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Abstract 

Upland cotton (Gossypium hirsutum) is cultivated in many contrasting production 

environments and is often subjected to a combination of abiotic stresses such as high 

temperature (heat) and water deficit (drought) stress.. In the present dissertation, two 

recombinant inbred line populations were constructed from heat-tolerant and -susceptible 

parental lines and evaluated in multiple environments under the presence of two 

treatments, well-watered (heat stress) and water-limited in the presence of high 

temperature (combination of heat and drought stresses). We assessed two agronomic 

traits, seed cotton yield and lint yield, as well as six fiber traits, lint percent, micronaire, 

length, strength, uniformity, and elongation. Fiber traits had moderate to very high broad-

sense heritabilities, while heritabilities of agronomic traits were lower for both 

populations in each irrigation regime. Correlations between traits were not effected by the 

irrigation regimes. A stability analysis across the range of environments tested 

demonstrated that high seed cotton yield performance and greater stability may play a 

role in tolerance to the combination of heat and drought stresses. Additionally, we 

constructed linkage maps for both recombinant inbred line populations and mapped QTL 

controlling variation all eight traits. A total of 138 QTL were identified across 

populations for the eight traits. Climate change in the form of rising temperatures and 

reduced water availability will increase the occurrence of the combination of heat and 

drought stresses in a farmer’s field. Thus, current cotton breeding programs will need to 

focus on the development of cotton varieties tolerant to heat, drought, and the 

combination of the two.   
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Abstract 

Global climate change in the form of rising temperatures and increasingly 

variable rainfall patterns, along with heightened competition for scarce natural resources, 

potentially threatens the sustainability of cotton cropping systems. Thus, future cotton 

production is likely to occur under an increased prevalence of multiple abiotic stresses, 

including extreme and prolonged high temperatures and water deficits. Studying the 

phenotypic consequences of heat and drought stress on cotton tends to be conducted in 

highly controlled growth chambers or greenhouses, but such experimental designs cannot 

precisely emulate the complexity of real-world field conditions. The objective of this 

article is to review the separate influence of heat and drought stress on cotton, outline 

current known effects of the combination of heat and drought on cotton and model plant 

species, discuss the genetic dissection of stress tolerance traits in cotton, investigate the 

potential of field phenotyping for evaluating cotton stress tolerance traits, and finally 

offer perspectives on the development of stress-tolerant cotton germplasm. It is of 

increasing importance that we start to examine the combined effects of heat and drought 

on cotton productivity under field conditions. Importantly, the integration of approaches 

from several disciplines is needed to allow cotton breeders to efficiently develop superior 

cultivars for optimal stress resilience in a farmer’s field.
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Introduction 

Cotton (Gossypium spp.) is the most important fiber crop in the world with over 

125 million bales produced in the 2011/2012 season. China is the top producer of cotton 

with 34 million bales produced followed by India (27.5 million bales), United States 

(15.6 million bales), Pakistan (10.6 million bales), and Brazil (8.7 million bales) (USDA, 

2013). However, climate change on a global scale in the form of rising temperatures, 

increasingly variable rainfall patterns, and heightened competition for scarce natural 

resources potentially threatens the long-term sustainability of cotton production. In the 

last two years, Texas and the Southeast cotton-growing regions of the U.S., which 

account for more than 60% of domestically-grown cotton (NASS, 2012), experienced 

record high temperatures and droughts, resulting in a concomitant reduction in cotton lint 

yield and continued depletion of groundwater reserves. It is estimated that the Ogallala 

Aquifer, one the largest aquifers in the U.S. and the main source of ground water in 

Texas, dropped nearly 1.5 meters between 2010 and 2011 (Neffendorf and Hopkins, 

2013). Exemplifying the economic devastation brought on by a severe climatic episode, a 

record 55% of planted cotton acres were abandoned with an estimated economic loss of 

~$2.2 billion during the 2011 drought in Texas alone (Anderson et al., 2012). 

Cotton lint yield is dependent on several factors such as genotype, environment, 

and management. In addition to the individual effects of these factors, their interactions 

among them also affect crop production, especially under environmental stress 

(Romagosa and Fox, 1993). Furthermore, crops are often simultaneously exposed to 

multiple abiotic stresses such as extreme heat and drought under field conditions 

(Rizhsky et al., 2004). Even though cultivars are typically well-adapted to specific 
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growing environments and selected for maximum genetic potential, the lack of available 

water and exposure to high temperatures can often act as an insurmountable barrier for a 

cotton crop to reach its maximum yield potential. To mitigate these environmental 

effects, it is a common management practice to increase soil moisture holding capacity 

through the use of a cover crop, practice minimum tillage, or build moisture in the soil 

profile through the use of fallow periods. These management practices aid in increasing 

yield performance of locally adapted, stress-tolerant cultivars in dry-land cropping 

systems. 

The phenotypic consequences of combined heat and drought stress on cotton or 

even model plant organisms have not been thoroughly explored. Additionally, most 

experiments exposing cotton plants to a single abiotic stress have been conducted in 

highly controlled growth facilities. These experiments have provided insight into how a 

single abiotic stress can alter cotton physiology and metabolism. However, to 

dramatically improve cotton productivity over the next decades, this information must be 

extrapolated and tested in field environments to rigorously assess cotton productivity 

under abiotic stresses. By testing under field conditions, abiotic stresses can be imposed 

on plants at the community level in the presence of natural soil and weather conditions 

that are simply impossible to accurately replicate in growth chambers and greenhouses. 

In the current review, we focus on the independent influence of heat and drought 

stress on cotton development and physiology. We highlight findings of previous work 

that studied the combined effect of heat and drought in other plant species and examine 

the first study that analyzed this combination under field conditions in cotton. Next, we 

review quantitative trait locus (QTL) analyses of traits related to heat or drought 
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tolerance and discuss the potential application of field-based phenotyping for stress-

tolerance traits. Finally, we offer perspectives on the genetic improvement of cotton for 

environments prone to heat and drought conditions. Interested readers may also refer to 

previous reviews on other aspects of abiotic stress in cotton (Loka et al., 2011; Oosterhuis 

and Snider, 2011; Saranga et al., 2009). 

 

Heat Stress Effects on Cotton  

The reproductive growth phase of cotton is the most vulnerable to heat stress. 

This is of primary concern given that peak bloom often occurs during periods of high 

daytime air temperatures throughout many of the cotton producing regions in the U.S. 

(Brown, 2008). There are several routes through which heat stress at peak bloom can 

negatively affect the reproductive performance and eventual lint yield of cotton (Brown 

and Zeiher, 1997; Hodges et al., 1993; Oosterhuis and Snider, 2011; Reddy et al., 1992). 

Growth chamber, greenhouse and field studies conducted by the University of Arizona’s 

Cooperative Extension revealed that heat stress produces floral abnormalities around 15 

days after the initial exposure to high temperatures (Brown and Zeiher, 1997; Brown, 

2001; Brown, 2008). These floral abnormalities include smaller inflorescences, shorter 

anther filaments with non-dehiscent anthers, and asynchronous development of 

reproductive organs.  

To further understand the effects of heat stress on cotton development, Reddy et 

al. (1992 and 1993) conducted a series of growth chamber experiments to examine 

square, flower, and boll retention in the presence of temperatures ranging from 30 to 40° 

C, a temperature range 3 to 8° C higher than the predicted critical temperature threshold 
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for cotton (Schlenker and Roberts, 2009). High daytime temperatures of 40° C for 56 

consecutive days after emergence resulted in lower boll weight. Bolls at these 

temperatures weighed only 0.8 g plant
-1

 compared to optimum temperatures where bolls 

weighed 143.3 g plant
-1

. In addition, fruit abscission occurred at 93% of the fruiting 

positions of cotton grown at 40° C (Reddy et al., 1992). Subsequently, Reddy et al. 

(1993) demonstrated that node addition rate was positively correlated with temperatures 

up to 40° C and that as temperatures increased, initiation of reproductive branches 

declined, but initiation of vegetative branches increased. As bolls are abscised due to high 

temperature stress, a switch to vegetative growth is generally observed, providing further 

confirmation that the delicate balance between vegetative and reproductive growth in 

cotton determines final yield. 

Pollen development, tube growth, and fertilization are postulated to be the most 

heat-sensitive stages of the reproductive growth phase in cotton (Zinn et al., 2010). In a 

study identifying proper methods for in vitro analysis of cotton pollen, Burke et al. (2004) 

found that pollen germination rates decreased as temperature increased to 40° C and that 

germination of pollen was almost completely arrested at 43° C. Reduced in vitro pollen 

tube growth at high temperatures also resulted in slower growth of the pollen tube 

through the style and a lower percentage of fertilized ovules, termed fertilization 

efficiency (Snider et al., 2011; Snider et al., 2009). Notably, decreased fertilization 

efficiency subsequently led to higher boll abortion rates. 

One aspect of heat stress where limited data exists is the influence of heat stress 

on cotton seed germination and seedling development. This is important to note because 

some cotton production areas, such as India, experience high temperature stress at sowing 
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and early seedling development. Ashraf et al. (1994) has shown that the germination 

percentage, shoot fresh and dry mass, leaf water potential, leaf soluble proteins, total 

amino acid content, and epicuticular wax content of five Upland cultivars were affected 

under heat stress during germination and early seedling development. Also, results from 

this study demonstrated a positive correlation between heat tolerance at germination and 

early seedling development.  

High-temperature stress also disrupts physiological and biochemical processes 

that underpin yield, and more specifically, carbon fixation. Some protection from high 

temperatures and other stresses is conferred by expression of heat shock proteins (HSPs) 

that maintain proper folding of other proteins during stress. Induction of cotton HSP 

expression at 37° C or higher (Fender and O'Connell, 1989) is concordant with the 

temperature thresholds determined by Reddy et al. (1992). Species-specific protection of 

carbon fixation under heat stress appears to be possible through a specific form of cotton 

Rubisco activase that functions to prevent the dissociation of Rubisco activase subunits 

under conditions of heat stress (Law et al., 2001).  

Movement of newly fixed carbon assimilates to growing organs is also affected 

under high-temperature stress. Snider et al. (2009) suggested that carbon assimilate 

concentration and flow from the leaf subtending the boll is disrupted in the presence of 

high temperatures. Further analysis concluded that the stability of Photosystem II 

declines as temperature increases, limiting carbon asssimilate production and thus the 

reasources avaliable for reproduction. This suggests a physiological link to low 

reproductive success in cotton (Snider et al., 2010; Snider et al., 2009).  
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In addition to high day-time temperatures, high night-time temperatures also 

affect cotton growth and development by increasing respiration, which consumes 

significant amounts of energy stored as sucrose or hexose (Loka and Oosterhuis, 2010). 

The lack of carbon assimilate production and flow with a resultant increase in carbon 

assimilate usage during respiration starves the plant during times of peak energy demand 

such as flowering. In addition to alterations in carbon assimilation, high night-time 

temperatures reduce net photosynthetic activity, leading to an eventual reduction in yield 

(Pallas, 1973).  

 

Drought Stress Effects on Cotton 

Upland cotton (Gossypium hirsutum L.) which comprises nearly 90% of the 

cotton grown worldwide is believed to have been first domesticated in the semi-desert 

environments of Southern Mexico and Northern Guatemala (Brubaker et al., 1999; 

Brubaker and Wendel, 1994). Even though cotton is adapted to the high temperatures and 

limited water availability in these semi-desert environments, its production uses between 

2158 and 3906 m
3
of water each season, depending on cultivation practices and 

atmospheric conditions (McWilliams, 2003). Thus, cotton is vulnerable to the threat of 

diminishing water resources. Moreover, the timing, duration, and severity of drought 

throughout the life cycle of cotton dictate potential yield losses (Boman and Lemon, 

2006; Edmisten et al., 2007; McWilliams, 2003). The developmental stages for which 

adequate water supply is most important include stand establishment, pre-bloom, and 

post-boll set (McWilliams, 2003). The amount of moisture needed per stage depends 
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greatly on plant transpiration and soil evaporation (Allen et al., 1998b), which commonly 

both increase under high temperatures. 

Water deficit generally affects cotton more adversely than heat stress. The most 

obvious effect of drought stress is on plant height. Several studies have demonstrated that 

the height of water stressed plants can be reduced by 9 to 29% compared to well-watered 

plants (Pace et. al., 1999; Pettigrew, 2004). Additionally, leaf area, leaf dry weight, root 

diameter, and node number are significantly decreased in the absence of adequate water 

supply. However, the root:shoot ratio has been shown to increase under drought stress as 

plant root length increases to seek additional water within the soil column (Ball et al., 

1994; Eaton and Ergle, 1952; Pace et al., 1999; Pettigrew, 2004; Shahenshah and Isoda, 

2010; Wilson et al., 1987). Decreased leaf canopy size is also observed under drought 

stress, which reduces the amount of solar radiation captured by the canopy, thus reducing 

the moisture needed for the plant to thrive (Ball et al., 1994; Pace et al., 1999; Pettigrew, 

2004). Cotton boll size is also negatively affected by water deficits. Significant decreases 

in fiber quality have also been observed for traits such as staple length, seed index, lint 

index, and fiber maturity (Eaton and Ergle, 1952; Wen et al., 2013). 

In addition to the morphological effects of water stress, a cotton plants metabolic 

output is influenced by lack of water. Lower photosynthetic rates resulting from reduced 

rates of light-adapted PSII quantum efficiency and photosynthetic electron transport have 

been reported (Deeba et al., 2012; Genty et al., 1987; Pettigrew, 2004; Shahenshah and 

Isoda, 2010). Under low-water conditions, cotton leaf temperature increases between 3.5 

and 4.5° C (Carmo-Silva et al., 2012; Pettigrew, 2004), due to reduced transpiration 

(Shahenshah and Isoda, 2010). 
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Another measure of cotton drought tolerance is water-use efficiency (WUE), 

which is defined as the ratio of an agronomic unit (such as yield, biomass, or 

carbohydrates) produced per unit of soil water lost or transpired (Condon et al., 2004). 

The topic of WUE has come into the spotlight in recent years as a possible target to 

improve the drought tolerance of crops. In cotton, Fish and Earl (2009) demonstrated that 

WUE can be predicted based on a simple measurement of epidermal conductance of 

leaves adapted to the dark. However, lack of consistency in the relationship of WUE with 

cotton yield has reduced confidence in selection for WUE traits to improve yield (Leidi et 

al., 1999; Stiller et al., 2005). 

Gene expression profiling of cotton under water deficits by Park et al. (2012) and 

Payton et al. (2011) has identified a total of 2,625 differentially expressed genes between 

roots and leaves. Interestingly, in both studies, more metabolic genes were found 

differentially expressed in root tissue compared to leaf tissue, suggesting a greater 

perturbation of root metabolism during water stress or greater stability in root tissue. 

Genes other than HSPs, reactive oxygen species (ROS), and transcription factors were 

also found to be differentially expressed under water stress. Further expression studies 

with RNA-Seq technology on several different tissue types collected at multiple 

developmental stages should be conducted to construct a drought expression atlas for 

cotton (Severin et al., 2010).  

 

Combined Effects of Heat and Drought 

It is believed that all cropping systems are affected by multiple abiotic stresses 

(Barnabas et al., 2008). For many years heat and drought stress have been only tested 
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independently and in controlled environments. Even though the combined effects of these 

two stressors have not been extensively explored in cotton (Figure 1), we can glean 

knowledge from the few studies that have investigated the phenotypic responses of crop 

and model plants to the combination of heat and drought stress. 

Water status, measured using leaf relative water content, leaf water potential, leaf 

osmotic adjustment, and leaf turgor pressure, in both wheat (Triticum aestivum L.) and 

sorghum (Sorghum bicolor L.) interacted significantly with high temperatures under 

water-limiting conditions (Machado and Paulsen, 2001). Earlier leaf senescence and 

reduced plant growth were observed under combined heat and drought stress relative to a 

single stress. Shah and Paulsen (2003) found similar interactions between water deficits 

and high temperatures where heat stress was shown to exacerbate the negative response 

of wheat plants to moisture deficits. Limitations on reproductive capacity in grasses have 

been shown to occur under a combination of heat and drought stress through the 

production of abnormal male and female gametes (Barnabas et al., 2008), similarly to 

what has been observed under water deficit alone (Westgate and Boyer, 1986). Altenbach 

et al. (2003) demonstrated that spring wheat grain matured earlier under high 

temperatures and water limitation as compared to the well-watered control. Overall the 

research presented above demonstrates that the effects of water limitations and high 

temperatures appear to be the additive effects of each stress alone. Essentially, the 

presence of the combination of stresses exacerbates the effects of each stress alone. 

