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ABSTRACT 
A significant area of cotton production are located in limited rainfed 

areas. Being a commercially important crop, improvement of drought 
tolerance has received increasing attention in crop improvement programs. 
Currently, the emphasis is to identify and assess variability in specific traits 
of roots, water use efficiency (WUE), and other physiological traits that have 
relevance in enhancing drought stress tolerance. The objective of this study to 
assess the phenotic variability of some drought tolerant traits and establishing 
the use of carbon and oxygen stable isotopic signature as surrogate to WUE 
and transpiration respectively.  

Thirteen advanced breeding lines (F7) of cotton raised in containers 
holding 30 kg soil. After seedling establishment, 50 days after sowing (DAS) 
at the field facility of Department of Crop Physiology, University of 
Agricultural Sciences, Bangalore, India, physiological parameters influencing 
WUE and biomass accumulation during vegetative phase of crop 
development (50- 80 DAS) were assessed. Significant genotypic variation 
was observed in canopy cover (Leaf Area Duration), total dry biomass 
(TDM) and cumulative total water transpired (CWT). TDM accumulated 
showed a significant association with leaf area and CWT but not with WUE. 
Based on the relationships of WUE with physiological traits such as Mean 
Transpiration and Net Assimilation Rates, WUE of the examined cotton 
genotypes was under a strong stomatal control. Results of the stable carbon 
and oxygen isotopes ratios further revealed a lesser inference of chloroplast 
capacity on WUE. It is demonstrated that cotton lines with higher chloroplast 
capacity can still be identified from “conductance types” lines. Through, the 
uses of a dual isotope approach as useful selectable strategy in yield 
improvement in cotton.  

Key Words: Carbon isotope discrimination, Cotton, Oxygen isotope 
enrichment, Water use efficiency. 

INTRODUCTION 
Cotton is an important commercial crop that drives the textile industry 

besides being the second largest oilseed crop in the world. Cotton is 
cultivated in more than seventy countries from tropical to subtropical 
regions in the world (Yu and Kohel, 1999). Although selection for high 
absolute yield was a successful strategy for crop improvement, the narrow 
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variability in yield per se among improved cultivars, and the low heritability 
for yield indicate that this strategy may not provide the required breeding 
advantage (Blum, 2009). It is suggested that constitutive sub component 
traits need to be put together into a single genetic background to achieve 
improved productivity through a novel trait based breeding strategy.  

A large number of adaptive as well as constitutive traits have been 
identified and are being proposed for exploitation in crop improvement for 
water limited conditions (Richards, 1996; Miflin, 2000; Collins et al., 2008). 
From the agronomic point of view, any trait has relevance only when it is 
associated with superior growth rates under limited water condition 
(Udaykumar and Prasad, 1994; Sheshshayee et al., 2003). Traits associated 
with water mining from deeper soil layers (roots), efficient use of water for 
biomass production (WUE - the amount of biomass produced per unit of 
water transpired) deserve greatest emphasis (Passioura, 1976 and 1986). 
Significant stimulation to selection for these traits was provided with the 
advent of high throughput stable isotope based approaches. 

Theory linking the carbon isotope discrimination (Δ13C) with WUE is 
well established (Farquhar et al., 1989). It was validated in several species 
of crop plants (White et al., 1996; Ashok et al., 1999; Sheshshayee et al., 
2003; Condon et al., 2004; Bindumadhava et al., 2005; Impa et al., 2005; 
Nadaradjan et al., 2005) including cotton (Saranga et al., 1998; Stiller et al., 
2005). 

However, progress in breeding for improved WUE was not encouraging 
as a reduction in biomass or yield was often noticed while selecting for high 
WUE (Rishards et al., 2002). A possible explanation for the reduction in 
biomass in high WUE types was provided by Udaykumar et al., (1998b) and 
Sheshshayee et al., (2003). More recently Blum (2009) proposed that 
effective use water (EUW) is more appropriate parameter than WUE. 
However, for a comprehensive improvement in growth rates under water 
limited conditions both water mining abilities as well as efficient use of 
water for biomass production are essential. This necessitates the assessment 
of genetic variability in both of these traits.  

