Fm (r = 
0.67**). For the HoCP93-776 genotype, the SPAD 
values were positively correlated with chlorophyll 
a (r = 0.71**), total chlorophyll (r = 0.68*), 
photosynthesis (r = 0.54*) and Fv/Fm (r = 0.61*). 
A strong correlation was also identified between 
chlorophyll a and photosynthesis (r = 0.91**) and 
with Fv/Fm (r = 0.79**) (Table 2). This 
demonstrated that water deficit caused more 

damage in the photosynthetic pigments in the 
HoCP93-776 genotype. 
The average values initially reported for leaf water 
potential were -1.2 MPa for HoCP93-776 and -0.8 
MPa for TCP02-4587 (Fig. 4A). Significant 
differences between the hydrated and non-
hydrated plants were observed at day 30 of water 
deficit, with a reduction in the HoCP93-776 
genotype to -2.0 MPa, while the TCP02-4587 
genotype reached -1.5 MPa (Fig. 4A). At day 60 
of water shortage, the decrease in Ψw was more 
accentuated in the HoCP93-776 genotype, which 
reached -2.4 MPa, whereas the TCP02-4587 
genotype had a value of -1.9 MPa. These values 
represented reductions of 46 and 26% in the 
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HoCP93-776 and TCP02-4587 genotypes, 
respectively, when compared with the control. 
The Ψw revealed that during water deficit, there 
was a significant inverse correlation with VPD(leaf- 

air) for the HoCP93-776 genotype (r = -0.74**) and 
a positive correlation with stomatal conductance (r 
=0.67**) and photosynthesis (r = 0.67**) (Table 
1). However, there was no influence on 
transpiration (r = 0.39). Conversely, for the 
TCP02-4587 genotype, a positive relation was 
observed for Ψw with transpiration (r = 0.78**), 
stomatal conductance (r = 0.80**) and 
photosynthesis (r = 0.77**) (Table 1). This 
demonstrated that the partial stomatal closure 
triggered by the stress was affected by leaf water 
potential. 

Between day 1 and day 60 of water deficit 
treatments, the relative leaf water content varied 
from 90.2 to 77.8% in the HoCP93-776 genotype 
and from 92.5 to 83.8% in the TCP02-4587 
genotype (Fig. 4B). Both the genotypes had a 
strong positive correlation of RWC with Ψw 
(HoCP93-776, r = 0.91**, TCP02-4587, r = 0.88 
**) (Table 1). At the end of the experiment, a 
reduction of 12% in the RWC was recorded for the 
HoCP93-776 genotype and 7% in the TCP02-4587 
genotype. Therefore, the lowest reduction of Ψw 
and RWC was in the TCP02-4587 genotype, 
which was a possible consequence of the 
maintenance of the leaves’ turgor during 
fluctuations in the water available to the plant.  
 

 

 
 

Figure 4 - Leaf water potential (A) and leaf relative water content (B) in two sugarcane genotypes 
under two water regimes (W, well-watered and D, water deficiency) measured at 0, 30 and 
60 days after treatment imposition (DAT). Means followed by the same letter are not 
significantly different at 0.05 probability level (Tukey’s test). Bars indicate standard error 
of the mean of four plants. 

 

 
 
 

DISCUSSION 
 

Water deficit is an important environmental 
restriction that influences all of the physiological 
processes involved in the growth and development 
of the plants. This influence relates to a group of 
responses that principally affect the plant’s gas 
exchange mechanisms (Lawlor and Tezara 2009; 
Centritto et al. 2009). These responses were 
observed in this study. There were gas exchange 
differences during the water deficit in the 
HoCP93-776 and TCP02-4587 sugarcane 
genotypes. During prolonged drought, the 
HoCP93-776 genotype displayed higher stomatal 