One of the first comprehensive studies of a plant’s response to combined heat and 

drought stress was conducted in tobacco (Nicotiana tabacum L.; Rizhsky et al., 2002). 

The combination of heat and drought stress significantly reduced photosynthetic activity 
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and simultaneously enhanced respiration rates. Leaf temperatures of plants subjected to 

the combined stress were 2 to 3° C higher than heat stress alone, indicating a reduction in 

transpiration. Results from microarray transcript profiling of HSPs and reactive oxygen 

intermediate removal enzymes revealed an increase in the expression of these genes 

during both heat and drought stress compared to each stress alone. Several other studies 

have demonstrated an increase in expression levels and activity of HSPs under the 

combination of heat and drought stress (Grigorova et al., 2011a; Grigorova et al., 2011b; 

Hu et al., 2010). Taken together, there is a clear increase of HSP expression levels when 

plants are subjected to heat, with a greater level of expression observed when plants are 

subjected to a combination of stresses. 

To better understand the combined effects of heat and drought on plants, an 

extensive study in the model plant Arabidopsis thaliana was conducted by Rizhsky et al. 

(2004). As was previously shown for tobacco in an earlier study (Rizhsky et al., 2002), 

photosynthesis was significantly decreased and respiration was enhanced in Arabidopsis. 

A comprehensive transcriptome analysis found more than 400 transcripts up-regulated 

and around 300 transcripts down-regulated under combined heat and drought stress. 

Many of the transcripts identified under combined stress overlapped with those expressed 

under only one stress. This indicates that the same mechanisms involved in response to a 

single stress are invoked under the combined stress. A similar study conducted by Vile et 

al. (2012) suggested that effects observed during a combination of heat and drought of 

seven Arabidopsis accessions appeared to be the additive effect of both stressors. The 

most promising result of this study revealed genetic variation in combined-stress 

tolerance, with one Arabidopsis accession being highly tolerant to the combination 
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(Rizhsky et al., 2002). From these studies, it is apparent that the plants response to a 

combination of stresses is different from the plants response to each single stress. 

However, all of the preceding studies were conducted in highly controlled environments, 

which can provide only limited insight into the biological processes influenced by these 

stresses under field conditions. 

A study by Carmo-Silva et al. (2012) examined the physiological effects of 

combined heat and drought stress on Pima (Gossypium barbadense L.) cotton grown 

under field conditions. Under hot, arid conditions, cotton plants experiencing drought 

stress had an increased leaf canopy temperature, which was shown to inhibit 

photosynthesis through a reduction in Rubisco. Results revealed that the typical 

transpiration cooling mechanism, which occurs by way of large pressure gradients 

between leaves and arid environments, was impaired in the presence of high temperatures 

due to a smaller pressure differential. Further analyses by Carmo-Silva et al. (2012) 

indicated that CO2 concentrations in leaves of plants under water deficits decreased upon 

stomatal closure, limiting the carboxylation by Rubisco, which limits carbon fixation and 

assimilate production. From this work, it is evident this combination of heat and drought 

stress exerts more adverse effects on physiological processes involved in growth and 

development than a single stress alone. 

The most recent study analyzing the affects of heat and drought stress was 

conducted in a population of 300 maize inbred lines (Cairns et al., 2013). Results of this 

study revealed that genetic tolerance to the combined stress of heat and drought differs 

from the genetic tolerance to each stress alone based on genetic correlations between 

treatments. Thus, cultivars need to be developed under the combination of heat and 
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drought rather than under each stress alone (Cairns et al., 2013). Selection in current 

cotton breeding programs focusing on development of heat and drought tolerant lines 

needs to occur under the combination of stress, rather than each stress alone. 

 

Cotton QTLs for Heat or Drought Tolerance 

One of the major challenges in plant breeding is the connection of genotype to 

phenotype in the context of the environment. The dissection of complex trait variation, 

whether through traditional QTL analysis in bi-parental mapping populations or a 

genome-wide association study (GWAS) over a diverse set of unrelated individuals, aims 

to identify alleles that control variation for a phenotype of interest. For this reason, QTL 

studies are valuable to identify genomic regions of interest that can be exploited in 

molecular breeding approaches for the genetic improvement of cotton. One of the most 

comprehensive QTL studies of drought tolerance in cotton was the genetic dissection of 

10 traits related to drought tolerance in an interspecific F2 population (G. hirsutum × G. 

barbadense) (Saranga et al., 2004). Of the 79 QTLs identified, 33 were for five 

physiological traits related to improved productivity under water-limited environments: 

osmotic potential, carbon isotope ratio, canopy temperature, and chlorophyll a and b 

content. The remaining 46 QTLs were associated with measurements of plant 

productivity including seed cotton yield, harvest index, boll weight, and boll number. 

Saranga et al. (2004) also revealed QTLs that were effective under a specific water 

regime. For example, a single QTL for both osmotic potential and canopy temperature 

was observed to be effective under the water-limited regime, but not under the well-

watered regime.  
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Several of the identified QTLs for seed cotton yield, osmotic potential, carbon 

isotope ratio, and leaf chlorophyll content from Saranga et al. (2004) were introgressed 

into near isogenic-lines (NILs) using marker-assisted selection (MAS), and their 

performance was measured under well-watered and water-limited treatments (Levi et al., 

2009). Although no yield advantage was detected, several NILs were observed to have 

lower osmotic potential, higher carbon isotope ratio and increased leaf chlorophyll 

content. In a more recent QTL analysis of an intraspecific F2 population of G. hirsutum 

grown under well-watered and water-limited treatments, seven QTLs were identified that 

correspond to maintenance of plant productivity under limited water such as osmotic 

potential, osmotic adjustment, yield, and several components of yield (Saeed et al., 2011). 

Three of the seven QTLs associated with osmotic potential, osmotic adjustment, and 

plant height were found only in the water-limited treatment, which signals their 

importance under drought stress.  

To date, only a single study has been conducted to identify QTLs in cotton 

subjected to heat stress. Ulloa et al. (2000) identified two QTLs for stomatal conductance 

under irrigated field conditions experiencing high temperatures. An increase in stomatal 

conductance is believed to provide a cooling effect and thereby a type of heat avoidance 

mechanism that can limit yield losses. These results provide a stepping-stone for the 

identification of genetic factors for improving the productivity of cotton in hot, arid 

environments. To our knowledge, no studies have simultaneously identified QTLs 

associated with a combination of abiotic stresses. Field-based studies of this type should 

be the next priority to identify QTLs that are relevant in providing tolerance under field 

conditions. 
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Connecting Genotype to Phenotype with Emerging Technologies 

The statistical power to accurately detect QTLs is often limiting due to small 

population sizes, single-location analyses, large environmental effects, and a limited 

number of molecular markers. Marker limitations are the easiest and least costly 

experimental barriers to overcome. The use of next-generation DNA sequencing 

technologies to perform genotyping-by-sequencing (GBS) allows for the simultaneous 

identification and scoring of thousands of single nucleotide polymorphisms (SNP) 

markers across multiple individuals from diverse populations (Elshire et al., 2011; Gore 

et al., 2013; Kilian and Graner, 2012; Poland et al., 2012). In addition, validated SNPs 

can be used to construct custom high-density genotyping arrays similar to the array 

produced in cotton by Deynze et al. (2009).  

The collection of accurate phenotypic data from plant populations is now the 

limiting factor within plant breeding programs (Figure 2). Furthermore, population sizes 

must be increased further in order to achieve greater statistical power to dissect complex 

traits in plants (McMullen et al., 2009). A recent review of field-based phenotyping by 

White et al. (2012) cited the increasing trend of phenotyping larger population sizes and 

listed some of the tools that are useful for these large-scale field analyses. In the current 

genomics era, the need for tools that can accurately and efficiently phenotype large 

populations will allow for increasing the scale of MAS, genomic selection (GS), and 

GWAS efforts to sizes already achievable on the genomics side as a result of advances in 

DNA sequencing technologies. 

Use of vehicles with an array of sensors can be employed to accurately and 

efficiently collect phenotypic data related to heat and drought stress. Examples of heat 
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and drought related traits that can be measured using high-throughput phenotyping 

systems include canopy height, canopy temperature, and reflectance by proximal sensing 

of the plant canopy (Andrade-Sanchez et al., 2013; Biskup et al., 2007; Carmo-Silva et 

al., 2012; Casadesus et al., 2007; French et al., 2007; Kolber et al., 2005; White et al., 

2012; Zarco-Tejada et al., 2005). Cameras mounted on vehicles have been used to 

measure internode length in cotton at a rate of up to 64 measurements per 100 plants 

(McCarthy et al., 2010). In-field root phenotyping using ground-penetrating radar is a 

new non-invasive technology that can allow for the measurement of root traits under 

different water regimes (Wasson et al., 2012). For a review on other aspects of next-

generation phenotyping strategies, please refer to Cobb et al. (2013). 

One of the most interesting areas where high-throughput phenotyping can be used 

is to quantify stress levels of plants within a field. As we move toward testing heat and 

drought stress in the field, we will need proper methods of quantifying field stress levels 

and uniformity. High-throughput phenotyping of traits such as canopy temperature can 

identify areas of the field with reduced water holding capacity. This can also be 

accomplished by identifying soil types using soil electrical connectivity or ECa (Corwin 

and Lesch, 2005). Accurate quantification of stress at the field level will improve our 

models when identifying QTLs and estimating their effects. 

High-throughput metabolic phenotyping of cotton tissue can provide interesting 

insights into the tolerance of plants to abiotic stress. Tissue and cellular level phenotypic 

indices for selection of abiotic stress tolerance include peptide mass fingerprinting, 

membrane integrity, enzyme viability, and cellular membrane thermostability (Azhar et 

al., 2009; Cottee et al., 2010; Deeba et al., 2012; Longenberger et al., 2009; Lu et al., 
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1992; Lu et al., 1998; Radin et al., 1994; Rahman et al., 2004). DNA methylation 

polymorphisms may be an exciting area of research to determine abiotic stress tolerance 

in cotton. Cytosine methylation polymorphisms have been identified in cotton under salt 

stress (Zhao et al., 2010) and genome wide methylation polymorphisms have been 

discovered in rice under drought stress (Wang et al., 2011). Most stress-induced 

methylation sites found in rice were reversible, meaning they returned to their original 

state upon removal of the stress. Coupling identification of these methylation sites with a 

phenotype of interest will provide another selection criterion for breeders and molecular 

geneticists in development of stress-tolerant crops.  

To our knowledge, the indicators mentioned above are not being extensively used 

for selection in cotton breeding programs due to market needs, the cost of phenotyping, 

or both. This has limited the development of marker-trait associations for use in MAS or 

GS. The use of MAS optimizes the selection of offspring containing a trait of interest 

without having to phenotype the trait each generation through marker trait associations, 

usually of oligogenic traits that are difficult to phenotype. The use of GS has been 

gaining popularity as a way to predict breeding values of plants based on their genotype 

alone, which can significantly reduce breeding cycle time for polygenic traits (Bernardo 

and Yu, 2007; Heffner et al., 2009; Heslot et al., 2012). However, to develop the GS 

model, accurate phenotypes need to be measured in training populations, which must be 

continually updated as breeding populations change over time. For the best use of GS in a 

cotton breeding program and for better detection power in QTL studies, more efficient 

and cost-effective phenotypic data collection methods are needed (Figure 3).  
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Perspectives 

There is no doubt that a combination of abiotic stresses will have negative 

impacts on cotton productivity. There has been a tremendous amount of focus on 

breeding for WUE cotton cultivars and the debate continues on whether biomass 

production per unit of water is the best trait to use for selection in a breeding program. A 

review by Blum (2009) gave clarity to the term WUE and argued why this should not be 

used in a breeding program. Blum cites data showing that WUE actually results in 

selection of poor-yielding and less-drought tolerant varieties and proposes that breeders 

should be selecting for cultivars that portray effective use of water (EUW) rather than 

WUE. The selection for traits such as osmotic adjustment to maintain proper turgor 

pressure under limited water, root development to reach deeper soil moisture, and 

reduction in non-stomatal transpiration at sites like the leaf cuticle to allow for more 

useful transpiration will allow for increased EUW. These constitutive and adaptive traits 

have been proposed to drive improvements in yield (Blum, 2009). 

We can apply Blum’s theory of tolerance to the combination of the abiotic 

stresses, heat and drought. The physiological effects of this combination result in a 

reduction of photosynthesis and subsequent enhancement of respiration (Rizhsky et al., 

2002; Rizhsky et al., 2004). For a plant to effectively cool itself and prevent damage 

under a combination of stresses, stomatal conductance and transpiration should be 

maintained at some level to avoid significant injury (Allen et al., 1998a; Sinclair, 2012). 

It is believed that partially closing the stomata will reduce crop growth because of 

reduced movement of CO2 in the plant (Loka et al., 2011), but depending on seasonal 

transpiration rates there is potential for a 75 to 85% yield advantage due to soil water 
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conservation (Sinclair, 2012; Sinclair et al., 2005; Sinclair et al., 2010). Plants with low 

WUE tend to be more positively correlated with higher transpiration rates and high 

stomatal conductance (Blum, 2009). In cotton, it has been observed that genotypes that 

are high-yielding in irrigated production environments tend to have the highest stomatal 

conductance (Cornish et al., 1991; Lu et al., 1994; Lu et al., 1998; Ulloa et al., 2000). If 

we can conserve some level of transpiration use to negate the effects of high-temperature 

stress and limit wasteful water use, we will likely maintain yield under the combination 

of heat and drought. 

If breeders continue to select for WUE, defined by Condon et al. (2004) as 

selecting for varieties that limit transpiration, there will likely be an increase in the 

incidence of plant death and damage when a combination of stresses occur in a farmer’s 

field. However, moisture levels in most areas do not support maximum transpiration rate 

during high temperatures. To circumvent this strategy, we need to start thinking about 

particular developmental stages where high EUW is crucial, such as germination and pre-

bloom, and what stages need sufficient transpiration levels to withstand high-

temperatures, for example, during peak bloom. This type of action will likely come from 

a transgenic event that can be activated upon an environmental cue or chemical 

application (Corrado and Karali, 2009; Padidam, 2003). Although this technology has not 

seen widespread adoption in crop plants worldwide, it is a technique that when combined 

with breeding for locally adapted, high yielding cotton cultivars may provide farmers the 

most resilient cotton plant to withstand both high temperatures and water limitations. 
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Figure 1. The phenotypic consequences of heat, drought, and their combination on cotton. 
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Figure 2. High-throughput phenotyping for the genetic improvement of cotton. 
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Figure 3. Overview of cotton genetic improvement. Hi-Seq 2500 image from 

www.illumina.com. 

 

  



 

 

45 

 

CHAPTER 2: Heritabilities and correlations of agronomic and fiber traits in two upland 

cotton populations evaluated under high temperature and water deficit 

 

DISCIPLINE: Breeding and Genetics 

 

AUTHORS: Timothy A. Dabbert (Corresponding Author), School of Plant Sciences, 

University of Arizona, Tucson, AZ 85721, USA; Present Address: Monsanto Company, 

3410 North Elm Ave., Lubbock, TX 79403, USA; Phone: (806) 741-2010; Fax: (806) 

747-5373; Email: tadabb@monsanto.com 

Don Keim, Monsanto Company, One Cotton Row, Scott, MS 38772, USA 

Michael A. Gore, Plant Breeding and Genetics Section, School of Integrative Plant 

Science, Cornell University, 310 Bradfield Hall, Ithaca, NY 14853, USA 

 

ACKNOWLEDGMENTS: This work was supported in part by Monsanto (T.A.D), 

Cotton Incorporated (M.A.G.), and Cornell University startup funds (M.A.G.). The 

authors wish to thank Luke Carpenter and Will Lambert, along with their teams, for 

management of these experiments in Texas and Georgia, respectively. Additionally the 

authors wish to thank Alexander Lipka for his advice and assistance with statistical 

models used in this study. 

 

ABBREVIATIONS: broad-sense heritability (H
2
), recombinant inbred line (RIL), 

linkage disequilibrium (LD), water-limited (WL), well-watered (WW), marker-assisted 

breeding (MAB)  



 

 

46 

 

Abstract 

Climate change in the form of rising temperatures and increasingly variable rainfall 

patterns threatens the sustainable production of upland cotton (Gossypium hirsutum L.). 