Carbon isotope discrimination (Δ13C) has been accepted as a time-
averaged surrogate for WUE (Farquhar et al., 1989), it was shown that 
oxygen isotope enrichment is a good surrogate for transpiration rate 
(Sheshshayee et al., 2005 and 2010). In this work, the relevance of carbon 
and oxygen isotope ratios in identifying cotton lines with higher WUE 
despite relatively high transpiration is examined.  
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MATERIALS AND METHODS 
Plant material: 

This study was conducted during the summer of 2010 at the field 
facility of Department of Crop Physiology, University of Agricultural 
Sciences, Bangalore, India. Thirteen cotton lines (Gossypium hirsutum L.) 
in advanced stage of selections (F7) for yield (Table 1) were sown in 
carbonized rubber containers filled with approximately 30 kg rooting 
mixture of red loamy soil and farmyard manure in 3:1 proportion (v/v). The 
water held by the soil at field capacity was determined gravimetrically and it 
was 21% v/w. A single plant was maintained per container. The containers 
were arranged in Completely Randomized Design (CRD) with eight 
replications at the rate of two containers per replication.  

Table 1. List of thirteen cotton lines (G.hirsutum). 

Serial No. Lines names 

1 Br-04(a)1CHT 5401 
2 Br-04(a)1CHT 5403 
3 Br-04(a)1CHT 5404 
4 Br-04(a)1CHT 5405 
5 Br-04(a)1CHT 5407 
6 Br-04(a)1CHT 5408 
7 Br-04(a)1CHT 5409 
8 Br-04(a)1CHT 5410 
9 LRA-5166 

10 DIS -22 
11 CNH-32 
12 CNH-29 I 
13 DIS-380 

Gravimetric approach to determine the WUE and associated physiological 
traits: 

WUE and associated physiological traits were measured as per 
Udaykumar et al., (1998a) and Cernusak et al. (2008). Over a period of 30 
days between 50 and 80 days after sowing (DAS). This period coincides 
with the peak vegetative growth in cotton. The method involved weighing 
the containers on a daily basis using a mobile weighing device. The soil 
surface of all containers was covered with pieces of plastic to minimize 
evaporation of water from the soil surface. The water status of the soil in 
containers was returned to field capacity every day during morning hours. 
At the start of the gravimetric experiment (50- DAS), the soil water status 
was brought to field capacity (FC) by adding the appropriate volume of 
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water, predetermined for each container. The amount of water added over 
the experimental period of 30 days was summed up (CWAplanted) to arrive 
the total evapo-transpiration (ET). Simultaneously, a set of four containers 
filled with the same soil mixture were maintained without plants but with 
the soil surface covered with plastic pieces, to determine the direct soil 
evaporation. The water added to each of the containers without plant was 
also summed (CWAempty) over the experimental period to measure the total 
evaporation (E). Containers were arranged randomly under a mobile rainout 
shelter (Chauhan et al., 1997) which was moved over the experimental area 
at night and during rain episodes (if any). Total water transpired by plants 
(i.e., cumulative water transpired or CWT) over the experimental period was 
calculated as the difference between ET (CWAplanted) and E (CWAempty). At 
the start (50 DAS) and at the end (80 DAS) of the experiment, plants from a 
representative set of containers consisting of two replications (four 
containers) were carefully removed from soil and leaf, stem and root 
biomass was separately determined. The total leaf area was determined form 
each individual plant by using a leaf area meter (MK-2, Delta-T devices, 
England). The remaining 12 containers (six replications) were used to 
record the final data (on 80 DAS) as well as for determining total water 
transpired. WUE was calculated as the ratio of biomass produced during the 
experimental period to CWT and expressed as g biomass per liter water 
transpired.  

The two physiological traits namely, Mean Transpiration Rate (MTR) 
and Net Assimilation Rate (NAR) were computed according to Hunt (1978) 
and Escalant and Kohashi (1993) 

MTR = (CWT/LAD) 
NAR = (TDM/LAD) 
Where LAD, the leaf area duration during the experimental period, was 

determined using the equation LAD = {(LA50DAS+ LA80DAS)/2} × 30 and 
expressed as m2 days (Power, et al., 1967). Since the experimental period 
coincided with the peak vegetative phase, the increment in leaf area between 
50 and 80 DAS was assumed to be linear. 

While the net assimilation rate (NAR) is a time-averaged measurement 
of photosynthetic rate, MTR is a good measure of time-averaged measure of 
stomatal conductance (Udayakumar et al., 1998a; Impa et al., 2005). 

