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DEFINING THE MOLECULAR AND PHYSIOLOGICAL ROLE OF LEAF
CUTICULAR WAXES IN REPRODUCTIVE STAGE HEAT RESISTANCE IN
WHEAT


INTRODUCTION


Wheat (Triticum aestivum L.) is one of the major crops cultivated worldwide. It is


a cool season crop growing at optimal temperatures of 15-20ºC. Heat and drought


stresses are the primary limitation to its production. Exposure to higher than optimal


temperatures reduces yield and decreases quality. Wardlaw et al. (1989) estimated a 3-4%


decline in yield for every degree rise in temperature above 15 ºC. Based on this estimate


wheat grown in US Southern Great Plains loses approximately 30-40% of their yield due


to high temperature stress. Post-anthesis heat stress results in a reduction in both


individual kernel weight and kernel number (Hays et al., 2007a). Additionally heat stress


is often accompanied by drought stress that adversely affects the plant’s reproductive


development and yield. Improvement in thermo tolerance is likely to improve its


adaptation to areas that suffer from drought and high temperature. Decreases in yield


under stress may be due to several interrelated processes such as reduced photosynthesis,


premature senescence, pollen sterility and seed abortion.


Strategies of abiotic stress resistance can be divided in to two groups, stress


avoidance and stress tolerance. High temperature stress causes changes in various


physiological and biochemical processes, development of morphological and


physiological adaptations will facilitate stress avoidance. A number of physiological


traits have been associated with potential crop improvement under abiotic stress (Blum,


1988, Reynolds et al., 2007). Maintenance of photosynthesis, chlorophyll content,


stomatal conductance, canopy temperature, cell membrane stability (Ibrahim et al., 2001)


cuticular waxes and leaf hairs are important adaptive physiological traits under stress.


Studies have focused on leaf cuticular waxes as a barrier to excess water loss from the


leaf surface under drought stress. But the cuticular waxes may also be important in


radiating excess energy and reducing leaf temperatures under high temperature


conditions. A fundamental understanding of the molecular and physiological basis of


improved adaptation conferred by the presence of leaf cuticular waxes and its variable
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content and composition to high temperatures is lacking.  Thus a detailed understanding


of the role of leaf cuticular waxes in heat stress resistance is essential. The primary goal


of this proposal is to link the quantitative trait loci (QTLs) regulating wax accumulation,


composition and transport to its improved adaptation to heat stress  for basic


understanding and tools for developing wheat lines adapted to heat and drought stresses.


Plants use a small portion of the intercepted solar energy in photosynthesis the remainder


is dissipated as heat.  Transpiration and increased reflectance are the major avoidance


mechanisms plants use to dissipate excess solar radiation. The cuticle plays an important


role in reflecting the infrared radiation that is responsible for the heating of the leaves.


The central hypothesis of this proposal is that cuticular waxes present on the leaf surface


reduce leaf tissue temperatures by reflecting excess photosynthetic and heat generating


infrared radiation and thus improves adaptation the of wheat lines to high temperatures.


This project is designed to study the role leaf cuticular waxes play as a heat


adaptive mechanism for wheat grown under high temperature conditions. The specific


objectives that will be used to test my hypothesis are:


Objective1. Determine the contribution of leaf cuticular wax content and composition to


high temperature tolerance in wheat.


Objective2. Define the interaction or link between the QTLs regulating the variable leaf


cuticular layers and content and the QTLs identified for reproductive stage heat tolerance.