As a result, it is has become ever more important to study the combined effects of heat 

and drought stresses on cotton productivity. In the present study, two cotton recombinant 

inbred mapping populations constructed by crossing heat- tolerant and -sensitive parental 

lines were evaluated under managed well-watered (heat stress) and water-limited (heat 

and drought stresses) irrigation regimes in the presence of high temperature across 

multiple environments. We assessed two agronomic traits, seed cotton yield and lint 

yield, as well as six fiber traits, lint percent, micronaire, length, strength, uniformity, and 

elongation. Fiber traits had moderate to very high broad-sense heritabilities (H
2 

= 0.72-

0.95), while heritabilities of agronomic traits were lower (H
2 

= 0.34-0.72) for both 

populations in each irrigation regime. Correlation estimates between traits revealed that 

selection for lint percent may result in unfavorable indirect selection for other 

economically important fiber traits, such as micronaire, length, and strength. 

Additionally, a stability analysis across the range of environments tested demonstrated 

that high seed cotton yield performance and greater stability may play a role in tolerance 

to the combination of heat and drought stresses. Taken together, these results have the 

potential for leverage by climate-oriented breeding programs when developing selection 

and testing schemes to improve the tolerance of cotton to the combination of high 

temperature and water deficit. 
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Introduction 

With production in over 80 countries, cotton (Gossypium spp.) is the most 

economically important fiber crop. In the 2013/2014 season, cotton production was 

estimated at nearly 103 million bales, with more than half of it attributable to three 

countries, China (32 million bales), India (29 million bales), and the U.S. (13 million 

bales) (NCC, 2014a). In the U.S., the largest exporter of cotton, total revenues from the 

cotton industry accounted for more than $27 billion (NCC, 2014b). Nearly 65% of cotton 

production in the U. S. is under rainfed (dryland) conditions (Cotton Inc., 2012). 

Competition for freshwater, variable rainfall patterns, and increasing temperatures are 

projected to become more frequent and severe over the next decades, threatening the 

sustainability of U.S. dryland cotton production. In light of this, evaluating cotton 

germplasm under the combination of high temperature and water deficit should be of 

central focus to climate-oriented cotton breeding programs, as these factors can reduce 

yield and fiber quality through the imposition of heat and drought stresses throughout the 

cotton-growing season. 

In the past six decades, there has been significant progress towards understanding 

the influence of drought stress on cotton production. Drought stress reduces lint yield 

through decreased boll number, boll size, boll weight, seed number, and seed index, 

while also negatively affecting fiber quality traits (Eaton and Ergle, 1952; Gerik et al., 

1996; Grimes et al., 1969; Guinn and Mauney, 1984; McMichael and Hesketh, 1982; 

Pettigrew, 2004; Saranga et al., 1998; Wen et al., 2013). Additionally, there have been 

extensive studies conducted on the physiological responses of cotton to drought stress as 

it relates to yield and fiber quality. Closing of stomata, to minimize transpirational water 
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loss, results in a stomatal limitation of photosynthesis, leading to reduced CO2 

availability for carbon assimilation (Chaves et al., 2003; Wise et al., 1992). Although not 

fully understood, a lack of available water to the cotton plant during the fiber elongation 

phase can result in a decrease in fiber length and, if continued after this phase, it can also 

decrease micronaire and maturity values (reviewed by Cothren, 1999). Taken together, 

these responses of cotton to water deficit limit the yield and economic value of fiber. 

High temperature, which can lead to heat stress, has a distinct impact on the 

production of cotton compared to drought stress. Heat stress can negatively affect lint 

yield by limiting reproductive performance through reduced fertilization efficiency, 

leading to higher boll abortion rates (Brown and Zeiher, 1997; Burke et al., 2004; Hodges 

et al., 1993; Oosterhuis and Snider, 2011; Reddy et al., 1992; Snider and Oosterhuis, 

2012; Snider et al., 2011; Snider et al., 2009). In addition, heat stress can decrease 

carbohydrate production and movement, as well as increase carbohydrate starvation 

throughout periods of high respiration, especially during high night temperature (Loka 

and Oosterhuis, 2010; Snider et al., 2010; Snider et al., 2009). Similar to drought stress, 

these responses to heat stress limit the performance potential of cotton cultivars by 

reducing lint yield. 

To sustain cotton production over the next decades, cotton breeders will need to 

evaluate breeding populations in the presence of multiple abiotic stresses. In one of the 

few studies conducted that deliberately focused on the physiological consequences of 

combined heat and drought stresses in cotton, Carmo-Silva et al. (2012) revealed that 

stomatal closure during high temperature and limited water availability resulted in 

increased leaf temperature, especially as ambient temperature increased. This increase in 
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leaf temperature resulted in a heat stress effect on the photosynthetic apparatus that 

decreased the activation state of Rubisco, resulting in a metabolic limitation to 

photosynthesis.  

Cotton breeding programs primarily select for improvement in both lint yield and 

fiber quality traits. Of these polygenic traits, lint yield is the most economically important 

trait to a commercial grower, followed by fiber quality traits such as length, strength, 

micronaire, uniformity, and elongation, that are of high economic value to the textile 

industry. The expected response to selection for a trait can be estimated by the breeder’s 

equation (Lush, 1937), with the response dependent on the selection differential (S) and 

trait heritability (h
2
). In general, heritability estimates of fiber quality traits are greater 

than yield traits in cotton populations grown under standard agronomic practices (Percy 

et al., 2006; Ulloa, 2006). Thus, the level of phenotypic variability among lines within a 

breeding population that is attributable to genetic effects tends to be lower for yield. This 

has important implications because relatively lower heritability traits such as lint yield are 

less responsive to selection and are more likely to be influenced by environmental 

stresses. 

Given there is a need to select for simultaneous increases in lint yield and fiber 

quality, the genetic relationship between yield and fiber quality traits merits examination. 

Correlations among traits can result in unfavorable changes in other economically 

important traits due to indirect selection. Genetic correlations between traits can result 

from one of two phenomena, linkage disequilibrium (LD) or pleiotropy (Falconer and 

Mackay, 1996; Lynch and Walsh, 1998). In contrast to genetic correlations caused by 

LD, pleiotropy exists regardless of the population history and results in permanent 
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correlations that are unchanged by additional cycles of recombination (Bernardo, 2010). 

Thus, it is important to know which of the two phenomena cause genetic correlations. 

Examples of previously identified unfavorable correlations include negative correlations 

between lint percent and length and positive correlations between micronaire and both 

strength and lint percent (Percy et al., 2006; Ulloa, 2006). These results of unfavorable 

correlations demonstrate the difficult task breeders face while selecting cultivars for 

improved yield and fiber quality. 

Presently, limited information is available on the heritabilities and correlations of 

cotton populations grown under the combination of high temperature and water deficit 

conditions. The estimation of heritabilities and correlations between agronomic and fiber 

traits of upland cotton grown under the co-occurrence of heat and drought stresses could 

facilitate crop improvement by aiding in the development of optimal selection and testing 

schemes to identify lines with high genetic potential under both stresses. In this study, 

two upland cotton mapping populations of recombinant inbred lines (RILs) were 

developed and evaluated in on-farm field trials to (i) estimate the heritabilities, (ii) 

estimate the phenotypic and genotypic correlations, and (iii) analyze the stability of two 

agronomic and six fiber traits examined under managed well-watered (heat stress) and 

water-limited (heat and drought stresses) irrigation regimes in the presence of high 

temperature across environments. 
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Materials and Methods 

Population Development 

We developed two cotton mapping populations of recombinant inbred lines 

(RILs): Marker-Assisted Breeding 1 (MAB1) and MAB2. In 2007, construction of the 

MAB1 population was initiated by crossing MSHT1B2R2, a heat tolerant inbred line, to 

DP 104 B2RF, a heat sensitive commercial inbred line. In the same year, AZHT1B2R2, a 

heat tolerant inbred line was crossed to TXHS1, a heat sensitive inbred line, to initiate 

construction of the MAB2 population. Several F1 plants from each cross were selfed in 

the greenhouse to generate F2 seed. Initially, 220 F2 individuals from each population 

were advanced to the F4 generation by single-seed descent. Seed of the F4-derived lines 

were advanced two more generations by selfing and harvesting in bulk to produce F4:6 

lines. At the F4 generation, all individuals were tissue sampled at first true leaf and 

assessed for the presence of both the RoundUp Ready Flex® trait (Monsanto Company, 

St. Louis, MO) and the Bollguard 2® trait (Monsanto). The Bollguard 2® combines the 

protein Cry1A and Cry1B from the bacteria Bacillus thuringiensis subsp. kurstaki, which 

helps to protect from the feeding damage of lepidopteron insect pests. In addition, the 

modest lepidopteron insect control provided by Bollguard 2® helped to ensure that most 

boll abscission was the likely result of heat and/or drought stresses. Out of the initial 220 

F2 plants, 113 and 117 F4 individuals from the MAB1 and MAB2 populations, 

respectively, were homozygous for both the RoundUp Ready Flex® and Bollguard 2® 

traits and produced sufficient seed quantities for field evaluation in multiple 

environments. 

Field Trial Management 
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Multi-environment on-farm field trials were conducted in the summer growing 

season at Casa Grande, AZ (32° 53’N, 111°49’W, elevation of 426m) in 2011-2013, Hale 

Center, TX (34°5’N, 101°48’W, elevation of 1042m) in 2011-2012, and Unadilla, GA 

(32°13’N, 83°46’ W, elevation of 130m) in 2011-2012. The soils in the farm fields of 

AZ, TX, and GA are classified as Denure sandy loam, Pullman clay loam, and Dothan 

loamy sand, respectively (http://websoilsurvey.sc.egov.usda.gov). Rainfall, temperature, 

and vapor pressure deficit (VPD) data were collected in each of the seven environments 

(location x year) with a Davis Vantage Pro 2 weather station (Davis Instruments, 

Hayward, California) located a maximum of 50 m from each field site (Figure 1). A 

baseline ambient air temperature of 32°C was used to indicate the presence of heat stress. 

Based on a robust data set of U.S. county cotton crop yields from 1950 to 2005, cotton 

yields increase up to 32°C, but sharply decrease above 32°C (Schlenker and Roberts, 

2009). In addition, 32°C has been shown to be a critical temperature threshold for boll 

retention (Reddy et al., 1999). The number of days above 32°C during the flowering 

period for each location is given in Table 1. 

We evaluated two sets of experimental lines, with each set consisting of a RIL 

population (MAB1 or MAB2), its parental lines, and eight heat stress check lines (four 

heat tolerant and four heat sensitive lines). Any remaining empty plots in the 

experimental design were planted with the commercial cotton cultivar, DP 1044 B2RF. 

For each set of experimental lines, a well-watered (WW) and water-limited (WL) 

experiment was arranged in a 7 × 21 (0,1) alpha lattice design with two replications for a 

total of 588 plots for each RIL population. Each experimental unit consisted of a two-row 

plot that was 12.19 m in length, with a 3.05 m alley at the end of each plot in all 
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environments. Inter-plant spacing on the planter was set to the cultural practices of each 

location with 0.08, 0.08, and 0.076 m in AZ, GA, and TX, respectively. Additionally, 

inter-row spacing was set to the cultural practices of each location with 0.97, 1.02, and 

1.02 m in AZ, GA, and TX. At the AZ location in 2011, 0.61 m of plants were removed 

from both ends of each plot prior to defoliation, because these plants were able to extract 

additional moisture from the unplanted alleys. This is sometimes observed in drought 

stress field trials, as plants closest to the unplanted alleys are taller and more robust 

compared to plants within the middle of plots. As a result, the 2011 AZ plots were 10.97 

m when data were collected. This phenomenon was not observed at any of the other 

environments.  

The WW and WL irrigation regimes represented heat stress and combined heat 

and drought stresses, respectively. For the WW treatment, irrigation was applied 

following local standard agronomic practices to achieve full field capacity at each 

location. In the WL treatment, water was withheld starting at first flower (50% of the 

plots in the field contained a flower) to minimize the interaction between flowering time 

and drought stress. The flowering period started in early July and ended in late August in 

all seven environments. The WL treatment received one-half of the irrigation amounts 

compared to the WW treatment. A drought stress index (DSI) was calculated (Monsanto, 

unpublished data) to quantify the severity of drought stress. The DSI values were 

calculated on the parents and checks within each treatment in each environment. The 

values were then averaged across the two sets of experimental lines within an irrigation 

regime for each environment. A DSI value near one indicates severe drought stress was 
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imposed on plants in the field. Conversely, a DSI value near zero indicates the plants in 

the field experienced minimal drought stress. 

All plots were harvested using a mechanical two-row plot picker with an on-

picker weigh system (Master Scales, Greenwood, Mississippi). Prior to mechanical 

harvesting, 50 boll samples were randomly harvested by hand from each two-row plot. 

Boll samples were ginned on a 10-saw experimental gin (Continental Eagle Corporation, 

Prattville, Alabama). Each population was phenotyped for two agronomic and six fiber 

quality traits: seed cotton yield (kg ha
-1

), lint yield (kg ha
-1

), lint percent (%), micronaire 

(unit), length (upper half mean, mm), strength (kN m kg
-1

), uniformity (%), and 

elongation (%). All fiber quality traits were assessed using high-volume instrumentation 

or HVI (HVI1000M, Uster Technologies, Charlotte, NC). 

Statistical Analysis  

As part of a data quality control procedure, a preliminary analysis of variance 

(ANOVA) was implemented in the SAS software (SAS Institute Inc., Cary, NC, USA) 

for the trait seed cotton yield with irrigation regime as a fixed effect in a mixed linear 

model for each environment. The full model was: 

ijklmninnijkm

ijklijkiijklmn

genotrtgenotrtfieldreprange

trtfieldrepblocktrtfieldreptrtY
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)**()*(
  Equation 1. 

where Yijklmn is the individual observation; µ is the overall mean; trti is the effect of the ith 

irrigation regime ; rep(field*trt)ijk is the effect of the kth replication within the jth field 

within the ith treatment; block(rep*field*trt)ijkl is the effect of the lth block within the kth 

replication within the jth field within the ith treatment; range(rep*field*trt)ijkm is the 

effect of the mth range within the kth replication within the jth field within the ith 

treatment; genon is the effect of the nth genotype or RIL; trt *genoin is the effect of the 
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interaction between the ith treatment and the nth genotype and εijklmn is the random error 

term. The overall mean and irrigation regime were included as fixed effects in the model, 

while all the other terms in the model were random effects. Irrigation regime (i.e., 

drought stress effect) was significant (α = 0.05) for both populations in all environments, 

except for MAB1 in the GA 2012 environment (p=0.798). Thus, this environment was 

removed from further analysis. 

The two agronomic and six fiber traits from the two RIL populations, parents, and 

checks, were analyzed across environments for each irrigation regime. Outliers were first 

removed by examining the Studentized deleted residuals for each trait (Kutner et al., 

2004). The Box-Cox procedure (Box and Cox, 1964) was used to assess for non-

normality of the error terms and unequal variances. Transformation of the data was 

implemented if the power parameter was not equal to one (i.e. λ≠1). For each trait, a best 

linear unbiased predictor (BLUP) for each line was predicted from a mixed linear model 

fitted across environments for each irrigation regime in ASReml version 3.0 (Gilmour et 

al., 2009). The full model was: 

ijklmninnijkm

ijklijkiijklmn

genoenvgenoenvfieldreprange

envfieldrepblockenvfieldrepenvY









*)**(

)**()*(
  Equation 2. 

where Yijklmn is the individual observation; µ is the overall mean; envi is the effect of the 

ith environment (location-by- year combination); rep(field*env)ijk is the effect of the kth 

replication within the jth field within the ith environment; block(rep*field*env)ijkl is the 

effect of the lth block within the kth replication within the jth field within the ith 

environment; range(rep*field*env)ijkm is the effect of the mth range within the kth 

replication within the jth field within the ith environment; genon is the effect of the nth 

genotype or RIL; env *genoin is the effect of the interaction between the ith environment 
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and the nth genotype and εijklmn is the random error term. With the exception of the 

overall mean, all terms included in the model were random effects. Likelihood ratio tests 

were conducted to remove all effects from the model that were not significant for each 

trait at α=0.05 (Littell et al., 2006).  