Measurement of stable isotope ratios in leaf biomass: 
Carbon isotope ratio: Carbon isotope ratio was determined with an 

isotope ratio mass spectrometer (IRMS; Delta-plus, ThermoFisher 
Scientific, Bremen, Germany) interfaced with an elemental analyzer 
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(NA1112, CarloErba, Italy) via a continuous flow device (Conflo-III, 
ThermoFisher Scientific, Bremen, Germany). A composite leaf sample, 
comprising of 10 mature leaves representing all positions of the plant 
canopy, were harvested and oven dried for 3 days at 70°C and homogenized 
to a fine powder with a ball mill. Six replications from each cotton line were 
analyzed for δ13Clb with an analytical uncertainty of < 0.1‰. Carbon isotope 
discrimination (∆13C expressed in ‰ per mil) was computed as follows, 
assuming the isotopic composition of atmospheric air (δ13Ca) to be -8‰ 
relative to Pee Dee Belemnite) (Farquhar et al., 1989): 

∆13C = {δ13Ca - δ13Clb}/{1+ (δ13Clb/1000)} 
Oxygen isotope ratio: The samples were pyrolysed at high temperatures 

using a temperature conversion elemental analyzer (TC/EA – Thermofisher 
Scientific, Brmen, Germany). The TC/EA was interfaced with the IRMS 
through a continuous flow device (Conflo-III). 18O enrichment in leaf 
biomass (∆18O) was computed (Sheshshayee et al., 2005) as: 

∆18O (‰) = δ18Olb - δ
18Oiw 

Where, δ18O is the isotopic composition in relation to VSMOW 
(Vienna Standard Mean Ocean Water) and subscripts lb and iw refer to leaf 
biomass and irrigation water, respectively. The δ18O in water used to irrigate 
plants, was determined by a CO2-H2O equilibrating device (Gas Bench-III). 
The average oxygen isotope composition (δ18Oiw) was found to be -3.75‰ 
±0.05. 

All stable isotope measurements were made at the National Facility for 
Stable Isotope Studies, Department of Crop Physiology, University of 
Agricultural Sciences, Bangalore, India. 

Statistical methods: 
An Analysis of Variance (ANOVA) was performed for each parameter 

to determine whether there were differences among cotton lines. Line means 
were separated by the use of least Significant Difference (LSD) at p ≤ 0.05 
using MSTAT-C software (Anonymous 1998). 

The relationship between parameters was analyzed via simple linear 
regression supported by Pearson’s correlation analysis. The analysis was 
conducted based on genotype mean. 

To classify the genotypes based on variations in traits, the specific traits 
in question were transformed into their standardized normal distribution 
values as follows: 

Z = (X – Xi)/σ 
Where, X is the overall mean of a specific parameter and Xi is the 

average of the ith individual; σ is the standard deviation of that parameter. 
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Weather parameters: The daily humidity and temperature data for the 
experimental period was obtained from the Agro meteorological station. 
Vapor pressure deficit (VPD) was computed based on the relative humidity 
and air temperatures measured twice a day at 7 AM and later at 2 PM as 
suggested by Tanner and Sinclair (1983) 

VPD = VPs – VPh 
Where, VPs is saturated vapor pressure of the air (mbar), was 

determined based on air temperature (t) using the equation (Allen et al., 
1998) VPs = (6.13753 × (et(18.564 - (t/254.4))))/(t+255.57) and VPh is 
actual vapor pressure of the air (mbar), was determined based on relative 
humidity (RH) using the equation VPh = (RH/100) × VPs  

Early morning VPD did not show marked fluctuations while the mid 
day VPD varied marginally during the experimental period (Fig. 1).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Regression of the air to air VPD during the experimental period (Julian days). 

RESULTS: 
Cotton lines differed significantly in the total amount of water 

transpired (CWT) which ranged from 11.40 to 16.90 L plant-1. Total 
biomass accumulated over the same period varied between 41.31 to 62.25 g 
plant-1 (Table 2). Leaf area duration (LAD), a measure of canopy cover 
varied from 6.49 to 9.35 m2 days representing a significant phenotypic 
variability (Table 2). TDM was strongly related with variations in CWT and 
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LAD (Fig. 2). At a given leaf area total transpiration depends on root traits. 
Accordingly a significant relationship between root weight and CWT was 
noticed (Fig. 3).  

Table 2. 
Mean of some physiological traits among thirteen cotton lines (G.hirsutum). 

Cotton line CWT TDM LAD WUE MTR NAR Root Wt. 