Objective4. Fine map and characterize a major QTLs regulating leaf wax production that


is linked to reproductive stage heat tolerance in wheat.
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REVIEW OF LITERATURE RELEVANT TO THIS PROPOSAL


High temperature is a major abiotic stress affecting agronomic and quality


characteristics in wheat. High temperatures during reproductive development results in a


reduction of kernel weight, kernel number and grain filling duration. Weigand and


Cueller (1981) reported a linear reduction of 3 days in grain filling for every 1 °C


increase in temperatures within the range of 16-26°C. Grain weight reduces linearly with


increased duration of heat stress. However, the first day of stress results in more loss in


grain weight than an extended period of stress. Thus a short period of very high


temperatures causes proportionally more damage to yield than an extended period of very


high temperatures (Stone and Nicolas, 1998). Yield losses up to 23 % have been reported


in response to 4 days of high temperatures (>32°C) (Randall and Moss, 1990). High


temperature during wheat grain developmental phase also affects the quality


characteristics also. For instance heat stress causes an increase in protein percentage of


the grain primarily due to reduction in starch synthesis. This reduction is caused by the


sensitivity of starch biosynthesis enzymes to high temperatures. The effects of heat stress


on grain protein and starch alters dough strength and bread making quality in wheat.


A plant’s biomass and yield are frequently proportional to the levels of crop


photosynthesis (Loomis and Williams, 1963). Photosynthesis is stable in wheat at a


temperature range of 15 to 30°C (Stone, 2000). As the temperature rises over 30°C the


rate of photorespiration increases more than rate of CO2 fixation, altering the partitioning


of assimilates to reproductive sinks. This causes reduction in seed weight. At


temperatures higher than 40°C irreversible damage occurs to the photosynthetic apparatus


due to deactivation of PSII leading to senescence (Burke, 1990). Under normal


temperatures photosynthesis declines during grain filling but at high temperatures


reduced photosynthesis causes early senescence reducing the grain filling duration and


yield. As such, it is important for the plants to maintain an optimal leaf tissue temperature


for normal growth and development.


Heat resistance mechanisms in plants are based on both tolerant and adaptive


mechanisms. Heat tolerance is a quantitative trait controlled by many genes. One QTL


study used grain-filling duration as heat tolerance indicator identified two genes


controlling the trait (Yang et al., 2002). Higher production of heat shock proteins in
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response to heat stress in wheat has also been reported (Joshi et al., 1997). The adaptive


mechanisms that protect plants at high temperatures are increased transpiration, reflective


hairs, leaf waxes, leaf orientation and size. Leaf transpiration under high temperature


conditions helps to lower the leaf temperature. Such transpirational cooling may result in


a temperatures decrease of as low as 8°C below ambient for wheat grown in adequate


moisture supply (Reynolds et al., 1994). A study conducted in a high-yielding


environment in Mexico revealed that leaf photosynthetic rate, leaf conductance and


canopy temperature depression (CTD) were all associated with yield in a set of eight


spring bread wheat lines (Fischer et al., 1998). However, under heat stress conditions


stomatal conductance may have a negative correlation with yield. Transpiration


efficiency has negative association with grain yield in wheat (Sayre et al., 1995). Direct


measurement of stomatal conductance and photosynthetic activity is slower than CTD


that can be measured rapidly with an infra-red thermometer. CTD may also be used as an


indirect tool in selection criterion for grain yield (Reynolds, 1994, Amani et al., 1996).


Temperature differences between two plant canopies with different morphological


features (degree of waxiness, leaf size and awns) may result from differences in energy


absorption, latent heat flux or a combination of factors (Ayeneh et al., 2002).


Figure1: Schematic presentation of cuticle structure in plants (Bird D.A., 2008).
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The plant cuticle serves an important function in reflecting excess photosynthetic


energy and dissipating heat in high temperature conditions. The cuticle is a thin


hydrophobic layer that covers primary aerial plant surfaces such as leaves, fruits and


stems (Figure 1). The thickness of the cuticle layer varies between species however there


are three distinct layers in all species. The cuticular layer is in contact with the cell wall,


above that is the cuticle proper. Coating the surface of cuticle proper are epicuticular


waxes (Bird D.A, 2008). In wheat it is difficult to distinguish between the cuticular layer


and cuticle proper (Jeffree C.E, 2006). The cuticle layer is composed of cutins and waxes.


The cutin forms the framework of the cuticular matrix with the waxes embedded in this


cuticular matrix (intracuticular) and also deposited on the surface as epicuticular waxes.