For each trait, the estimated variance components from each fitted model were 

used to calculate broad-sense heritabilities (H
2
) on an entry-mean basis across 

environments for each irrigation regime with the method of Holland et al. (2003): 

    
   
 

   
  

    
 

 
 
   
 

  

 
   
 

   
         Equation 3. 

where    
  is the genotypic variance,     

 is the genotype by environment interaction 

variance,    
  is the residual error variance, r is the number of replications (r = 2), e is the 

number of environments (e=6 for MAB1 and 7 for MAB2), and    
  is the phenotypic 

variance. Standard errors for the heritabilities were approximated using the delta method 

(Holland et al., 2003). 

Correlations between traits were analyzed across environments for each irrigation 

regime using variance components estimated from each fitted mixed model above. 

Phenotypic and genotypic correlations were estimated per (Holland et al., 2001). The 

formula for estimating phenotypic correlations was: 

      
     

        
         Equation 4. 

where       is the phenotypic covariance between traits i and j,      is the phenotypic 

standard deviation of trait i and      is the phenotypic standard deviation of trait j.  

The formula for estimating genotypic correlations was:  

      
     

        
         Equation 5. 
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where       is the genetic covariance between traits i and j,      is the genetic standard 

deviation of trait i and      is the genetic standard deviation of trait j. Standard errors for 

genotypic and phenotypic correlations were approximated with the delta method (Holland 

et al., 2003). 

To determine the stability of each population across environments and treatments, 

the mean of the genotypes in each environment was regressed over an environmental 

index similar to Campbell et al. (2012). The environmental index was estimated as the 

mean of all genotypes for a given population at a given environment minus the grand 

mean of all genotypes at each environment. Thus, a total of 12 and 14 environmental 

indices were estimated for MAB1 and MAB2 populations, respectively. The regression 

coefficients (bi) were compared using the deviations from the regression coefficient to 

determine differential responses of each population across the environmental index.  
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Results 

Phenotypic Variability of Agronomic and Fiber Quality Traits  

To quantify the drought stress imposed at the field level for each environment, a 

drought stress index (Monsanto, unpublished data) was calculated (Figure 2). Drought 

stress index (DSI) values across LOCATIONS for the WW treatment (heat stress) indicated 

low drought stress (DSI: 0.04 to 0.28), while the DSI values for the WL treatment (heat 

and drought stresses) indicated severe drought stress (0.78 to 1.00). In addition, heat 

stress was determined by the number of days above 32°C during the flowering period. 

The AZ location had the highest average number of days above 32°C (60.3 days) while 

the GA location averaged the least number of days above 32°C (45.5 days). Not 

unexpectedly, seed cotton and lint yields were significantly (α=0.05) greater under the 

WW treatment compared to the WL treatment for the two upland cotton mapping 

populations of RILs (MAB1 and MAB2) across the tested environments (Tables 3 and 4). 

On average, MAB2 yielded significantly (α= 0.05) more lint (321 kg ha-1) and seed 

cotton (153 kg ha-1) than MAB1 under the WL treatment. Notably, neither seed cotton 

yield nor lint yield showed transgressive variation in the two RIL populations.  

Although the mean differences of the six fiber quality traits were statistically 

(α=0.05) different between treatments for both populations, the magnitude of these 

differences was nominal compared to the two yield traits (Tables 3 and 4). Additionally, 

all traits, except for micronaire, were statistically (α=0.05) different between populations 

for both irrigation regimes. In both populations, lint percent, micronaire, and fiber 

elongation increased under WL conditions, while fiber length, strength, and uniformity 

decreased under the same treatment. With the exception of uniformity, significant 
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transgressive variation existed for all fiber traits in one or both of the populations (Tables 

3 and 4). The MAB2 population had the highest identified number of transgressive RILs 

(56), with the majority (82%) of them negative and identified for lint percent and 

micronaire. The MAB1 population had 48 transgressive RILs and of those, 69% were 

identified for fiber length and strength. In general, 92% of transgressive variants 

identified under the WL treatment were also identified under the WW treatment.  

Broad-sense heritabilities of the six fiber traits were moderate to very high, while 

heritabilities of the two agronomic traits were low to moderate for both populations under 

each irrigation regime (Tables 2 and 3). When considering both populations, heritabilities 

for seed cotton and lint yields ranged from 0.34-0.50 and 0.55-0.76 under WL and WW 

conditions, respectively. Heritabilities for fiber quality traits ranged from 0.72-0.94 in 

both populations under WL conditions, with a similar range of heritabilities (0.81-0.95) 

for the two populations under WW conditions. The highest heritability estimated in 

MAB1 was for lint percent (0.95) under WW conditions, while in MAB2 the highest 

estimates were for lint percent (0.95) and length (0.95) under WW conditions. These 

heritability estimates for the two agronomic and six fiber traits under each irrigation 

regime were also similar to those estimated within each environment (data not shown).  

 

Phenotypic and Genotypic Correlations between Agronomic and Fiber Quality 

Traits  

In general, phenotypic correlations (     ) between traits are influenced by both 

genetic and environmental factors, while genotypic correlations (     ) are affected by 

only genetic factors (Lynch and Walsh, 1998). When either type of correlation is zero or 
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non-significant, the two traits are considered independent (Falconer and Mackay, 1996). 

Phenotypic correlations for all traits of the two populations within an irrigation regime 

are shown in Tables 4A and B. Lint yield showed strong positive correlations with seed 

cotton yield (0.80 to 0.96) and moderate positive correlations (0.20 to 0.43) with lint 

percent across populations and irrigation regimes. In addition, lint yield had a weak 

positive correlation with micronaire in MAB2 under both treatments (0.09 to 0.12) and in 

MAB1 under the WW treatment (0.18). Weak negative correlations were identified 

between lint yield and fiber length in MAB1 only under the WW treatment (-0.12) and in 

MAB2 under both treatments (-0.19 to -0.15). Lint percent was significantly correlated 

with most all of the eight traits phenotyped in this study. Interestingly, lint percent had 

low to moderate negative correlations with length and strength (-0.45 to -0.16) and 

moderate positive correlations with micronaire (0.37 to 0.43) across populations and 

irrigation regimes. Micronaire had moderate negative correlations with length (-0.46 to -

0.29), while length had moderate positive correlations with strength (0.36 to 0.55) across 

populations and irrigation regimes.  

All pairwise genotypic correlations of the eight traits for each population within 

an irrigation regime are presented in Tables 5A and B. Genotypic correlations were 

generally greater than the phenotypic correlations for traits with high heritability. 

Interestingly, similar to the phenotypic correlations, seed cotton yield had strong positive 

genotypic correlation with lint yield (0.67 to 0.82), while lint percent had moderate 

correlations with lint yield (0.39 to 0.69) across populations and irrigation regimes. Lint 

yield was also positively correlated with micronaire (0.28 to 0.37) and negatively 

correlated with length (-0.52 to -0.23) under both irrigation regimes in MAB1 and in 
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MAB2 under the WW regime. Consistent with the phenotypic correlations, most traits 

had significant genotypic correlations with lint percent. Micronaire had a moderate 

negative correlation with length (-0.58 to -0.40), while length had a moderate to strong 

positive correlation with strength (0.44 to 0.76) across populations and irrigation regimes. 

Stability Analysis 

The stability of each population for all traits across environments was analyzed to 

determine the response of each population to differing environmental conditions (Figure 

3). The regression coefficient (bi) was statistically different (α=0.05) between populations 

for all traits except lint yield and fiber strength. The MAB2 population had higher 

stability (lower bi value) for seed cotton yield, thus likely allowing it to yield higher 

under the WL treatment relative to the MAB1 population. Interestingly, the MAB2 

population was less stable for all fiber traits compared to the MAB1 population. The 

MAB1 population had consistently higher performance for uniformity and strength, with 

better micronaire values across the environmental index. The MAB2 population had 

increased performance for lint percent and length across all environments. 
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Discussion 

We assessed the phenotypic variability, phenotypic and genotypic correlations, as 

well as the stability of two agronomic traits, seed cotton yield and lint yield in addition to 

six fiber traits, lint percent, micronaire, length, strength, uniformity and elongation over 

multiple years in the presence of high temperature. Broad-sense heritabilities estimates of 

fiber traits were moderate to high, while heritabilities of the agronomic traits were low to 

moderate across treatments and populations. The consistently high heritabilities for fiber 

traits have been observed in a number of studies under common cultural growing 

conditions (Khan et al., 2010; May, 1996; May and Green, 1994; Percy et al., 2006; 

Ulloa, 2006); however, to our knowledge, this is the first report of heritability estimates 

of cotton under the combination of heat and drought stresses. The high heritability 

estimates for fiber traits suggest that variation observed for these traits is mainly 

influenced by quantitative trait loci (QTL), and should respond favorably to selection. 

However, low to moderate heritabilities for seed cotton yield and lint yield suggest that 

they will not respond as favorably to selection. The heritability of both seed cotton yield 

and lint yield was greater under heat stress compared to heat and drought stress. Thus, 

yield will likely respond better to selection under more favorable environments (i.e. 

optimal irrigation).  

In general, more transgressive variation was observed under the heat stress 

treatment suggesting that the combination of heat and drought stresses suppresses the 

observed phenotypic variance more compared to the heat stress alone. Additionally, 

under the combination of heat and drought stresses, breeders will likely only identify 

extreme transgressive variants for fiber traits compared to optimal irrigation conditions. 
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Although fiber traits generally had high heritability, the decreased phenotypic variance, 

with subsequent reduced number of transgressive variants observed under the 

combination of heat and drought stress, implies that selection for fiber traits may be 

optimized under conditions that are more favorable. This will ensure that all transgressive 

variants can be observed. Neither population contained transgressive variants for all traits 

nor were transgressive variants observed for either of the two agronomic traits, which 

demonstrates the difficulty breeders face with improving both fiber and yield traits. Thus, 

multiple cycles of introgression from diverse parents will be required to simultaneously 

improve yield and fiber traits. 

Correlations between traits can result in unfavorable trait changes due to indirect 

selection. In general, the phenotypic and genotypic correlations between traits were not 

affected by the combination of abiotic stresses, even for the two agronomic traits with 

relative lower heritabilities. Through our analysis of trait correlations, favorable and 

unfavorable correlations were observed among fiber traits. Lint percent was correlated 

with a number of different traits including positive genotypic correlations with 

micronaire and lint yield as well as negative correlations with length and strength. Similar 

correlations between lint percent and other fiber traits have also been observed by Percy 

et al. (2006). Since lint percent is commonly used as indirect selection criteria for lint 

yield, breeders should use caution when putting high selection pressure on lint percent to 

improve lint yield. For some populations, selection to improve lint percent may indirectly 

increase micronaire and decrease length and strength, which can lead to price discounts at 

the gin due to undesirable fiber characteristic for the textile industry (May, 1996). In 

addition, favorable correlations existed between length and micronaire as well as length 
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and strength, which suggest that these traits can be improved simultaneously throughout 

the cotton breeding cycle. 

Not surprisingly, yield loss was greatest under the combination of high 

temperature and water deficit as compared to high temperature stress alone. This 

observation is consistent with other crops such as maize (Cairns et al., 2013), spring 

wheat (Prasad et al., 2011), synthetic hexaploid wheat (Pradhan et al., 2012), and 

groundnut (Hamidou et al., 2013). Based on the average seed cotton yield differences 

between the two populations and the stability analysis across environments, the MAB2 

population had increased seed cotton yield potential under the combination of heat and 

drought and greater stability across all 14 environments tested. This suggests that high 

seed cotton yield performance and greater stability may play a role in tolerance to the 

combination of heat and drought stress. This has been described as a mechanism for 

improved tolerance to mild or moderate drought stress in other crops (reviewed by 

Cattivelli et al., 2008) and is a possible mechanism for improved performance under the 

combination of heat and drought stress in cotton. 

The goal of many climate-oriented cotton breeding programs focusing on rain fed 

cropping systems is to develop cultivars that respond to moisture availability, which can 

range from some minimal economic threshold (i.e. 15-20% ET) to full irrigation (100% 

ET). Through our stability analysis, we demonstrated that the more stable MAB2 

population had greater seed cotton yield under high stress, low yielding environments 

compared to MAB1, but fell short of the MAB1 population under low stress, high 

yielding environments. Neither of these populations maximized the yield performance in 

all environments analyzed. To ensure populations are selected for high yield performance 
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under varying abiotic stress conditions, cotton breeding lines need to be evaluated using 

on-farm experiments under managed irrigation. This will allow for the analysis of 

multiple abiotic stresses imposed at the community level under natural field conditions. 

Through this method, high yielding genotypes under a range of moisture availability 

could be selected for release as new cultivars or used in recurrent selection schemes as 

new parents.  
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Conclusions 

Predicted climate change will increase the prevalence of the combination of heat 

and drought stresses in a farmer’s field. Thus, it is important that current cotton breeding 

programs start to increase the tolerance of cotton germplasm to the combination of these 

stresses. The evaluation of two populations derived from heat tolerant and heat 

susceptible parents were used to estimate heritabilities and correlations for two 

agronomic and six fiber traits. Consistent with previous estimates of heritabilities, cotton 

fiber traits had high heritabilities, while the two yield traits had relative lower heritability 

estimates. Although correlations were not generally influenced by the treatments, several 

fiber trait correlations revealed that selection for one fiber trait may result in unfavorable 

indirect selection for other economically important fiber traits. Finally, high yield 

performance and greater stability may be a possible mechanism to improve a variety’s 

tolerance to the combination of heat and drought. It is important that breeders start to test 

genotypes under combined heat and drought stress in addition to environments with 

single or minimum abiotic stress. By doing so, breeders can develop locally adapted 

varieties that maximize yield performance and respond to varying moisture conditions in 

the presence of heat stress. 
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Table 1. Number of days above 32°C during the flowering periods at each environment. 

Location Year Days
a
 

AZ 2011 62 

 

2012 60 

 

2013 59 

TX 2011 62 

 

2012 47 

GA 2011 58 

  2012 33 

a
Number of days at or above 32°C 
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Table 2. Summary of trials for the MAB1 population conducted in AZ, GA and TX under WW and WL treatments. Mean and 

range for two agronomic and six fiber traits using best linear unbiased predictions, midparent values, transgressive segregation, 

and estimated heritability on an entry mean basis with their standard error calculated across six environments (GA 2012 not 

included). 

    RILs   Parents   

Transgressive 

Variation     

Trait Regime Mean Range 

 

MSHT1B2R2 DP 104 BR2 Midparent Negativea Positiveb H2 

SE 

(H2) 

Seed Cotton Yield  

(kg ha-1) 

WL 1562.49 1463.06-1664.52 

 

1542.97 1559.60 1551.28 - - 0.34 0.11 

WW 4521.93 4059.9-4783.09 

 

4504.60 4524.00 4514.3 - - 0.72 0.04 

Lint Yield (kg ha-1) 

WL 629.62 597.81-663.14 

 

634.88 630.86 632.87 - - 0.38 0.10 

WW 1769.32 1599.06-1925.67   1847.92 1784.19 1816.06 - - 0.76 0.04 

Lint Percent (%) 

WL 40.00 36.03-43.18 

 

42.17 40.81 41.49 2 - 0.89 0.01 

WW 39.08 35.75-41.69 

 

41.85 40.45 41.15 3 - 0.95 0.01 

Micronaire (units) 

WL 4.59 4.06-5.21 

 

4.71 4.52 4.62 - - 0.86 0.02 

WW 4.48 4.08-5.08 

 

4.68 4.33 4.51 - - 0.90 0.01 

Length (mm) 

WL 26.67 25.4-28.19 

 

26.67 26.67 26.67 2 11 0.87 0.02 

WW 28.70 27.18-30.23 

 

28.96 28.96 28.96 - - 0.93 0.01 

Strength (kN m kg-1) WL 302.94 275.28-328.93 

 

288.52 292.15 290.34 - 6 0.85 0.02 
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WW 304.80 280.87-331.57 

 

300.49 295.98 298.23 - 16 0.89 0.02 

Uniformity (%) 

WL 81.71 80.8-82.59 

 

81.33 81.71 81.52 - - 0.72 0.04 

WW 83.55 81.96-84.48 

 

83.28 82.98 83.13 - - 0.81 0.03 

Elongation (%) 

WL 7.61 5.74-9.09 

 

7.34 6.97 7.16 

 

8 0.94 0.01 

WW 7.49 5.5-8.92 

 

7.25 6.52 6.89 - - 0.94 0.01 

a
Number of RILs with BLUP values less than that of the lowest parent at α=0.05 

b
Number of RILs with BLUP values greater than that of the highest parent at α=0.05 
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Table 3. Summary of trials for the MAB2 population conducted in AZ, GA and TX under WW and WL treatments. Mean and 

range for two agronomic and six fiber traits using best linear unbiased predictions, midparent values, transgressive segregation, 

and estimated heritability on an entry mean basis with their standard error calculated across seven environments. 