 (LPt-1) (g Pt-1) (m2 days) (g L-1) (L m-2days) (g m-2 days) (g Pt-1) 

Br-04(a)1CHT 5401  14.10 54.63 8.04 3.88 1.75 6.79 6.46 

Br-04(a)1CHT 5403 16.41 62.25 9.35 3.41 1.95 6.65 8.91 

Br-04(a)1CHT 5404 16.79 57.30 8.62 3.54  1.79 6.29 7.27 

Br-04(a)1CHT 5405 16.13 56.81 9.03 3.84 1.77 6.73 8.03 

Br-04(a)1CHT 5407 14.99 56.91 8.45 3.49 1.94 6.78 7.83 

Br-04(a)1CHT 5408 11.40 41.31 6.93 4.02 1.77 7.06 6.27 

Br-04(a)1CHT 5409 16.90 59.11 8.71 3.99 1.84 7.29 7.03 

Br-04(a)1CHT 5410 13.50 53.71 7.62 3.45 1.97 6.77 6.11 

LRA-5166 13.72 54.52 7.51 3.86 1.65 6.52 5.93 

DIS -22 14.37 49.61 7.29 3.62 1.75 6.32 5.59 

CNH-32 12.87 49.67 7.64 3.75 1.86 6.99 4.89 

CNH-29 I 14.62 52.90 8.39 3.29 2.04 6.73 6.39 

DIS-380 12.08 45.29 6.49 3.50 1.84 6.42 3.94 

Mean 14.5 53.4 8.0 3.7 1.8 6.7 6.5 

F test ** ** ** ** ** NS ** 

CV.% 9.19 9.23 7.67 7.35 8.30 8.00 10.03 

LSD (5%) 1.68 6.16 0.77 0.34 0.19 NS 1.41 

** Significant at the 0.01 probability level and NS: non-significant. Cumulative Water 
Transpired (CWT), Leaf Area Duration (LAD), Total Dry biomass (TDM), Water Use 
Efficiency (WUE), Net assimilation rate (NAR), mean transpiration rate (MTR), Root 
biomass (Root Wt.)  

 
Water use efficiency (WUE), the amount of biomass produced per unit 

water used, was arrived at by computing the ratio of TDM to CWT and a 
significant variability was noticed (Table 2).  
 
 
  
 
 



Evaluation of Phenotypic Variability for the Water Use and Water Use Efficiency ….                   Ehab Abou Kheir 

 

  
 
 

26

 
 
 
 
 

 
 
 
 
 
 
 

Fig.2. Relationship of total biomass (TDM) with (A) cumulative water transpiration (CWT) 
and (B) functional leaf area (LAD) amongst thirteen cotton lines (G.hirsutum). 

Stable carbon isotope discrimination (13C) routinely being used a 
surrogate for WUE, also differed significantly among the genotypes. As 
predicted by theory, a strong inverse relationship between 13C and WUE 
was noticed (Fig. 4). Though WUE is one of the important determinants of 
biomass accumulation, no discernible relationship between WUE and TDM 
was observed (Fig. 5). This lack of relationship clearly emphasizes the need 
for understanding the physiological basis of the variation in WUE. 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

Fig.3. Relationship between CWT and Root biomass  
amongst thirteen cotton lines (G.hirsutum). 
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Fig.4. Relationship between water use efficiency (WUE) and carbon isotope  
discrimination (13C) amongst thirteen cotton lines (G.hirsutum). 

  
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5. Relationship between water use efficiency (WUE) and total biomass (TDM)  
amongst thirteen cotton lines (G.hirsutum). 

The two physiological processes associated with WUE, namely, net 
assimilation rate (NAR) and Mean transpiration rate (MTR) were 
determined. Significant phenotypic variability was noticed for MTR but not 
for NAR (Table 2). 