The cutin framework is a polymer of C16–C18 ester-linked dicarboxy-, hydroxy- and


dihydroxy-fatty acids that form a three-dimensional matrix through cross-linkages with


glycerol (Bird, D.A. 2008). The waxes are composed of long-chained hydrocarbons,


ketones, esters, aliphatic alcohols, fatty acids and aliphatic aldehydes. The cuticular


waxes in plants provide a protective barrier to abiotic and biotic stresses. Sorghum has


the highest amount of leaf wax among cereals (~52.7mg/g) while durum wheat has a


range of 25-37.5 mg/g of leaf depending on locations (Burrow et al 2008). A study by


Richard et al. (1986) estimated high epicuticular wax amounts in wheat flag leaves at


anthesis. The cuticular wax load affects the epidermal conductance rate and also


influences the ultra structure and topology of the leaf surface (Cameron et al., 2005).


Both leaf conductance and the topology of leaf surface affect yield (Johnson et al., 1983).


Leaf epicuticular waxes directly interact with the environment. A study on effect of high


day and night temperature in velvet Mesquite revealed an increase in total wax content


when grown at high day and night temperatures (Hull, 1958).


Epicuticular wax imparts a bluish green color to the leaf that is known as


glaucousness. Leaf waxes affect leaf spectral properties to the extent that the net radiation


and leaf temperature may be reduced (Blum, 1975). The glaucousness in wheat has been


associated with reduced leaf temperatures and delayed heat induced leaf senescence


(Johnson et al., 1983). Studies by Johnson et al. (1983) indicate that glaucousness does


not always indicate the quantity of wax and thus both quantitative and qualitative


measurement of leaf wax is important. Differences in leaf surface reflectance are
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observed between glaucous and non-glaucous lines and with increases in leaf cuticular


waxes under drought stress conditions (Uddin and Marshall, 1987). Reflectances


increases linearly with the amount of epicuticular wax in wheat (Johnson et al., 1983).


Spectral reflectance indices provide a non-destructive, instantaneous and quantitative


assessment of a crop’s ability to intercept radiation and photosynthesize (Ma et al., 1996).


Spectral reflectance indices, photochemical reflectance index [PRI= (R 531- R570)/


(R531+R570)], simple ratio (SR=NIR/VIS), water index (WI=R970/R900) and R550 are


suitable estimators for yield in durum wheat (Royo et al., 2002). Total reflectance and


spectral indices will be used in this study as a tool to determine physiological changes in


response to high temperatures in wheat.


Leaf wax biosynthesis has been localized to the endoplasmic reticulum (ER) but


their export of waxes from epidermal cells to the plant surface is not well understood.


Studies suggest that ATP Binding Cassette (ABC transporters) and lipid transfer proteins


(LTP) are involved in cuticular wax transport (Pighin et al., 2004, Hoh et al., 2005). The


expression of ABC transporters and LTPs increases under heat stress conditions in wheat


(Hays et al., 2007) suggesting their possible role in the transport of cuticular waxes.


Various genes controlling wax production and movement have been identified in


Arabidopsis, Sorghum, maize, barley and rice. In Arabidopsis at least 21 loci involved in


a wax accumulation pathway (ECERIFERUM and CER loci) have been identified


because mutants with easily distinguishable phenotype were available (Xia et al., 1996).


Among the wax-related genes identified CER1, CER2, CER6/CUT1, KCS1, FDH, and


WAX2 in Arabidopsis, GL1 and GL8 in maize, GL1 in rice and WXP1 from Medicago


encode wax synthesis and transport related enzymes or proteins (Islam et al., 2009). In


wheat glaucousness is under the control of both major and minor genes (Johnson et al.,


1983). Cytogenetic studies reveal the presence of a glaucousness gene W1 on


chromosome 2BS and the dominant inhibitor gene Iw2 on chromosome 2DS in wheat.