    RILs 

 

Parents   

Transgressive 

Variation     

Trait Regime Mean Range 

 

AZHT1B2R2 TXHS1 Midparent Negativea Positiveb H2 

SE 

(H2) 

Seed Cotton Yield  

(kg ha- 1) 

WL 2090.46 2003.74-2230.33 

 

2121.07 2037.35 2079.21 - - 0.44 0.08 

WW 4368.00 4186.45-4654.79 

 

4545.54 4116.60 4331.07 - - 0.55 0.07 

Lint Yield (kg ha-1) 

WL 950.67 839.81-1045.63 

 

991.6368 909.2608 950.45 - - 0.50 0.07 

WW 1856.57 1703.76-2073.68 

 

2030.5824 1736.3136 1883.45 - - 0.68 0.05 

Lint Percent (%) 

WL 40.40 37.43-46.48 

 

41.45 41.24 41.35 11 1 0.90 0.01 

WW 40.16 37.3-45.77 

 

41.42 41.73 41.58 20 1 0.95 0.01 

Micronaire (units) 

WL 4.63 3.93-5.15 

 

5.00 4.67 4.84 5 - 0.93 0.01 

WW 4.50 3.98-5.02 

 

4.65 4.56 4.61 10 1 0.94 0.01 

Length (mm) 

WL 27.69 25.91-29.72 

 

27.43 27.69 27.56 - 2 0.93 0.01 

WW 29.46 27.69-31.75 

 

29.46 29.21 29.34 - 1 0.95 0.01 

Strength (kN m kg-1) 

WL 283.42 257.43-315.88 

 

289.40 285.68 287.54 1 1 0.87 0.02 

WW 293.43 267.63-326.87 

 

302.94 294.21 298.57 1 1 0.91 0.01 
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Uniformity (%) 

WL 80.93 80.08-82.45 

 

80.93 81.36 81.15 - - 0.75 0.04 

WW 82.45 81.38-83.55 

 

82.48 82.79 82.64 - - 0.81 0.03 

Elongation (%) 

WL 7.11 6.22-8.17 

 

7.37 7.00 7.19 - - 0.93 0.01 

WW 6.39 5.46-7.46 

 

6.68 6.36 6.52 - - 0.93 0.01 

a
Number of RILs with BLUP values less than that of the lowest parent at α=0.05 

b
Number of RILs with BLUP values greater than that of the highest parent at α=0.05 
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Table 4. Phenotypic correlations for A. MAB1 and B. MAB2 under WL and WW conditions. 

A. 

Trait 

Seed Cotton 

Yield Lint Percent Micronaire Length Strength Uniformity Elongation 

Lint Percent -0.005 

      

 

-0.0809 

      Micronaire -0.0708* 0.3954*** 

     

 

-0.1433 0.4326*** 

     Length 0.0614 -0.4057*** -0.2855*** 

    

 

0.2475* -0.4105*** -0.2862*** 

    Strength 0.0032 -0.3994*** -0.1379** 0.5271*** 

   

 

0.0542 -0.3627*** -0.0802 0.3634*** 

   Uniformity 0.0943** -0.2739*** -0.0746* 0.42*** 0.4384*** 

  

 

0.0938 -0.2267*** -0.0101 0.3643*** 0.4068*** 

  Elongation 0.0728* 0.1389* 0.0641 -0.1277* 0.0625 0.0727 

 

 

0.1938 0.1522* 0.0494 -0.1718** -0.0943 0.1086 

 Lint yield 0.96*** 0.196*** 0.0359 -0.0171 -0.1744 -0.1768 -0.1768 

  0.8291*** 0.4149*** 0.1835*** -0.1225** -0.2262*** -0.0784* 0.1397** 
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WL top number 

WW bottom number 

* Significant at the 0.05 probability level 

** Significant at the 0.01 probability level 

*** Significant at the 0.001 probability level  
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B. 

Trait 

Seed Cotton 

Yield Lint Percent Micronaire Length Strength Uniformity Elongation 

Lint percent 0.1204*** 

      

 

0.037 

      Micronaire -0.0057 0.3798*** 

     

 

-0.026 0.3701*** 

     Length -0.0267 -0.4048*** -0.36*** 

    

 

-0.0003 -0.4537*** -0.4606*** 

    Strength -0.0501 -0.1922*** -0.054 0.547*** 

   

 

-0.0112 -0.1603** -0.0744 0.5057*** 

   Uniformity -0.0305 -0.1497*** 0.1621*** 0.3138*** 0.4071*** 

  

 

0.0298 -0.1212** 0.0768 0.3387*** 0.3933*** 

  Elongation 0.0691** 0.2183*** 0.247*** -0.027 0.2912*** 0.2091*** 

 

 

-0.0005 0.2058*** 0.1861*** -0.119* 0.1714*** 0.1586*** 

 Lint yield 0.794*** 0.4037*** 0.0898* -0.149*** -0.1025** -0.0802* 0.0348*** 

  0.9086*** 0.4307*** 0.1249** -0.1862*** -0.0648 -0.0225 0.0407* 

WL top number 
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WW bottom number 

* Significant at the 0.05 probability level 

** Significant at the 0.01 probability level 

*** Significant at the 0.001 probability level  
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Table 5. Genotypic correlations for A. MAB1 and B. MAB2 under WL and WW conditions. 

A. 

Trait 

Seed Cotton 

Yield Lint Percent Micronaire Length Strength Uniformity Elongation 

Lint percent -0.2508 

      

 

-0.2686* 

      Micronaire -0.3929* 0.4793*** 

     

 

-0.0338 0.5131*** 

     Length 0.0037 -0.4812*** -0.4109*** 

    

 

0.0956* -0.5166*** -0.3972*** 

    Strength 0.1751 -0.5683*** -0.128 0.3207*** 

   

 

-0.0479 -0.5208*** -0.0606 0.4112*** 

   Uniformity 0.1336 -0.4999*** -0.1347 0.4555*** 0.7642*** 

  

 

0.0399 -0.415*** -0.014 0.3223** 0.7507*** 

  Elongation 0.1428 0.1702 -0.0385 -0.1704 0.0378 0.2246* 

 

 

0.0735 0.2151* 0.0243 -0.1916** -0.1751 0.3135** 

 Lint Yield 0.7512*** 0.3788* -0.0164 -0.2685 -0.0857* 0.0486 0.1163** 

  0.6731*** 0.5799*** 0.2873** -0.2306** -0.3885*** -0.251* 0.3373** 
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WL top number 

WW bottom number 

* Significant at the 0.05 probability level 

** Significant at the 0.01 probability level 

*** Significant at the 0.001 probability level  
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B. 

Trait 

Seed Cotton 

Yield Lint Percent Micronaire Length Strength Uniformity Elongation 

Lint percent 0.0013 

      

 

-0.0349 

      Micronaire 0.137 0.4431*** 

     

 

-0.0052 0.4593*** 

     Length -0.2118 -0.5355*** -0.5536*** 

    

 

-0.0419 -0.5255*** -0.5791*** 

    Strength -0.0147 -0.1461 -0.089 0.5835*** 

   

 

0.043 -0.2026* -0.1272 0.5889*** 

   Uniformity -0.3182 -0.0528 0.3428** 0.0678 0.4414*** 

  

 

0.1031 -0.2008* 0.1072 0.3425*** 0.4703*** 

  Elongation 0.0885 0.3224*** 0.3229*** -0.041 0.381*** 0.3934*** 

 

 

0.0162 0.2734** 0.2771** -0.1474 0.2509** 0.3107*** 

 Lint Yield 0.815*** 0.661*** 0.3659** -0.5253*** -0.0859 -0.2833 0.2985* 

  0.7482*** 0.6955*** 0.3227** -0.4068*** -0.0898 -0.0869 0.2137 

WL top number 
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WW bottom number 

* Significant at the 0.05 probability level 

** Significant at the 0.01 probability level 

*** Significant at the 0.001 probability level  
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Figure 1. Meteorological data for each environment A. AZ 2011 B AZ 2012 C. AZ 2013 D.TX 2011 E.TX 2012 F GA 2011 G. 

GA 2012. Dashed line indicates 32° C as the harmful temperature threshold for yield in cotton (Schlenker and Roberts, 2009). 

A. 
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C. 
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D. 
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E. 
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F. 
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G. 
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Figure 2. Drought stress index average across populations for each environment. A value near one indicates high drought stress 

and a value near zero indicates low drought stress. 
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Figure 3. Regressions of MAB1 and MAB2 population means on an environmental index estimated from the mean of 

genotypes minus the grand mean of all genotypes in a given environment for A. seed cotton yield, B. lint yield, C. lint percent, 

D. micronaire, E. length, F. strength, G. uniformity and H. elongation. 

A. 
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D. 
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F. 

  



 

 

94 
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Abstract 

Upland cotton (Gossypium hirsutum) is cultivated in many contrasting production 

environments and is often subjected to a combination of abiotic stresses such as high 

temperature (heat) and water deficit (drought) stress. However, little is known about the 

genetic control of tolerance to combined heat and drought stresses in cotton. In the 

present study, two recombinant inbred line populations were constructed from heat-

tolerant and -susceptible parental lines and evaluated in multiple environments under the 

presence of two treatments, well-watered (heat stress) and water-limited in the presence 

of high temperature (combination of heat and drought stresses). We constructed linkage 

maps for both recombinant inbred line populations and mapped QTL controlling 

variation for two agronomic traits, seed cotton yield and lint yield, as well as six fiber 

traits, lint percent, micronaire, length, strength, uniformity, and elongation. A total of 41 

QTL were identified across populations for the eight traits, with nearly 50% of these 

identified under both irrigation regimes. QTL for seed cotton yield and lint yield were 

only identified in a single population and were conferred by the heat-sensitive parent. 

Additionally, a putative QTL cluster was identified for the traits lint yield, lint percent, 

micronaire, length, strength, and elongation, which is expected given the high correlation 

between fiber traits. Finally, a within location analysis identified 97 additional QTL 

across traits and populations that were only identified in one of the three locations. This 

study provides cotton breeders and geneticists with a first look into the genetic control of 

the tolerance to the combination of heat and drought stresses and provides suggestions on 

how to genetically improve stress tolerance in cotton.  
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Introduction 

Upland cotton (Gossypium hirsutum L.) is the most important cultivated fiber 

crop and is planted in a number of contrasting climates all over the world. Regardless of 

the environment in which cotton is cultivated, cotton is often exposed to both periodic 

and chronic episodes of multiple abiotic stresses that include high temperature (heat) and 

water deficit (drought) stress. Upland cotton is believed to have been domesticated from 

perennial plants that were adapted to high temperatures and periods of drought (Brubaker 

and Wendel, 1994; Holland, 2007), which makes cotton a candidate model system for 

genetic studies of abiotic stress tolerance. Given that crops are often simultaneously 

exposed to multiple abiotic stresses in the field (Mittler, 2006), it is important to 

understand the genetic basis underlying tolerance to the combination of heat and drought 

stresses. Very few studies have examined the genetics of tolerance to the combination of 

heat and drought stresses, and to date, none of these studies have attempted to map 

quantitative trait loci (QTL) under the combination of both stresses. 

In cotton, several QTL mapping studies have been conducted on populations 

grown under a single abiotic stress. This approach has led to the localization of many 

large-effect QTL related to heat or drought tolerance, which has provided cotton breeders 

with potential molecular tools to use in marker-assisted selection (MAS) approaches 

within their breeding programs. The most comprehensive QTL study for drought 

tolerance in cotton to date analyzed an interspecific population of G. hirsutum x G. 

barbadense grown under well-watered (WW) and water-limited (WL) conditions 

(Saranga et al., 2004; Saranga et al., 2001). These analyses identified 161 QTL for length, 

uniformity, micronaire, strength, elongation, fiber color, dry matter, seed cotton yield, 
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harvest index, boll weight, boll number, osmotic potential, carbon isotope ratio (δ
13

C), 

canopy temperature, and chlorophyll a and b content. Out of the 161 QTL detected, 33 

were found only under one of the two irrigation regimes and were considered sensitive to 

the environment. Of interest was the identification of 13 QTL for seed cotton yield, with 

four of these conferring higher seed cotton yield under the WL treatment (Saranga et al., 

2001). 

In an effort to improve drought tolerance in cotton, several of these QTL were 

later introgressed into near isogenic lines (NILs) using backcross MAS and tested under 

WW and WL conditions in multi-environment field trials (Levi et al., 2009). Many of the 

NILs had the expected improved physiological components such as lower osmotic 

potential, higher δ
13

C, and increased leaf chlorophyll content, though a consistent yield 

advantage was not observed. In addition, some of the NILs had unexpected changes in 

non-targeted traits, which included reduction in leaf size, higher stomatal conductance, 

and reduced leaf thickness. These findings of unexpected phenotypic changes and 

unrealized yield gains demonstrate the difficulties with genetic improvement of polygenic 

traits such as drought tolerance.  

Only a single QTL analysis has been conducted for heat tolerance in cotton by 

examining stomatal conductance (Ulloa et al., 2000). High stomatal conductance is 

considered a type of heat avoidance mechanism, in which an evaporative cooling effect 

occurs maintaining a lower leaf temperature in irrigated, semiarid growing regions (Liu et 

al., 2006; Radin et al., 1994). Two QTL were identified for stomatal conductance under 

the high daytime temperature, irrigated growing environments of Arizona. In addition to 

the QTL analysis, divergent selection was conducted on the mapping population creating 
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two groups of genotypes with high and low stomatal conductance, which were evaluated 

under the low-elevation high temperature growing environment of Arizona and high-

elevation cooler temperature of New Mexico. A positive correlation was identified 

between yield and stomatal conductance only under the high temperature, irrigated 

environment of Arizona, suggesting that evaporative cooling only confers an adaptive 

advantage in high temperature environments. 

The identification of QTL that improve tolerance of cotton to abiotic stress is of 

great importance to future climate-oriented cotton breeding programs. Identification and 

leveraging of these QTL under a combination of abiotic stresses could allow for cotton 

improvement using MAS approaches. The three primary objectives of this study were to 

(i) construct a genetic linkage map for two upland cotton mapping populations of 

recombinant inbred lines (RILs), (ii) identify QTL controlling two agronomic and six 

fiber traits under heat and drought stress conditions in three environmentally contrasting 

locations, and (iii) test for the existence of location-specific QTL.  
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Material and Methods 

Population Development and Phenotypic Evaluation 

A more extensive description of population development and phenotypic 

evaluation are provided in the Materials and Methods of Chapter 2. Briefly, a population 

of 117 F4:6 recombinant inbred lines (RILs) designated as marker-assisted breeding 1 

(MAB1) were derived from selfing individuals created from a cross between 

MSHT1B2R2, a heat-tolerant inbred, and DP 104 B2RF (Monsanto), a heat-susceptible 

commercial cultivar. The second population, designated as MAB2, consisted of 113 F4:6 

individuals created by crossing AZHT1B2R2, a heat-tolerant inbred, with TXHS1, a 

heat-susceptible inbred. Phenotypic evaluation was conducted on each RIL population 

arranged in a 7 x 21 (0,1) alpha lattice with two replications per irrigation regime. The 

two irrigation regimes experimentally used were well-watered (WW, heat stress) and 

water-limited (WL, combination of heat and drought stresses), both implemented in the 

presence of high temperature. The two populations were evaluated in three locations: 

Casa Grande, Arizona (2011-2013); Hale Center, Texas (2011-2012); and Unadilla, 

Georgia (2011-2012). Both RIL populations were phenotyped for seed cotton yield (kg 

ha
-1

), lint yield (kg ha
-1

), lint percent (%), micronaire (unit), length (upper half mean, 

mm), strength (kN m kg
-1

), uniformity (%) and elongation (%). A threshold of above 

32°C was used to determine the number of heat stress days experienced during the 

flowering period at each location (Schlenker and Roberts, 2009).  