Oxygen stable isotope enrichment (18O) was determined as a time 
averaged surrogate for MTR, which ranged between 25.32 ‰ and 26.98 ‰ 
representing significant variation (Table 3). A strong relationship between 
MTR and 18O illustrated in Fig. 6 reiterated the relevance of oxygen 
isotope enrichment as a convenient tool to rapidly assess variations in MTR. 
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Table 3. 
Phenotypic variability in carbon isotope discrimination (13C) and oxygen isotope 

enrichment (18O) among thirteen cotton lines (G.hirsutum). 
 Δ13C (‰) Δ18O (‰) 

Br-04(a)1CHT 5401 19.12 26.01 
Br-04(a)1CHT 5403 20.62 26.31 
Br-04(a)1CHT 5404 20.56 26.06 
Br-04(a)1CHT 5405 20.25 26.56 
Br-04(a)1CHT 5407 20.72 26.23 
Br-04(a)1CHT 5408 20.17 25.79 
Br-04(a)1CHT 5409 20.17 25.81 
Br-04(a)1CHT 5410 20.75 26.78 

LRA-5166 20.39 25.32 
DIS -22 20.13 25.53 
CNH-32 20.22 25.81 

CNH-29 I 20.96 26.98 
DIS-380 20.57 25.74 

Mean 20.32 26.10 
F test ** ** 
CV.% 4.45 5.10 

LSD (5%) 1.14 1.43 
** Significant at the 0.01 probability level. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6. Relationship between mean transpiration rate (MTR) and oxygen isotope  
enrichment (18O) amongst thirteen cotton lines (G.hirsutum). 

A significant inverse relationship of WUE with MTR (Fig. 7) and an 
insignificant regression line between WUE and NAR suggest that stomatal 
factors control the differences in WUE in these cotton lines. Based on the 
variations in the two stable isotope ratios, the cotton lines were classified 
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into four distinct categories (Table 4) and the total biomass of the lines in 
each of these groups was compared. Result presented in Table 4 revealed 
that at a given leaf area cover, differences in WUE and transpiration rate 
significantly contributed to total biomass. The lines categorized under low 
13C (high WUE) and high 18O (high transpiration rate) recorded the 
highest biomass of 55.7 g plant-1 while it was lowest among the category of 
high 13C and low 18O genotypes (50.48 g plant-1) (Table 4). Root biomass 
closely followed the same trend.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Relationship of water use efficiency (WUE) with (A) net assimilation rate (NAR) 
and (B) mean transpiration rate (MTR) amongst thirteen cotton lines (G.hirsutum). 

Table 4.  
Mean of Some physiological traits of four categories 

Note: values in a column with the same letter are not significantly different at LSD (0.05). 
Cumulative Water Transpired (CWT), Leaf Area Duration (LAD), Total Dry biomass 
(TDM), Water Use Efficiency (WUE), Net assimilation rate (NAR), mean transpiration rate 
(MTR), Root biomass (Root Wt.), carbon isotope discrimination (13C) and oxygen isotope 
enrichment (18O) and number of cotton lines in each category (n).  

  n
CWT LAD TDM WUE NAR MTR Root wt 13C 18O 

(L Pt-1) (m2 days) (g Pt-1) (g L-1) (g m-2days) (L m-2 days) (g Pt-1) (‰) (‰) 

High 18O 
Low 13C

3 14.54b* 8.24a 55.77a 3.86a 6.76a  1.76b 7.25a 20.27c 26.34a

Low 18O 
low 13C 

3 13.48c 7.50b 51.60bc 3.85a 6.92a 1.80b 5.94b 20.17c 25.76b

Low 18O 
high 13C

4 13.76c 7.83ab 50.48c 3.68b 6.47a 1.77b 4.93c 20.48b 25.61b

High 18O 
high 13C

3 15.59a 8.08a 53.31b 3.43c 6.61a 1.94a 7.17a 20.72a 26.53a
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DISCUSSION 
Cotton production globally is severely constrained by water availability. 

With limited options for expanding area under irrigation, emphasis must be 
on improving drought tolerance of cotton lines to enhance productivity. A 
highly orchestrated “trait based” breeding strategy is needed to achieve 
improved productivity of crops (Richards, 1996; Condon et al., 2004; 
Reynolds and Tuberosa, 2008). Global research has therefore concentrated 
on identifying relevant traits for crop improvement (Richards et al., 2002; 
Sheshshayee et al., 2003; Blum, 2009). 