sensitivity to an increase in vapor pressure deficit, 
which led to reduced photosynthesis (Fig. 1). This 
reduction in the photosynthesis was likely due to a 
reduction in internal carbon (Oliver et al. 2009). 
Similar responses to stomatal closing were also 
identified in other C4 plants subjected to water 
deficit conditions (Araújo et al. 2010). Stomatal 
closing reduces transpiration, which diminishes 
the leaf cooling capacity and increases leaf 
temperature as the leaf continues receiving light. 
This results in VPD(leaf-air) elevations (Shirke and 
Pathre 2004; Araújo et al. 2010). 
An increase in VPD(leaf-air) was not observed in the 
TCP02-4587 genotype, which maintained a 
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constant VPD(leaf-air) during the drought period (Fig. 
1A), suggesting less stomatal sensitivity to this 
variable. According to Schulze (1994), plants with 
little stomatal sensitivity to the VPD(leaf-air) possess 
high water conductivity in the leaves that can 
compensate for the loss of evaporation in the leaf 
mesophyll and prevent the occurrence of localized 
water deficit. The positive correlation between 
stomatal conductance and transpiration was 
determined to be in response to the low substrate 
water availability (Table 1), thus, demonstrating 
that transpiration was greatly influenced by the 
stomatal regulation. Similar effects have also been 
observed in different sugarcane genotypes 
cultivated under water deficit conditions (Cha-Um 
and Kirdmanee 2009; Silva and Costa 2009; 
Endres et al. 2010). 
In response to prolonged water deficit, both of the 
genotypes exhibited very low stomatal 
conductance values (Fig. 1B). However, only the 
TCP02-4587 genotype maintained higher 
transpiration and photosynthesis rates (Fig. 1), 
suggesting higher stomatal control efficiency. This 
was observed by the positive correlation of 
photosynthesis with gs and E (Table 1), which was 
considered to be a strong adaptive mechanism to 
water deficit. According to Lawlor and Tezara 
(2009), during the periods of water shortage, 
plants keep their stomatas closed in order to 
maintain favorable turgor pressures, an important 
characteristic for drought tolerance. Silva and 
Costa (2009) studied sugarcane in arid conditions 
and determined that the reduction of stomatal 
conductance and a higher photosynthetic rate were 
both physiological mechanisms responsible for 
drought tolerance in this plant. Conversely, the 
closing of stomatas during water deficit decreased 
the intercellular concentration of CO2 in the 
HoCP93-776 genotype (Fig. 1B and 2A). This 
caused an accentuated drop in the photosynthesis 
rate, which confirmed its drought sensitivity. 
Studies in the sugarcane under water deficit 
conditions also showed greater reductions in 
photosynthesis in several genotypes considered to 
be drought sensitive (Machado et al. 2009; Silva 
and Costa 2009; Rodrigues et al. 2009; Graça et al. 
2010). During the period of water scarcity, the 
TCP02-4587 genotype displayed an increased 
concentration of internal CO2, resulting in a better 
photosynthetic capacity. 
Reductions in the internal CO2 concentration at the 
sites of carboxylation site often result in 
photosynthetic limitations (Lawlor and Tezara 

2009). The opposite is also true (i.e., elevated Ci 
contributes to the linear increase of photosynthesis 
until its maximum point). Increases beyond the 
maximum point cannot occur due to CO2 