Linkage Map Construction 

Genomic DNA samples of the mapping parents AZHT1B2R2, DP 104 B2R2, 

TXHS1, and MSHT1B2R2 were initially screened with 3,178 single-nucleotide 
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polymorphism (SNP) markers to identify polymorphic markers between each pair of 

mapping parents. Of the 3,178 SNP markers, 606 and 647 of them were polymorphic in 

the MAB1 and MAB2 populations, respectively. Recombination ratios were converted 

into map distances cM using the Kosambi mapping function (Kosambi, 1943). For each 

marker locus, segregation distortion was tested by a χ
2
 analysis (df=1) compared to the 

1:1 ratio in an F4 derived RIL population. To control for the family-wise error rate for 

multiple χ
2
 tests, a Bonferroni correction was used resulting in an alpha of 4.27x10

-4
 

(0.05/606) and 7.7x10
-5

 (0.05/647) for the MAB1 and MAB2 populations, respectively.  

Phenotypic Data Analysis and Heritability Estimation  

A more extensive description of the statistical analysis have been previously 

reported in the Materials and Methods section of Chapter 2. Briefly, the two agronomic 

and six fiber traits were analyzed across environments under each irrigation regime. For 

each trait, a best linear unbiased predictor (BLUP) for each line was predicted from a 

mixed linear model fitted across environments and within locations for each irrigation 

regime in ASReml version 3.0 (Gilmour et al., 2009). The full mixed model treating all 

terms except for the mean as random was: 

ijklmninnijkm

ijklijkiijklmn

genoenvgenoenvfieldreprange

envfieldrepblockenvfieldrepenvY
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 Equation 1. 

where Yijklmn is the individual observation; µ is the overall mean; envi is the effect of the 

ith environment (location-by-year combination); rep(field*env)ijk is the effect of the kth 

replication within the jth field within the ith environment; block(rep*field*env)ijkl is the 

effect of the lth block within the kth replication within the jth field within the ith 

environment; range(rep*field*env)ijkm is the effect of the mth range within the kth 
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replication within the jth field within the ith environment; genon is the effect of the nth 

genotype or RIL; env*genoin is the effect of the interaction between the ith environment 

and the nth genotype; and εijklmn is the random error term.  

Similar to the heritability estimates calculated in the Material and Methods 

section of Chapter 2, the estimated variance components from each fitted model were 

used to calculate broad-sense heritabilities (H
2
) on an entry-mean basis within each 

location for each irrigation regime with the method of Holland et al. (2003). 

    
   
 

   
  

    
 

 
 
   
 

  

 
   
 

   
         Equation 2. 

where    
  is the genotypic variance,     

 is the genotype by environment interaction 

variance,    
  is the residual error variance, r is the number of replications (r = 2), e is the 

number of environments within each location (e = 3 for AZ, e = 2 for TX, e = 1 (MAB1) 

and 2 (MAB2) for GA), and    
  is the phenotypic variance. Standard errors for the 

heritabilities were approximated using the delta method (Holland et al., 2003). 

QTL Analysis 

Two separate QTL analyses were conducted. The first analysis identified QTL 

using across-environment BLUPs for each trait within each irrigation regime. The second 

QTL analysis was conducted using BLUPs within each location (AZ, TX, or GA) under 

each irrigation regime. In all three analyses, we mapped additive QTL effects using the 

Composite Interval Mapping function (Zeng, 1994) within the QTL Cartographer 2.5 

software package (Wang et al., 2012). Forward regression within the standard model 

(Model 6) was used with a window size of 5 cM and a walk speed of 1 cM. A QTL was 

declared significant for any trait based on 1000 permutations at a statistical significance 

level of α=0.05 (Churchill and Doerge, 2008). The logarithm of the odds (LOD) 
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thresholds across traits and analyses ranged from 4.02 to 4.45 for MAB1, and from 4.10 

to 4.74 for MAB2. QTL overlap was declared when the 1-LOD likelihood intervals for 

any two QTL overlapped (Lander and Botstein, 1989).  



 

 

111 

 

Results 

Genetic Properties of the MAB1 and MAB2 Populations 

We used 3,178 SNP markers to screen the parents of each mapping population to 

identify polymorphic markers. We identified 629 and 647 polymorphic SNP markers 

between the parents of the MAB1 and MAB2 populations, respectively. When the 629 

polymorphic markers identified between the MAB1 parents were used to screen the entire 

population, 23 markers were monomorphic across the population. In contrast, all 

polymorphic markers identified between the parents of the MAB2 population detected 

polymorphisms across the segregating lines. For loci within the MAB1 population, the 

average distance between markers was 5.41 cM and varied in regards to the number of 

markers per chromosome, with a range of only two markers on chromosome six to 67 

markers on chromosome 13. For the MAB2 population, the average distance between 

markers was 5.01 cM, while the number of markers also varied on each chromosome 

with a range of six marker loci on chromosome four to 74 markers on chromosome 13. In 

total, the markers used to construct the MAB1 population linkage map covered ~ 3137 

cM, while the linkage map for the MAB2 population covered ~3180 cM of the cotton 

genome. Additionally, both populations contained the expected percentage of 

heterozygous markers (α=0.05) for an F4 derived population with 12.76% and 18.82% 

heterozygosity in the MAB1 and MAB2 populations, respectively. On average across the 

RILs, 12.17% and 8.75% of markers had missing data in the MAB1 and MAB2 

populations, respectively. For a given RIL, the highest percentage of missing data for a 

marker was 32.85% and 40.34% in the MAB1 and MAB2 populations, respectively, 

while the lowest percentage was 4.13% in the MAB1 population and 1.55% in the MAB2 
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population. The χ
2
 analysis revealed that 57 and 121 of the mapped marker loci had 

significant segregation distortion for the MAB1 and MAB2 populations, respectively. 

These markers spanned all chromosomes and ranged from one to 14 markers per 

chromosome. Finally, the residual heterozygosity was 2.10%, 2.13%, 3.70%, and 1.62% 

for the MSHT1B2R2, DP 104 B2R2, AZHT1B2R2, and TXHS1 parents, respectively. 

Across Environment QTL Analysis 

The mixed model allowed for the across-environment assessment of each RIL 

under the two irrigation regimes, WW and WL, correcting for field variation in the seven 

environments used in this study. The BLUP means, ranges, and mid-parent values for the 

two agronomic and six fiber traits have been previously reported in the Results section of 

Chapter 2. Additionally, the across-environment heritability estimates of all traits have 

been previously reported in the Results section of Chapter 2. Briefly, the heritability 

estimates for the two agronomic traits were low to moderate, ranging from 0.34 to 0.72, 

while the heritabilities of the fiber traits were moderate to high ranging from 0.72 to 0.95. 

For the eight traits, an across-environment analysis identified a total of 15 and 7 QTL in 

the MAB1 (Table 2) population under the WW and WL irrigation regimes, respectively. 

In addition, a total of 12 and 15 QTL were identified in the MAB2 (Table 3) population 

under the WW and WL irrigation regimes, respectively. 

Seed Cotton Yield: A single QTL for seed cotton yield was identified in the MAB2 

population under the WL irrigation regime. This QTL explained nearly 30% of the 

phenotypic variation observed, with the favorable allele contributing an additive effect of 

37.27 kg ha
-1

. Interestingly, this allele was conferred by the heat sensitive parent, 
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TXHS1. No significant QTL were identified in the MAB1 population for seed cotton 

yield. 

Lint yield: Two QTL for lint yield were identified within the MAB2 population, one 

under each irrigation regime. The QTL explained nearly 17% and 20% of the observed 

phenotypic variation within the WW and WL regimes, respectively. However, the QTL 

mapped to separate chromosomes within the cotton genome. Similar to the QTL for seed 

cotton yield, the favorable alleles contributed small additive effects of 14.17 kg ha
-1

 (WL) 

and 31.18 kg ha
-1

 (WW), which were both conferred by the heat sensitive parent, TXHS1. 

No significant QTL for lint yield were identified in the MAB1 population. 

Lint Percent: A total of six and three QTL were found for lint percent in the MAB1 and 

MAB2 populations, respectively. For the MAB1 population, two of the six QTL were 

found under both irrigation regimes; however, each QTL mapped to a different 

chromosome. These two QTL combined explained 44% and 34% of the observed 

phenotypic variation under the WW and WL irrigation regimes, respectively, and both 

contained similar size and direction of additive effects. Of the three QTL identified in the 

MAB2 population, one was identified under the WW irrigation regime, while the other 

two were identified under the WL irrigation regime. Between the two irrigation regimes, 

a single QTL mapped to an identical chromosome position. The three QTL combined 

explained 38% and 32% of the observed phenotypic variation under the WL and WW 

irrigation regimes, respectively. No significant QTL for lint percent overlapped between 

the two populations. 

Micronaire: A total of four and five QTL were identified across irrigation regimes for 

micronaire in the MAB1 and MAB2 populations, respectively. For the MAB1 population, 
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the three QTL identified under the WW irrigation regime combined explained nearly 

37% of the observed phenotypic variation. These QTL all had small additive effects of 

0.07. The single QTL identified under the WL irrigation regime explained 14% of the 

observed phenotypic variation and had a small additive effect of 0.06. All QTL identified 

for micronaire in the MAB1 population had unique chromosome positions and no QTL 

mapped to the same position between the two irrigation regimes. For the MAB2 

population, nearly 48% of the observed phenotypic variation was explained by the three 

QTL identified under the WL irrigation regime, while only 29% of the observed 

phenotypic variation could be explained by the two QTL identified under the WW 

irrigation regime. As opposed to the MAB1 population, two QTL mapped to an identical 

chromosome position between the two irrigation regimes. However, no significant QTL 

mapped to the same chromosome position between the two populations. 

Length: A total of three and six QTL were identified for length in the MAB1 and MAB2 

populations, respectively. Within MAB1 population, all three QTL were identified under 

the WW irrigation regime and combined explained 63% of the observed phenotypic 

variation. Although one of these QTL explained a large portion (29%) of the observed 

phenotypic variation, it had a small additive effect of 0.02 mm. Two of three QTL 

identified in the MAB1 population mapped to a similar non-overlapping chromosome 

position, while the third mapped to a separate chromosome. Out of the six QTL identified 

in the MAB2 population, half were identified under the WW irrigation regime. In total, 

two QTL were identified under both irrigation regimes and map to an identical 

chromosome position. One of the QTL identified under both irrigation regimes explained 

over half of the variation in length under each of the irrigation regime (56% under the 
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WW regime and 54% under the WL regime). Although this QTL explained a large 

portion of the observed phenotypic variation, the effect of the QTL was very small (0.027 

mm under the WW regime and 0.025 mm under the WL regime). No significant QTL for 

length were found to overlap between the two populations. 

Strength: A total of five QTL for strength were identified across populations, with two 

identified in the MAB1 population and three identified in the MAB2 population. For the 

MAB1 population, the two QTL identified under the WL regime together explained 

nearly 30% of the observed phenotypic variation for strength. These QTL had small 

additive effects of 0.21 kN m kg
-1

 and 0.53 kN m kg
-1

, mapping to separate 

chromosomes. For the MAB2 population, the QTL identified under the WW irrigation 

regime combined explained 36% of the observed phenotypic variation, while the single 

QTL identified under the WL irrigation regime explained 28% of the observed 

phenotypic variation. A single QTL was identified under both irrigation regimes and 

mapped to an identical chromosome position. This favorable allele had small additive 

effects under both irrigation regimes with 0.68 kN m kg
-1

 and 0.70 kN m kg
-1

, for the 

WW and WL regimes, respectively. There were no significant QTL identified that 

overlapped between the populations. 

Uniformity: A total of six QTL were identified for uniformity, with four and two QTL 

identified in the MAB1 and MAB2 populations, respectively. All four QTL in the MAB1 

population were identified under the WW irrigation regime. Combined, these QTL 

explained nearly 50% of the observed phenotypic variation and mapped to different 

chromosomes within the cotton genome. Of the two QTL identified in the MAB2 

population, a single QTL was identified under each irrigation regime, which map to 



 

 

116 

 

different chromosomes. The favorable allele identified under the WL irrigation regime 

explained 22% of the phenotypic variation, while the favorable allele under the WW 

irrigation regime explained 18% of the phenotypic variation. There were no significant 

QTL identified that overlapped between the populations. 

Elongation: A total of three and five QTL were indentified in the MAB1 and MAB2 

populations, respectively. For the MAB1 population, a single QTL was identified under 

the WW regime and explained 12% of the observed phenotypic variation having a small 

additive effect of 0.17%. The two QTL found under the WL regime together explained 

20% of the observed phenotypic variation and both had small additive effects of 0.21% 

and 0.12%. All QTL for elongation identified in the MAB1 population mapped to 

separate chromosomes. The two QTL identified in the MAB2 population under the WW 

regime explained 39% of the observed phenotypic variation and had small additive 

effects of 0.21% and 0.08%. The three QTL identified under the WL regime combined 

explained 63% of the observed phenotypic variation and had small additive effects. 

Similar to the MAB1 population, all QTL for elongation identified in the MAB2 

population mapped to separate chromosomes. No significant QTL overlapped between 

the populations. 

Based on the map positions of QTL identified in this across environment analysis, 

a putative QTL cluster was identified within the MAB2 population. This cluster 

contained 11 QTL for six out of the eight traits including lint yield, lint percent, 

micronaire, length, strength, and elongation. All QTL within this cluster map to a 14 cM 

region with nine QTL for the traits lint yield, lint percent, length, micronaire and 

elongation mapping to a 1.1 cM region. QTL found in this cluster generally explained a 
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large proportion of the phenotypic variation observed, which ranged from 8.9% to 56.1% 

in the across environment analysis. Additionally, QTL within this cluster were identified 

under both irrigation regimes. 

QTL within Location Analysis 

The heritability estimates within each location for the two agronomic traits were 

lower compared to heritability estimates of the fiber traits for the MAB1 (Table 1A) and 

MAB2 (Table 1B) populations. In addition, heritability estimates of the agronomic traits 

were greater under the WW irrigation regime compared to the WL irrigation regime. Of 

interest, the GA location had the highest heritability estimates of the agronomic traits 

seed cotton yield and lint yield across populations and irrigation regimes, ranging from 

0.29 to 0.77. Lint percent generally had the highest heritability in almost all locations and 

irrigation regimes. The heritabilities of the fiber traits within the TX location varied 

widely with a range of 0.27 to 0.92 across in the MAB1 population and a range of 0.14 to 

0.83 in the MAB2 population. Additionally, the heritability estimates of the fiber traits in 

TX had greater standard errors compared to the other two locations, especially under the 

WL treatment. 

A within-location analysis was used to determine the presence of QTL within the 

specific locations. A total of 38 QTL were identified across traits in the MAB1 

population under the WL irrigation regime (Figure 1A). Two QTL, one for lint percent 

and one for elongation, mapped to the same chromosome positions in all three locations. 

Both of these QTL were also identified in the across-environment analysis, mapping to 

the same chromosome positions. A single QTL for lint percent was identical between the 

AZ and TX locations, while three QTL were identical between the AZ and GA locations, 
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two of which were for elongation and the remaining QTL for strength. The within-

location analysis revealed 20 (52%) additional QTL for the MAB1 population under the 

WL irrigation regime. 

For the MAB1 population under the WW irrigation regime (Figure 1B), 42 QTL 

were identified across all eight traits within locations. Two QTL for lint percent were 

identified in all three locations. Interestingly, one of these QTL mapped to an identical 

genetic position as a QTL found under the WL regime at all three locations. Two QTL, 

one for lint percent and one for seed cotton yield were found in both the AZ and TX 

locations. The QTL for lint percent was also identified under the WW treatment of the 

across-environment analysis. Only one QTL, which was for length, was identified in both 

the AZ and GA locations, which was also identified in the across-environment analysis. 

Of the QTLs identified, 29 (69%) additional QTL were identified that did not overlap any 

other QTL identified in this study. 

For the MAB2 population under the WL irrigation regime, 37 QTL were 

identified across all traits within locations (Figure 1C). Two QTL, one for lint percent 

and one for length, were common in all three locations, and interestingly map to the same 

genome position, which happens to be within the QTL cluster that was identified in the 

across-environment analysis. A total of four QTL were common between the AZ and GA 

locations for the traits length, lint percent, micronaire, and strength. These four QTL 

commonly identified between the AZ and GA locations were also identified in the across-

environment analysis. A single QTL for micronaire was common between the AZ and 

TX locations and was found in the across-environment analysis. There were no common 

QTL identified between the TX and GA locations. A total of 29 (78%) of the QTL 
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identified were unique and were not identified in any other two QTL analyses in this 

study.  