Among several traits are those that help in maintaining tissue water 
relations and efficiency of water use for biomass production (Passioura, 
1986; Sheshshayee et al., 2003; Reynolds and Tuberosa, 2008). Water 
uptake, a mass flow mechanism, is dependent on transpiration as well as the 
ability of roots to supply water to meet the transpirational demand of the 
canopy. Since stomata are the only pores that control the diffusion of both 
water vapor during transpiration and CO2 during photosynthesis, a strong 
interdependence between transpiration and biomass accumulation is 
generally noticed (Fig. 2a). Evolutionarily, plants minimized transpiration as 
a water conservation strategy to survive water limited conditions. Because 
of a strong link between transpiration and photosynthesis, any reduction in 
transpiration is normally associated with reduced biomass. This results in a 
negative tradeoff between WUE and biomass production (Richard et al. 
2002; Condon et al. 2004). Though evolutionarily significant, increase in 
WUE through a reduction in transpiration would be counterproductive 
(Sheshshayee et al., 2003; Reynolds and Tuberosa, 2008; Blum, 2009). This 
means that better uptake of water associated with roots appears to be a better 
strategy to improve productivity of dry land crops. Blum (2009), reviewing 
the ongoing crop improvement efforts opined that effective use of soil water 
is important for better growth of plants under water limited conditions.  

A strong positive relationship between root biomass and transpiration 
(Fig. 3) and between transpiration and total biomass accumulated (Fig. 2a) 
within the cotton lines implied that improving root traits would be relevant. 
However, there are two problems associated with such attempts. The first is 
assessing the genetic variability in roots is a herculean task, while the 
second is enhancing water uptake under water limited rain fed conditions 
might become detrimental for productivity (Condon et al., 1993). Deep 
rooted plants are known to exhaust water early and would experience a 
definite end season stress.  
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Efforts have also been made to increase the rapidity of canopy cover as 
an approach towards decreasing the soil evaporation losses. A strong 
positive association between leaf area duration development and total 
biomass accumulated (Fig. 2b) within these cotton lines reiterates the 
possibility of achieving higher growth rates through canopy development. 
Canopy cover, besides increasing the surface area for photosynthesis also 
contributes to higher transpiration rate and hence may not help under water 
limited rain-fed conditions (Stastna et al., 2002; Impa et al., 2005). Hence a 
simultaneous improvement in the efficiency of water use (WUE) would be 
extremely relevant for achieving a comprehensive improvement of growth 
and productivity under water limited conditions (Sheshshayee et al., 2003; 
Reynolds and Tuberosa, 2008). 

If all plants were provided with the same amount of water for 
transpiration, the genotypes with higher WUE would result in higher crop 
growth rate. This is in accordance with the Passioura yield model 
(Passioura, 1986) which has formed the framework of several breeding 
programs (Richards et al., 2002; Sheshshayee et al., 2003; Condon et al., 
2004). A low genotype by environment interaction for WUE (Ismail and 
Hall 1992 and 1993; Hebbar et al., 1994; Ashok et al., 1999) and high broad 
sense heritability (Hubick et al., 1988; Merah et al., 1999; Ray et al., 1999; 
Zacharison et al., 1999; Rebetzke et al., 2002; Richards et al., 2002) have 
rendered WUE a very useful trait. Hence, besides assessing the genetic 
variability in CWT, LAD and root traits, it is equally important to generate 
information on the variability in WUE.  

Methods for the assessment of variability in WUE range from the 
tedious though accurate, gravimetric approaches (Udayakumar et al., 1998a) 
to the time instantaneous gas exchange approaches (Caemerrer and 
Farquhar, 1981; Condon et al., 2002). However, a tremendous impetus to 
the efforts of assessing the phenotypic variability in WUE was provided 
with the discovery that plants discriminate against the heavy isotope of 
carbon (13C) during photosynthesis (O’Leary, 1988) and the demonstration 
of its association with WUE in crop plants (Farquhar et al., 1989). Several 
workers have since validated the 13C as a selectable parameter in breeding 
programs attempting to improve WUE (Udayakumar, 1998a; Saranga et al., 
1998; Sheshshayee et al., 2003; Impa et al., 2005; Stiller et al., 2005). 

A strong inverse relationship between 13C and WUE measured 
gravimetrically (Fig. 4) reiterated the relevance of carbon isotope signature 
as a time averaged surrogate for WUE. Although variability was significant, 
the range in WUE was narrow (Table 2). Similar observation was also 
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reported by Pettigrew and Meredith (1994) in cotton. This is may be due to 
the fact that modern cotton cultivars have been mainly selected for specific 
properties such as high yield, good fiber characteristics and adaptation to 
mechanical harvesting (Rosenow et al., 1983). Thus, the variability in 
several physiological parameters is expected to be narrow and efforts must 
be made to assess the actual variability in 13C using diverse cotton 
accessions.  