Dubcovsky et al., 1997 reported another spike glaucousness inhibitor gene Iw3 located on


chromosome 1BL. No molecular markers have been reported for wax producing genes in


wheat. It is therefore important to identify the genes and the associated markers so that


they may be used for selection of lines for breeding purposes.
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MATERIALS AND METHODS


Objective1. Determine the contribution of leaf cuticular wax content and composition


to high temperature tolerance in wheat.


Plant material and growth conditions- The study will be conducted in a set of 13 wheat


lines. That will include wheat lines from the US, Australia, and CIMMYT. The wheat


lines will be grown in a greenhouse under controlled conditions of 20C/18°C day/night


temperatures respectively. Each wheat line will be seeded at the rate of 2 plants per pot


with 20 replications of each wheat line arranged in a completely randomized design. At


10DAP, a set of 10 replications of each wheat line will be heat treated in a growth


chamber for 2 days at 38/20°C day/night temperature. The other set of 10 replications


will be moved into a control growth chamber for 2 days set at 20/18°C day/night


temperature respectively.  After the treatments the plants will be transferred to a


greenhouse untill maturity.


Phenotypic analysis-Phenotypic data will be collected from the wheat lines grown in


greenhouse. Flag leaf length and width will be recorded at 10DAP. Leaf width will be


measured on the widest part of the flag leaf and length will be measured from the base of


the flag leaf to the tip Leaf Grain Filling Duration (GFD) will be estimated as the date of


pollination until 90% senescence of the main inflorescence and Days To Flowering


(DTF) as the time from planting to pollination of the main spike will be recorded. At


maturity the plants in the greenhouse will be harvested and threshed. Yield component


variables like single kernel weight, total kernel weight, kernel number of main spike and


whole plant, and number of spikes will be recorded for the greenhouse study under heat


and control conditions. All statistical analysis of the phenotypic data will be performed


using SAS statistical software (SAS Institute, 2006).


Physiological measurements
Leaf temperature and conductance measurement -The flag leaf temperature will be


recorded using a handheld infrared thermometer (Model AG-42, Teletemperature Corp,


Fullerton, CA). Stomatal conductance of the flag leaf will be recorded using a handheld


porometer (Decagon Services Inc, Pullman, WA). The temperature and conductance for



Dr. Rooney
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the wheat lines will be recorded at interval of every 2hours during the heat/control


treatment.


Wax visualization - Leaf wax will be visualized by scanning electron microscopy. Fresh


flag leaf samples will be cut into small pieces and mounted on stubs and vapor coated


with osmium tetroxide and ruthenium tetroxide. The vapor treated samples will be sputter


coated with Au/PD (Ellis and Peddleton, 2007).  Leaf samples will be examined in a


JEOL 6400 SEM.


Wax quantification - Flag leaf wax will be extracted and analyzed using a colorimetric


method of Ebercon et al (1977).  This method is based on the color change produced by


the reaction of wax to acidic K2Cr2O7. Flag leaf wax will be quantified at 10DAP, 12


DAP and 15 DAP. Cuticular wax will be extracted from leaf discs of 1.0cm diameter in


chloroform for 30s. The extract will be filtered and dried in speed vacuum (Savant AES


2000 Speedvac, East Lyme, CT). The dried wax extract will be dissolved in 300ul of


acidic K2Cr2O7 and heated for 30 min in water bath at 100C. After cooling 700ul of H2O


will be added to each sample and allowed to cool and develop color for 30 minutes. The


optical density of the samples will be measured at 590nm. The total amount of wax will


be expressed as mg/dm2.


Chemical analysis of waxes - The chemical composition of the leaf wax extract will be


analyzed by capillary gas chromatography and mass spectrometry (Koch et al., 2006).


The temperature regime for GC will be: 50°C (2min), 50-200°C (40°C min-1), 200-320°C


(3°C min-1), 320 °C (20min). The column pressure program will be follows: 40kPa (40


min), 40–150kPa (10 kPa min-1), 150kPa (30 min). The wax compounds will be


identified by mass spectrometer.