For the MAB2 population under the WW irrigation regime, 38 QTL were 

identified across all eight traits within locations (Figure 1C). Three QTL were common 

between all three locations. Two of these were for lint percent, while the third was for 

length. These same QTL were identified under the WL irrigation regime and as 

previously observed, map to the cluster previously identified in the across-environment 

analysis. Additionally, three QTL, one each for micronaire, uniformity, and strength, 

were commonly identified between the AZ and GA locations. The QTL for micronaire 

and strength were identical to QTL identified under the WL irrigation regime. However, 

the QTL for uniformity is unique and was not identified in the across environment 

analysis. The same QTL for micronaire that was identified as common between the AZ 

and TX locations under the WL irrigation regime was also identified under the WW 

regime. Finally, two QTL, one each for lint percent and length, were commonly 

identified between the TX and GA locations. The QTL for lint percent was not identified 

in the across-environment analysis, while the QTL for length maps to the cluster 

previously identified. A total of 19 (50%) of the QTL identified in the across-location 

analysis for MAB2 under the WL regime were not previously identified in this study. 

In general, only fiber traits were common between any two given locations, 

except for a single QTL for seed cotton yield in the MAB1 population identified in both 

the AZ and TX locations under the WW regime. In addition, the AZ and GA locations 

shared the most QTL commonly identified while the TX and GA locations shared the 

least number of QTL between them. The within-location analysis revealed 97 additional 
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QTL that were only identified in a single location. Of the unique QTL identified across 

both populations, nearly 33 (40%) of the QTL dependent on the location were for the 

low-heritability traits seed cotton yield and lint yield, with the majority (73%) of them 

identified in the MAB1 population. These QTL explained between 0.1% and 30.4% of 

phenotypic variation and had additive effects ranging from 0.004 kg ha
-1

 to 134.2 kg ha
-1

. 

Interestingly, slightly over half of the favorable alleles for the agronomic traits were 

conferred by the heat-sensitive parents.  
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Discussion 

The genetic control of tolerance to the combination of high temperature and water 

deficit was assessed through the analysis of two yield traits, seed cotton yield and lint 

yield, as well as six fiber traits, lint percent, micronaire, length, strength, uniformity, and 

elongation, under WW (heat stress) and WL (combination of heat and drought stress) 

irrigation regimes across multiple environments. Given that the estimated genetic 

distance of the cotton genome is ~ 4070 cM (Blenda et al., 2012), the polymorphic 

markers used in this study covered an average 77.6% of the cotton genome. Marker 

coverage was deficient for some chromosomes, with chromosomes four and six having 

between two and eight markers across populations. This reduced our ability to identify 

QTL on these chromosomes. Additionally, missing marker data were more common in 

the MAB1 population and might help to explain why some QTL found in the MAB2 

population were not identified in the MAB1 population, but it could also be attributable 

to genetic heterogeneity (Holland, 2007).  

The across-environment analysis using BLUPs from the two populations 

phenotyped under heat stress and combined heat and drought stresses revealed 49 QTL. 

Of these, 17% were identified in both treatments and were not sensitive to environmental 

conditions. This included QTL for highly heritable fiber traits, lint percent, micronaire, 

length, and strength. However, QTL for seed cotton yield, lint yield, uniformity, and 

micronaire appeared to be most sensitive to the environment as no QTL were significant 

under both irrigation regimes. Additionally, no QTL were identified through the across-

environment analysis that overlapped a common genome position between the two 

populations. Through this across environment analysis, a putative QTL cluster was 
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identified. This cluster may help explain some of the correlations identified in Chapter 2 

as pleiotropy or linkage, especially the correlations between lint percent and the other 

fiber traits identified in this cluster. However, this QTL cluster was only identified in the 

MAB2 population. 

Only a single significant QTL was identified for seed cotton yield and two QTL 

for lint yield during our analysis of the two populations across environments. The single 

QTL for seed cotton yield was identified under the combination of heat and drought 

stresses in the MAB2 population. However, this same QTL was identified under heat 

stress as well, but was not significant (data not shown) based on the permutation 

threshold. This putative seed cotton yield QTL overlays one of the previously identified 

QTL for seed oil content found on chromosome 21 (Yu et al., 2012). Previous studies 

have identified no significant correlation between seed oil and seed cotton yield (Akhter 

et al., 1992; Turner et al., 1976). Thus, further research is needed to fully assess the 

overlap of this seed cotton yield QTL with the seed oil content QTL previously 

identified. 

Lint yield and seed cotton yield are likely controlled by many genes within the 

cotton genome and influenced by the environment (polygenic). Additionally, the genes 

controlling these agronomic traits most likely individually contribute very small additive 

effects. Our small population sizes of 117 (MAB1) and 113 (MAB2) lack the statistical 

power needed to identify additional QTL for seed cotton yield and lint yield. This 

underlies the difficulty of using small bi-parental mapping populations to identify 

complex traits such abiotic stress tolerance. In light of this, advanced molecular tools 

such as next generation sequencing will allow for the use of more sophisticated modeling 
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and selection of polygenic traits using genomic selection (Heffner et al., 2009; Heslot et 

al., 2012; Meuwissen et al., 2001). With these models, estimated breeding values for 

genotypes of interest for a specific quantitative trait (e.g. lint yield) are calculated based 

on marker effects summed across the whole genome. This allows genome-wide marker 

information to be incorporated into selection decisions, without the use of targeted QTL 

mapping approaches that cannot capture small QTL effects.  

The across-environment analysis revealed that 32 (65%) of the favorable alleles 

identified were conferred by the heat-sensitive parents. Interestingly, for the agronomic 

traits seed cotton yield and lint yield, all favorable alleles were conferred by the heat-

sensitive parent TXHS1 within the MAB2 population. This implies that favorable alleles 

for yield (seed cotton or lint) performance under the combination of heat and drought 

stress are not dependent on adaptation to high temperatures. Cairns et al. (2013) 

identified in an inbred population of 300 maize hybrids that genetic control of tolerance 

to heat or drought stress was different than the genetic control of tolerance to the 

combination of heat and drought stresses. Although, we did not test this directly, our 

results support that yield advantages under the combination of heat and drought stresses 

are not dependent on adaptation to heat stress. 

The within-location QTL analysis identified many QTL that were dependent on 

the location grown. Only QTL for the highly heritable traits lint percent, length, and 

elongation were commonly identified across all three locations. Interestingly, QTL for 

lint percent were identified in all locations across both populations and irrigation regimes. 

This result aligns with the heritability estimates for lint percent observed in Chapter 2. 

Lint percent had the highest heritability estimate under heat stress, and the fourth highest 
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heritability under the combination of heat and drought stresses. Thus, QTL for lint 

percent could be expected to be less influenced by the environment. Additionally, we 

would expect the fluctuation of QTL effect sizes across environments to be less for lint 

percent relative to those of other traits. Many of the QTL identified in the within-location 

analysis were for the low heritability traits seed cotton yield and lint yield. In general, 

more QTL were identified within the AZ and GA locations compared to the TX location. 

This is probably due to greater heat unit accumulation and water availability in AZ and 

GA compared to the TX location. Additionally, QTL were more commonly identified 

between AZ and GA as compared to TX with either AZ or GA. As discussed in Chapter 2 

regarding selection for yield and fiber, the AZ and GA locations may offer a better 

selection environment compared to the TX location. 
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Conclusion 

Cotton production will undoubtedly occur under the co-occurrence of high 

temperature and water deficit conditions, due to the increase in temperature and the 

limited availability of moisture as a result of global climate change. In light of this, cotton 

breeders need to consider the development of varieties that are tolerant to the 

combination of heat and drought stresses. Three separate QTL analyses were used to 

identify 138 QTL for two agronomic and six fiber traits. More favorable alleles were 

conferred by the heat-sensitive parents compared to the heat-tolerant parents, especially 

for the traits seed cotton yield and lint yield. Additionally, a putative QTL cluster was 

identified that contributes to traits that were significantly correlated in Chapter 2. These 

results provide cotton breeders and geneticists with a molecular toolset for the 

development of cotton varieties that are tolerant to the combination of heat and drought 

stresses. However, due to the limited number of QTL able to be identified for polygenic 

traits such as seed cotton yield and lint yield within these small mapping populations thus 

far, the use of genomic selection may be a better alternative to develop cotton varieties 

tolerant to the combination of heat and drought stresses. 
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Tables and Figures 1 

Table 1. Estimated broad-sense heritabilies on an entry mean basis with their standard errors 2 

calculated within each location for A. MAB1 and B. MAB2. 3 

Table 2. QTL identified in MAB1 under each irrigation regime across all environments. PVE- 4 

percent variation explained. 5 

Table 3. QTL identified in MAB2 under each irrigation regime across all environments. PVE- 6 

percent variation explained. 7 

Figure 1. Summary of within-location QTL identified across all eight traits for A. MAB1 WL, B. 8 

MAB1 WW, C. MAB2 WL, D. MAB2 WW. 9 

  10 
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Table 1. Estimated broad-sense heritabilies on an entry mean basis with their standard errors calculated within each location 11 

for A. MAB1 and B. MAB2. 12 

A. 13 

 

AZ WL 

 

AZ WW 

 

GA WL 

 

GA WW 

 

TX WL 

 

TX WW 

Trait H
2
 se   H

2
 se   H

2
 se   H

2
 se   H

2
 se   H

2
 se 

Seed Cotton Yield (kg ha
-1

) 0.23 0.14 

 

0.64 0.06 

 

0.77 0.05 

 

0.58 0.08 

 

0.31 0.23 

 

0.51 0.09 

Lint Yield (kg ha
-1

) 0.28 0.14 

 

0.61 0.06 

 

0.75 0.05 

 

0.69 0.06 

 

0.31 0.22 

 

0.37 0.16 

Lint Percent (%) 0.75 0.04 

 

0.90 0.02 

 

0.86 0.03 

 

0.93 0.01 

 

0.70 0.06 

 

0.92 0.01 

Micronaire (unit) 0.75 0.04 

 

0.88 0.02 

 

0.88 0.02 

 

0.81 0.03 

 

0.27 0.18 

 

0.74 0.05 

Length (mm) 0.78 0.03 

 

0.89 0.02 

 

0.72 0.05 

 

0.81 0.03 

 

0.35 0.14 

 

0.60 0.07 

Strength (kN m kg
-1

) 0.73 0.04 

 

0.81 0.03 

 

0.66 0.06 

 

0.67 0.06 

 

0.47 0.12 

 

0.50 0.14 

Uniformity (%) 0.62 0.06 

 

0.71 0.05 

 

0.36 0.11 

 

0.54 0.08 

 

0.46 0.13 

 

0.46 0.16 

Elongation (%) 0.84 0.03   0.90 0.02   0.83 0.03   0.88 0.02   0.87 0.03   0.81 0.03 

  14 
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B. 15 

 

AZ WL 

 

AZ WW 

 

GA WL 

 

GA WW 

 

TX WL 

 

TX WW 

Trait H
2
 se   H

2
 se   H

2
 se   H

2
 se   H

2
 se   H

2
 se 

Seed Cotton Yield (kg ha
-1

) 0.21 0.15 

 

0.53 0.07 

 

0.29 0.21 

 

0.54 0.09 

 

0.32 0.15 

 

0.19 0.20 

Lint Yield (kg ha
-1

) 0.22 0.15 

 

0.54 0.07 

 

0.33 0.18 

 

0.61 0.07 

 

0.32 0.15 

 

0.57 0.07 

Lint Percent (%) 0.70 0.05 

 

0.88 0.02 

 

0.92 0.02 

 

0.95 0.01 

 

0.68 0.06 

 

0.71 0.06 

Micronaire (unit) 0.85 0.03 

 

0.91 0.02 

 

0.88 0.02 

 

0.90 0.02 

 

0.63 0.09 

 

0.78 0.06 

Length (mm) 0.86 0.02 

 

0.87 0.02 

 

0.86 0.03 

 

0.92 0.01 

 

0.46 0.12 

 

0.76 0.04 

Strength (kN m kg
-1

) 0.79 0.03 

 

0.83 0.03 

 

0.71 0.06 

 

0.84 0.03 

 

0.38 0.14 

 

0.67 0.08 

Uniformity (%) 0.61 0.06 

 

0.61 0.06 

 

0.58 0.06 

 

0.67 0.06 

 

0.14 0.20 

 

0.51 0.10 

Elongation (%) 0.86 0.02   0.88 0.02   0.80 0.04   0.85 0.03   0.50 0.11   0.83 0.04 

  16 
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Table 2. QTL identified within the MAB1 population under each irrigation regime across all environments. PVE- percent 17 

variation explained. 18 

       

Favorable genotype
3 

Trait  QTL 

Range PVE 

(%)  WW WL Both
1 

Additive Effect
2 

MSHT1B2R2
 

DP104B2R2
 

Seed Cotton Yield (kg ha
-1

) 0 0 0 0 0 0 0 0 

Lint Yield (kg ha
-1

) 0 0 0 0 0 0 0 0 

Lint Percent (%) 6 4.89-19.92 4 2 2 
-
0.61-

-
0.46 0 6 

Micronaire (units) 4 11.44-14.30 3 1 0 
-
0.06-

-
0.07 3 1 

Length (mm) 3 16.72-28.89 3 0 0 
-
0.01-0.01 1 2 

Strength (kN m kg
-1

) 2 8.24-21.56 0 2 0 
-
0.53-0.21 1 1 

Elongation (%) 3 9.58-12.06 1 2 0 
-
0.22-

-
0.12 0 3 

Uniformity (%) 4 8.09-16.68 4 0 0 
-
0.17-0.22 2 2 

Total 22 

 

15 7 2 

 

7 15 

1
QTL overlapped between irrigation regimes based on a (1-LOD) likelihood interval. 19 

2
Additive effect of substituting a DP104B2R2 allele with an allele from MSHT1B2R2.  20 

3
Number of QTL conferred by the MSHT1B2R2 or DP104B2R2 parent.  21 
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Table 3. QTL identified within the MAB2 population under each irrigation regime across all environments. PVE- percent variation 22 

explained. 23 

       

Favorable Genotype
3
 

Trait  QTL  

Range PVE 

(%)  WW WL Both
1 

Additive 

Effect
2
 AZHT1B2R2 TXHS1 

Seed Cotton Yield (kg ha
-1

) 1 29.69 0 1 0 
-
37.27 0 1 

Lint Yield (kg ha
-1

) 2 16.91-19.60 1 1 0 
-
31.18-

-
14.17 0 2 

Lint Percent (%) 3 7.73-32.02 1 2 1 
-
0.93-

-
0.56 0 3 

Micronaire (units) 5 4.92-26.83 2 3 2 
-
0.13-

-
0.09 2 3 

Length (mm) 6 10.30-56.15 3 3 2 
-
0.01-0.03 4 2 

Strength (kN m kg
-1

) 3 8.90-27.55 2 1 1 
-
0.70-0.45 1 2 

Elongation (%) 5 4.45-34.40 2 3 0 
-
0.28-0.18 2 3 

Uniformity (%) 2 18.20-21.62 1 1 0 
-
0.14-0.21 1 1 

Total 27 

 

12 15 6 

 

7 17 

1
QTL overlapped between irrigation regimes based on a (1-LOD) likelihood interval. 24 

2
Additive effect of substituting a TXHS1 allele with an allele from AZHT1B2R2.  25 
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3
Number of QTL conferred by the AZHT1B2R2 or TXHS1 parent. 26 
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Figure 1. Summary of within-location identified across all eight traits for A. MAB1 WL, B. 

MAB1 WW, C. MAB2 WL, D. MAB2 WW. 

A. 

 
B. 
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C. 

 
D. 
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CHAPTER 4: Dissertation Conclusions and Further Research 

The development of abiotic stress tolerance in cotton has many challenges, 

especially when testing in the field environment. However, it is important that much of 

the future research with abiotic stress tolerance be conducted under field conditions so 

that crops are exposed to “real world” environments that maximally represent conditions 

they would face in a farmer’s field. Although the scope of the research presented in this 

dissertation is not all encompassing, I believe that it provides a critical initial step to offer 

cotton breeders and geneticists the necessary information to aid in the improvement of 

future cotton varieties tolerant to the combination of heat and drought stresses. 