saturation and the limitation of Rubisco 
regeneration capacity (Ghannoum 2009; Galmés 
2011). According to Galmés et al. (2011), a direct 
effect of stomatal conductance on the Rubisco 
enzyme is improbable. Instead, the effect is 
mediated by the reduction in CO2 availability. This 
reduction in CO2 induces Rubisco deactivation, 
which limits the photosynthesis because of the 
plant’s necessity to maintain partially closed 
stomates to avoid dehydration during drought 
conditions.  
Carboxylation efficiency was correlated with 
stomatal conductance (Table 1). A high Ci value 
associated with a low stomatal conductance would 
indicate a decrease in the Pn/Ci ratio in sugarcane 
(Machado et al. 2009; Endres et al. 2010). The 
Pn/Ci can be considered the estimate of Rubisco 
activity, illustrating its limitations under stress 
conditions (Niinemets 2009). The TCP02-4587 
genotype was more efficient at carboxylation (i.e., 
this genotype displayed less damage due to water 
deficit) based on the activity of the Rubisco 
enzyme, which was the principal enzyme involved 
in the CO2 capture process (Niinemets 2009; Vu 
and Allen Jr. 2009; Galmés et al. 2011). Vu and 
Allen Jr. (2009) and Saliendra et al. (1996) studied 
sugarcane subjected to water deficit conditions and 
identified a reduction in Rubisco activity during 
stress conditions.  
During water deficit, the TCP02-4587 genotype 
exhibited the highest instantaneous efficiency of 
water use compared to the HoCP93-776 genotype. 
This could be confirmed by TCP02-4587’s strong 
positive correlation with photosynthesis and 
stomatal conductance (Table 1), indicating that 
stomatal closing in this genotype reduced the loss 
of water from the leaf and, thus, led to an increase 
in water use efficiency. According to Chaves and 
Oliveira (2004), during the initial establishment of 
water deficit, the stomatal conductance decreases 
faster than the photosynthetic assimilation of 
carbon, resulting in an elevation in WUE. Silva 
and Costa (2009) identified higher WUE values in 
tolerant sugarcane genotypes during water deficit, 
indicating that this characteristic was important in 
the selection of drought-resistant varieties. Other 
studies also reported a decrease in WUE under 
water deficit conditions in sugarcane (Cha-Um and 
Kirdmanee 2008) and maize (Jabeen et al. 2008). 
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A higher rate of intrinsic water use efficiency was 
observed in the TCP02-4587 genotype (Fig. 2 D), 
for which WUEintr exhibited an inverse correlation 
with gs (Table 1). This was related to the greater 
reduction in gs than photosynthesis due to stomatal 
closing and higher carboxylation capacity in 
response to drought (Gilbert et al. 2011). 
Generally, plants tend to reduce the stomatal 
conductance and increase their photosynthetic rate 
in response to an increased CO2 concentration. 
Therefore, the WUEintr increase enables the 
absorption of carbon due to reduced water loss 
(Farquhar et al. 1989).  
Machado et al. (2009) reported that sugarcane 
genotypes subjected to water deficit conditions 
during different phenological phases did not 
display alterations in their intrinsic efficiency of 
water use during the initial growth phase; 
however, there was a reduction in WUEintr during 
the maximum growth phase and an accumulation 
of sucrose with smaller reductions was observed in 
the drought-tolerant genotype. From a 
physiological perspective, a high WUEintr value is 
traditionally considered an improvement 
mechanism that improves the productivity and 
survival in dry environments (Centritto et al. 2009; 
Gilbert et al. 2011).  
The maximum photochemical efficiency of 
photosystem II was slightly reduced in HoCP93-
776 during water deficit. The values were 0.78 in 
TCP02-4587 and 0.77 in HoCP93-776. This 
indicated that no damage was detected in the 
photosynthetic apparatus while exposing the plants 
to stress. However, Silva et al. (2011) reported an 
Fv/Fm ratio value of 0.73 in the HoCP93-776 
genotype when it underwent water scarcity under 
field conditions. According to Maxwell and 
Johnson (2000), values of less than 0.75 indicated 
a state of stress and, therefore, a reduction in the 
plant’s photosynthetic potential. Silva et al. (2007) 
stated that the capacity to maintain a high Fv/Fm 
ratio during water stress could indicate a high 
efficiency of radiation use, possibly by carbon 
assimilation reactions. More severe Fv/Fm 
reductions that resulted in values below 0.7 were 
demonstrated in sugarcane genotypes susceptible 
to water limitation conditions (Silva et al. 2007; 
Graça et al. 2010; Silva et al. 2011).  
The estimated chlorophyll content was maintained 
at an average of 40 (SPAD index) for TCP02-
4587, which suggested a higher capacity to keep 
the leaf area more green to conserve the 
photosynthetic pigments during drought conditions 