Despite the establishment of the relevance of WUE and development of 
a powerful high throughput screening option, many breeding attempts were 
unsuccessful. A reduction in total biomass or yield while selection for high 
WUE was one of the major reasons (Blum, 2005 and 2009). In the present 
investigation also, there was no relationship between WUE and total 
biomass (Fig. 5). Such lack of relationship between WUE and total biomass 
or yield has also been reported for several crop plants (Hubick et al., 1986; 
Richards and Condon, 1993; Richards, 1996; Condon et al., 2002 and 
2004). On the contrary, depending upon the growing conditions, positive 
(Matus et al., 1995; Richards, 1996; Rebetzke et al., 2002; Richards et al., 
2002) and negative relationships between ∆13C and total biomass have also 
been reported (Richards and Condon, 1993; Condon and Hall, 1997; 
Condon et al., 2002). This high degree of inconsistency of relationship 
between WUE and biomass potentially dampened the enthusiasm of the 
plant breeders. To fully exploit the advantages of these traits like roots and 
WUE, it is essential to further dissect the traits and understand the 
physiological factors that regulate variations especially in WUE (Farquhar 
and Lloyd, 1993; Sheshshayee et al., 2003). The net assimilation rate (NAR) 
and mean transpiration rate (MTR) within the cotton lines were measured. 
The calculated genetic variation was significant (Table 2). Examining the 
relationship of WUE with these physiological traits is a simple approach to 
assess the physiological factor that determines the variability in WUE. The 
strong inverse relationship of WUE with MTR (Fig. 7b) and not with NAR 
suggests that WUE of these cotton lines is under stomatal control. In such 
lines called the “conductance” type, selection for high WUE would 
invariably result in reduction of biomass (Blum, 2009; Lu et al., 1996)  

This necessitates the identification of genotypes where chloroplast 
capacity determines the variations in WUE. Farquhar and Lloyd, (1993) 
called such lines as “Capacity” types and several experiments reported that 
the negative tradeoff between WUE and biomass is weak among such 
capacity types that are characterized by high WUE despite a relatively high 
total transpiration (Ashok et al., 1999; Sheshshayee et al., 2006) Hence, one  
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needs to assess the genetic variability in both WUE and transpiration.  
While carbon isotope ratio is a powerful surrogate for WUE, 

experimental evidences for the relevance of oxygen isotope discrimination 
as a surrogate for transpiration rate was reported (Sheshshayee et al., 2005). 
In the present study, 18O and MTR were significantly related (Fig. 6). 
Although the application of oxygen isotope ratio as a measure of stomatal 
conductance has been equivocal, there is considerable consensus to the fact 
that oxygen isotope ratio is a good surrogate for transpiration rate (Farquhar 
et al., 2007; Cernusak et al., 2008). Besides stomatal conductance vapor 
pressure deficit of air is an important determinant of transpiration. While a 
positive relationship between VPD and transpiration is generally 
recognized, stomatal conductance decreases as VPD increase (El-Sharkawy 
et al., 1985). Since all the genotypes of this study experienced the same 
VPD (Fig 1), the difference in MTR between the genotypes would arise 
predominantly due to differences in stomatal conductance. Hence the 
genetic difference in 18O was primarily due to variations in stomatal 
conductance. A mathematical explanation has been reported earlier by 
Sheshshayee et al., (2010). 

Genotypes with superior chloroplast capacity would typically display 
higher WUE despite a relatively high transpiration rate and are hence 
desirable (Blum, 2009). To identify such lines, the cotton lines were 
classified based on the difference in 13C and 18O. The cotton lines with 
high 18O and low 13C (corresponding to high transpiration rate and high 
WUE) had the highest total biomass compared to genotypes with other 
combinations of the two stable isotope ratios (Table 4). This observation 
further proves that stable isotopes can be effectively used for identifying 
chloroplast capacity types. 

The results from this study clearly suggest that WUE among cotton 
breeding lines is strongly controlled by stomatal factors. Promising 
“capacity” types can still be identified based on stable isotope ratios. The 
cotton lines that had higher WUE despite a relatively higher transpiration 
did so because of a high root biomass and significantly deeper roots. Thus, a 
stable isotope based approach would be extremely useful in assessing the 
physiological regulation of WUE. The identified lines can be used in 
hybridization programs and the dual stable isotope approach can be 
effectively adopted for identifying the trait put together lines from among 
the segregating populations.  
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