The first step in developing cotton varieties tolerant to the combination of heat 

and drought stresses is to understand the heritability and correlations of agronomic and 

fiber traits under abiotic stress. Since cotton breeding involves the simultaneous 

improvement of yield and fiber traits, the response of these traits under multiple 

environments as well as correlated responses between traits will aid in the development 

of efficient selection and testing schemes within current cotton breeding programs. In 

Chapter 2, I demonstrated that the estimated heritability of lint yield and seed cotton yield 

were generally low compared to heritability of the fiber traits. Additionally, heritability 

estimates for yield (both seed cotton and lint) were reduced under the combination of heat 

and drought stresses compared to heat stress alone, consistent with the idea that yield is 

highly influenced by the environment. Thus, according to the breeder’s equation (Lush, 

1937), the response to selection for yield will generally be small under high stress, low 

yielding environments. In contrast, fiber traits had high heritability estimates regardless 

of environmental conditions, suggesting that fiber traits are not largely affected by the 
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environment (low GxE), rather that the variation observed for these traits is mainly 

influenced by heritable genetic factors (e.g. quantitative trait loci (QTL)). Thus, breeding 

progress can be successful when selecting improved lint quality under the target 

environment such as the combination of heat and drought stresses. However, when 

examining the transgressive variation present in the MAB1 and MAB2 populations, only 

extreme phenotypic outliers for fiber traits could be identified under the combination of 

heat and drought stresses. The combination of these stresses appeared to suppress the 

observed phenotypic variation compared to heat stress alone. Thus, selection under the 

combination of heat and drought stresses would likely cause a breeder to overlook many 

transgressive variants that could only be identified under favorable conditions. Overall, 

selection for both yield and fiber trait improvement will be more efficient under favorable 

conditions; however, testing still needs to occur under the combination of heat and 

drought stresses to measure varietal responses to varying levels of stress. 

In addition to heritability estimates, the correlations between the two agronomic 

and six fiber traits were estimated in Chapter 2. Correlations between heat stress and the 

combination of heat and drought stresses were found to be similar. Some interesting 

correlations were identified that could alter current cotton breeding program selection 

schemes. For many years, cotton breeders have used lint percent as a proxy trait for 

indirect selection for yield due to its high heritability and relative ease of measurement. 

However, based on the correlations estimated in Chapter 2, selection for lint percent may 

result in indirect selection for other economically important traits measured in this study. 

For example, lint percent was positively correlated with micronaire and negatively 

correlated with both length and strength. Upon imposing selection to increase lint 
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percent, micronaire will begin to increase, which will cause price discounts at the gin. 

Additionally, as lint percent is increased, both length and strength are expected to 

decrease, which can negatively affect yarn quality in the textile industry (May, 1996). 

Although not tested in this study, lint percent is believed to be negatively correlated with 

seed index or seed size (Groves and Bourland, 2007). Thus, as lint percent is increased, 

seed size is expected to decrease. Seed size has been shown to be main determinant of 

seedling vigor in upland cotton, with smaller seed having reduced vigor (Snider et al., 

2014). Taken together, selection to increase lint percent as indirect selection for yield 

may not be a sustainable method of cotton variety improvement. 

Finally, in Chapter 3, I mapped 138 QTL controlling variation for the eight traits 

phenotyped in this dissertation. During the across-environment analysis, only one QTL 

for seed cotton yield and two QTL for lint yield were identified in the MAB2 population. 

Interestingly, all three QTL were conferred by the heat-sensitive parent, TXHS1. During 

the within-location QTL analysis, more than half of the QTL identified for lint yield or 

seed cotton yield were conferred by the heat-sensitive parents. Taken together, it appears 

that adaptation to high temperatures does not necessarily confer tolerance to the 

combination of heat and drought stresses. Although a direct correlation was not tested 

between heat stress and the combination of heat and drought stresses in regards to yield, 

it appears that the heat-sensitive parents contain substantial allelic variation for improved 

yield performance. The QTL identified for yield in MAB2 may also offer yield stability 

given that the MAB2 population was more stable for seed cotton yield compared to the 

MAB1 population (Chapter 2). Additionally, a putative QTL cluster was identified in the 

MAB2 population that contained 11 QTL for six out of the eight traits including lint 
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yield, lint percent, micronaire, length, strength, and elongation. As mentioned in Chapter 

3, this cluster helps to explain some of the correlations identified in Chapter 2 as 

pleiotropy or linkage.  

Although many QTL were identified within the two analyses conducted, no QTL 

were identified that overlapped between the two populations. This is likely due to limited 

statistical power as a result of the small size of the bi-parental mapping populations used 

in this study, as well as the genetic heterogeneity of domesticated cotton. In light of these 

limitations, QTL mapping along with marker-assisted selection may not be the optimal 

method of genetic improvement of polygenic traits in current cotton breeding programs. 

Advanced statistical models such as genomic selection (GS), a breeding approach that 

uses predictive modeling (Heffner et al., 2009; Heslot et al., 2012; Meuwissen et al., 

2001), may be more useful. GS models have been deemed “black box” breeding, since 

selection occurs on the combined effects of all markers used to genotype a given line 

regardless of where the markers are or to what gene they are linked. This model attempts 

to account for the small QTL effects controlling highly polygenic traits such as seed 

cotton yield and lint yield by summing the effects of all markers across the entire 

genome. One of the best success stories to date utilizing advanced statistical models for 

improved abiotic stress tolerance was the development and commercial release of the 

Pioneer AQUAmax® brand of drought-tolerant maize hybrids (Cooper et al., 2014). The 

development of these drought-tolerant maize hybrids started with the use of managed 

environments (ME) in which drought stress levels and timing were controlled. Within 

these MEs, appropriate experimental designs such as row-column or incomplete blocks 

were recommended to model spatial variation within a field, which improved 
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predictability of the experiments. Finally, the use of predictive models (e.g. GS) was used 

to select among early stage breeding lines. This selection and testing scheme led to the 

development of drought-tolerant maize hybrids that reduced the incidence of G x E 

interactions across the U.S. Corn Belt. Similar methods should be used in cotton breeding 

programs to develop cotton varieties that are tolerant to abiotic stresses.  
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Pitfalls and Limitations 

One of the largest challenges that I have faced throughout this research is the 

ability to quantify within-season stress under field conditions. Currently, we have the 

ability, through the drought stress index (DSI), to quantify water deficit stress at the end 

of the growing season. However, this method is not useful to manage water deficit during 

the growing season. The challenges of quantifying stress levels during the growing 

season are going to plague field research until new methods are developed that can 

accurately and efficiently quantify stress on a diurnal or weekly scale. Traits such as leaf 

temperature, stomatal conductance, or vegetative indices, can be measured on several 

checks throughout the field, which can help quantify the level of stress occurring at 

different parts of the field. These measurements could be incorporated as co-factors 

within the BLUP model to account for spatial variation in the field. High-throughout 

methods for these traits were not readily available during this research. 

Another potential pitfall of my research is the lack of analysis of these two 

populations under field conditions with minimal abiotic stress. Since both treatments 

(well watered and water limited) were conducted under heat stress, I was not able to 

compare each population under optimal temperature and irrigation levels. Additionally, a 

comparison with only drought stress would have allowed a more comprehensive 

comparison of genetic control in response to a single stress (heat or drought) versus a 

combination of stresses. A study conducted by Cairns et al. (2013) on maize inbred lines 

revealed that genetic control of heat or drought stress tolerance was different compared to 

genetic control of tolerance to the combination of heat and drought stresses. I grew the 

MAB1 and MAB2 populations at sites varying in heat stress, but the performance of 



 

 

143 

 

these populations in the absence of heat stress could have provided further support for the 

conclusions presented in Chapters 2 and 3. In addition, having the non-heat stress 

comparison would allow the identification of possible QTL that are strictly influenced by 

either heat or drought stress.  

A final key limitation of this research is the lack of statistical power for QTL 

mapping as a result of small bi-parental mapping populations. Selection of the Roundup 

Ready® and Bollguard 2® traits limited the number of F4 individuals that were 

maintained in each population. Additionally, due to selection of these traits within the 

populations created, linkage drag bias at the insertion site may have affected the ability to 

identify QTL. However, I felt that the presence of Bollguard 2®, which offered modest 

insect protection, helped to ensure that most boll abscission and subsequent loss was 

largely due to abiotic stress and not insect damage. The lack of statistical power reduced 

the ability to identify QTL for seed cotton yield and lint yield, which are of greatest 

importance to a future climates-oriented cotton breeding program. Additionally, small 

population size could have limited the ability to detect overlapping QTL between the two 

mapping populations. As mentioned previously, the advanced statistical models used in 

GS could potentially be used instead of QTL mapping in current cotton breeding 

programs focused on abiotic stress tolerance.  
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Further Research 

The dissertation presented here is one of the first studies to examine the 

combination of heat and drought stresses on cotton production in multiple locations and 

years. Through my analysis, I focused on eight traits related to yield and fiber. However, 

phenotyping several other traits relating to heat or drought stress tolerance will be the 

next steps in trying to uncover abiotic stress tolerance in cotton. Below is a brief 

overview of some important traits that can be phenotyped in cotton to further uncover 

tolerance to heat stress and the combination of heat and drought stresses. 

One of the most important areas of drought research that needs to be conducted in 

cotton is root development. Root phenotyping is very difficult and labor-intensive, but 

would have been a valuable phenotype to capture in both populations. Several root 

architectural improvements can aid in the enhancement of drought and heat tolerance in 

cotton. The first improvement is selection for roots that reach deeper within the soil 

column to extract moisture. This can be accomplished in two ways. The first is to 

increase root production through mechanisms such as an increased root number, 

increased root length, or by changing the proportion of roots that develop within the soil 

column. Root development in cotton generally results in the majority of lateral roots from 

the taproot forming in the top one meter below the soil surface (Oosterhuis and Jernstedt, 

1999). It may be beneficial for the plant to increase the proportion of lateral roots deeper 

in the soil profile enabling it to extract more moisture. Second, the optimization of the 

angle of lateral roots from the taproot may provide tolerance to the combination of heat 

and drought stresses. If this angle can be decreased so the lateral roots tend to grow more 

parallel to the taproot rather than perpendicular, more soil moisture may be extracted. 



 

 

145 

 

Recently, control of root angle via a mechanism of gravitropism was identified in rice 

(Uga et al., 2013). DEEPER ROOTING 1 (DRO1) affected the rooting angle allowing 

roots to develop deeper into the soil column. Near-isogenic lines containing DRO1 had 

nearly two times the rooting depth compared to the lines not containing DRO1. Most 

interestingly, DRO1 did not increase overall root length or mass, but rather only changed 

rooting angle by altering root growth in the presence of gravity. An ortholog of DRO1 

may exist in cotton, and its expression could perhaps be regulated to confer increased 

rooting angle and subsequent depth for improvement in drought and heat tolerance in 

cotton. 

Another trait of interest that could have provided more insights into the 

physiological tolerance to heat and drought stress is canopy temperature. Canopy 

temperature is a result of the evaporative cooling mechanism via stomatal conductance 

and is related to both the water status and metabolic processes of the plant (Howell et al., 

1984). Significant variation in canopy temperature has been observed in cotton 

germplasm (Hatfield et al., 1987). Canopy temperature has become accurate and cost-

effective to measure in recent years as it is amenable to high-throughput phenotyping 

(HTP) platforms (Andrade-Sanchez et al., 2014; White et al., 2012). Due to its ease of 

measurement, canopy temperature has become an efficient tool for the selection of 

genotypes tolerant to drought stress. In two upland cotton cultivars, Baker et al. (2007) 

identified in cotton that the canopy temperature depression or the difference between air 

temperature and canopy temperature provided a good predictor of drought stress under 

field conditions. Similarly, within five modern drought-tolerant cultivars of wheat, 

Pradhan et al. (2014) showed that canopy temperature depression was positively 
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correlated with grain yield (r = 0.83 to 0.91) under drought stress. Thus, canopy 

temperature is a trait that can be easily phenotyped and used as a selection criterion. 

Since canopy temperature is amenable to high-throughput phenotyping mechanisms such 

as a high clearance tractor or small unmanned aircraft systems, it can be used in early 

stages of the breeding pipeline when selecting among thousands of progeny of selected 

crosses. 

For the improvement of heat tolerance in cotton, the focus should be on the 

tolerance of pollen to high temperature stress. In arid climates where cotton is grown, 

pollen sterility occurs when canopy temperatures reach 30°C or higher. The University of 

Arizona has developed a heat stress model that estimates canopy temperature in cotton 

based on ambient air temperature and humidity to predict when pollen sterility is likely to 

occur throughout the season (Brown, 2001; Brown, 2008; Brown and Zeiher, 1997). I 

believe that there are two ways to improve heat tolerance via pollen through breeding. 

The first and probably most difficult is to increase the tolerance of cotton pollen to heat 

stress by screening pollen under high temperatures. Burke et al. (2004) showed that 

cotton pollen germination peaks at temperatures of 28°C and starts to decline at 

temperatures above that point. Additionally, in a recent study of four upland cotton 

cultivars, the pollen germination percentage (PGP) of field grown cotton was assessed 

under high temperatures in the Yangtze River Valley of China (Song et al., 2014). 

Results suggested that a pollen culturing temperature of 35°C could be used as a selection 

criterion for heat stress-tolerant pollen. It has also been shown that pollen tube growth 

through the style is sensitive to heat stress (reviewed by Oosterhuis and Snider, 2011). 

Variability among 14 genotypes of Gossypium hirsutum L. was observed by Liu et al. 
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(2006) for pollen germination and pollen tube growth under varying levels of heat stress. 

Thus, selection is possible for heat-tolerant pollen, which can improve the tolerance of 

cotton to heat stress.  

Water use efficiency (WUE) is an increasingly studied area of crop tolerance to 

abiotic stress. Leaf carbon isotope ratio (
13

C/
12

C expressed as δ
13

C) or carbon isotope 

discrimination (CID), which is an indirect measure of WUE (Farquhar et al., 1982), is 

currently being used to identify cultivars with high WUE. I believe that WUE will play a 

role in the development of cultivars tolerant to abiotic stress, but will be just a small piece 

of the complexity of abiotic stress tolerance in cotton. The correlation of CID or WUE to 

yield in cotton has been inconsistent (Leidi et al., 1999; Stiller et al., 2005). Year-to-year 

variation in CID does not allow for its successful use as a selection criterion in current 

cotton breeding programs. In addition, selection for high WUE will inadvertently select 

for genotypes that reduce stomatal conductance (Blum, 2009). Reduction of conductance 

via stomatal closing will reduce the amount of CO2 available for photosynthesis. In 

addition to the reduction of CO2 availability, closing of stomata under high temperatures 

will increase leaf temperature in cotton and lead to a deactivation of Rubisco, inhibiting 

photosynthesis (Carmo-Silva et al., 2012). In light of this, Blum (2009) suggests that 

future efforts in improving drought tolerance focus on limiting “non-stomatal leakage” 

while directing all moisture loss through the stomata. In Chapter 1, I state that this theory 

will also apply to high temperature stress and the combination of heat and drought 

stresses. By maintaining some optimal level of stomatal conductance, we can effectively 

cool the plant via transpiration and thus sustain the uptake of CO2 to effectively produce 
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carbon assimilates. Thus it is important that we attempt to couple some level of WUE 

with better rooting systems to try to improve tolerance to abiotic stress. 

Overall, climate change in the form of rising temperatures and reduced water 

availability will increase the occurrence of the combination of heat and drought stresses 

in a farmer’s field. Thus, current cotton breeding programs will need to focus on the 

development of cotton varieties tolerant to heat, drought, and the combination of the two. 

The research presented in this dissertation will provide cotton breeders and geneticists 

with tools needed to develop improved cotton varieties. These tools include the ability to 

understand trait responses to the combination of heat and drought stress that can aid in 

the development of efficient selection and testing schemes during variety development. 

Additionally, through the QTL analysis, I demonstrated that more favorable alleles for 

yield were conferred by the heat-susceptible parents, thus heat susceptible lines are likely 

still valuable for mining yield QTL that are stable under high stress environments. Taken 

together, the development of cotton varieties tolerant to heat, drought, or the combination 

of the two will likely involve the quantification of stress throughout the growing season, 

high-throughput phenotyping of heat and drought related traits, and the use of genomic 

selection along with the development of efficient selection and testing schemes.  
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