(Torres Netto et al. 2005). The SPAD index 
decreased to 30.62 (Table 3) under the same 
conditions for the HoCP93-776 genotype, 
reaffirming its sensitivity to drought. These results 
were in agreement with the results of Silva et al. 
(2011) who reported SPAD index values below 40 
in sugarcane genotypes sensitive to water deficit. 
According to Torres Netto et al. (2005), SPAD 
index below 40 indicated the beginning of a 
chlorophyll deficiency, which affected the 
photosynthetic process. This parameter was 
considered to be a good indicator of disturbances 
in the plants affected by environmental factors.  
Although the Fv/Fm ratio indicated that no damage 
was detected in the photosynthetic machinery, the 
decreasing trend in the positive correlation 
between the photosynthetic pigments and 
photosynthesis in the HoCP93-776 genotype 
showed that the water deficit caused structural 
alterations in the photosystem II photosynthetic 
pigments. This was possibly reflected in the 
destabilization of the photosystem II reaction 
center, or decreased photosynthetic capacity in 
sugarcane. These demonstrated that the 
photosynthetic system damage was enhanced in 
the HoCP93-776 genotype, further demonstrating 
its higher sensitivity to drought. The degradation 
of chlorophyll is one of the consequences of stress 
that can be the result of photoinhibition and 
decreased photosynthetic efficiency among other 
cellular processes, such as cellular division and 
expansion (Dhanapackiam and Ilyas 2010). 
Chlorophyll a and b content, as well as the total 
chlorophyll content, were higher in the TCP02-
4587 genotype (Table 3). Jangpromma et al. 
(2010a) observed high levels of chlorophyll in 
drought resistant genotypes compared to drought 
susceptible genotypes. This observation was also 
observed in maize (Jabeen et al. 2008). Variations 
of the loss of chlorophyll content in sugarcane 
subjected to drought conditions were also 
observed in other studies (Cha-Um and Kirdmanee 
2009; Jangpromma et al. 2010b). 
During the water deficit period, the TCP02-4587 
genotype maintained high water potential, while 
the HoCP93-776 genotype displayed a marked 
reduction (-1.9 MPa versus -2.4 MPa, 
respectively) (Fig. 4A). Field studies found Ψw 
values ranging from -0.5 MPa, under well-watered 
conditions to -2 MPa under drought conditions 
(Koonjah et al. 2006; Smit and Singels 2006). 
Endres et al. (2010) reported Ψw values between -
1.8 to -2 MPa in sensitive varieties of sugarcane 
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subjected to water deficit and -1.5 MPa in tolerant 
varieties. Therefore, the foliar water potential was 
efficient at indicating the water state of the plants 
and differentiating the genotypes. 
Due to the low water availability in the substrate, a 
positive correlation between Ψw, stomatal 
conductance and photosynthesis in both genotypes 
was observed (Table 1). Similar effects were 
demonstrated in different sugarcane genotypes 
cultivated under water deficit conditions in the 
field (Smit and Singels 2006; Endres et al. 2010). 
It could be inferred that the TCP02-4587 genotype 
provided better drought adaptations under the 
present experimental conditions. This could be 
explained by a possible osmotic adjustment that 
occurred during water deficit (Jamaux et al. 1997). 
During the water deficit period, the HoCP93-776 
genotype had a low relative leaf water level value 
at 77.8%, whereas the TCP02-4587 genotype 
reached 83.8% (Fig. 4B). The maintenance of the 
RWC in the TCP02-4587 plants may be the result 
from protoplasts being hydrated for a longer time 
period during water shortage conditions. This may 
also be an indicator of the degree to which the 
tissues and cells are hydrated, which is a crucial 
factor for optimal physiological functioning (Begg 
and Turner 1976). Silva et al. (2011) determined 
average RWC values from 73% to 79% for 
sensitive sugarcane genotypes and RWC values 
from 85 to 87% for tolerant genotypes under water 
deficit conditions in the field. This confirmed that 
tolerant plants possessed higher capacity to save 
water during the drought period. Silva et al. 
(2007); Rodrigues et al. (2009) and Graça et al. 
(2010) also observed a small RWC reduction in 
the tolerant genotypes, with an average RWC 
above 80%. According to Graça et al. (2010), the 
decreased relative water content stimulates an 
adjustment of the photosynthetic capacity to 
tolerate the changes in water availability. This 
study illustrated that the TCP02-4587 genotype 
maintained relatively high RWC values during 
water restriction, thereby indicating drought 
tolerance in this genotype.  
 
 
CONCLUSIONS 

 
The TCP02-4587 genotype was more tolerant to 
water deficit during the initial phase of 
development than the HoCP93-776 genotype. This 
characteristic was attributed to TCP02-4587’s high 
capacity to economize water in its leaves, a higher 

leaf water potential, a higher efficiency of stomatal 
control, a higher efficiency in the use of water, a 
higher intrinsic efficiency of water use, a higher 
carboxylation efficiency and a higher 
photosynthetic capacity. Therefore, due to 
variations in the physiological responses between 
the genotypes, further studies should be performed 
concerning these variables in variety improvement 
programs to develop water deficit tolerant 
varieties.  
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