Leaf spectral reflectance - Flag leaf spectral reflectance will be measured using a


portable spectrometer (Unispec-SC, PP Systems, Boston, MA). The spectrometer has a


built in light source and measures leaf reflectance in a range of 310-1100nm VIS/NIR


wavelength of light. Measurements will be taken replicates along the length of the flag


leaf from each line in the parent set lines and RILs for both control and heat treatment.
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Spectral reflectance will be measured at 10DAP, 12DAP and 15DAP in the parent set


lines and 10DAP only for RILs. Spectral reflectance indices SRI, PRI, WI will be


calculated from the spectral reflectance measurements.


Objective2. Define the interaction or link between the QTLs regulating the variable


leaf cuticular layers and content and the QTLs identified for reproductive stage heat


tolerance.


Plant material and growth conditions - The mapping population will consist of a set of


120 recombinant inbred line (RIL) population developed from a cross of heat tolerant


spring wheat cultivar Halberd and heat susceptible winter wheat cultivar Karl 92. The


RILs and the parental lines will be grown in Petri dishes and vernalized for 6 weeks at


4°C. The RIL population will be planted in the greenhouse under control conditions of


20/18°C day/night temperatures respectively. The population will be seeded at the rate of


2 plants per pot and 20 replications for each line in a completely randomized design.  At


10 DAP 10 replications of each line will be transferred to a greenhouse for heat treatment


at 38/20°C day/night temperatures respectively for 2 days. Following treatment they will


be transferred back to the control greenhouse untill maturity.  Field trials will also be


conducted for the RIL population planted in completely randomized block design at


College Station, TX.


Phenotypic analysis - Phenotypic data will be collected the RIL population grown in


both greenhouse and field. Flag leaf length and width will be recorded at 10DAP. DTF


and GFD for the population will be recorded. At maturity the plants in the


greenhouse/field will be harvested and threshed. Yield component variables such as


single kernel weight, total kernel weight, kernel number of main spike and whole plant,


and number of spikes will be recorded for both the field and greenhouse study under heat


and control conditions. All statistical analysis of the phenotypic data will be performed


using SAS statistical software (SAS Institute, 2006).



Dr. Rooney
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Physiological Measurements
Leaf temperature - The initial study will help us determine the time period for recording


flag leaf temperature in the RIL population. The flag leaf temperature of the RIL lines


will be recorded as in objective 1.


Wax quantification and composition analysis - Cuticular waxes will be quantified for


the RIL population following the procedure described in objective 1. We will map leaf


wax quantified at 10DAP. The


Mapping and QTL analysis - This study will use a genetic linkage map that was


generated for the RIL population with a set of polymorphic SSR markers (Mason et al., in


review).  The phenotypic data and the flag leaf wax content recorded from the


greenhouse and field studies will be averaged across replications for the analysis. The


program QTL cartographer will be used for single marker analysis to identify genetic


markers significantly associated with flag leaf wax content and the phenotypic traits.


Composite interval mapping will be used to determine the QTLs.


Objective3. Fine map and characterize a major QTLs regulating leaf wax production


that is linked to reproductive stage heat tolerance in wheat


Fine mapping - A high-resolution map is critical for gene isolation. Near-isogenic lines


(NILs) are ideal population for QTL fine mapping and cloning. However, developing


NIL population is time consuming. Tuinstra et al., 1997 described a method of


development of NILs from a heterogeneous inbred family (HIFs). HIF development is


based on molecular marker screening for a small heterozygous genomic region where the


QTL is located. The HIF progenies selfed for one generation will be evaluated with


molecular markers to develop NILs segregating for the QTL.


Fine mapping will involve marker enrichment in the QTL region. New SSR


markers, SNPs and EST based markers will be used to increase marker density.


Comparison of rice genetic map with other cereals indicated that the order of genes on


rice chromosome is similar to that on the chromosomes of wheat, barley and maize in


many regions of the chromosome (Ahn and Tanksley, 1993). Syntenic relationships and



Dr. Rooney
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large wheat EST database will facilitate development of new markers. The sequences


genes controlling wax production and movement in Arabidopsis, maize, and rice are


available in NCBI and TIGR. These sequences will be used to BLAST against the wheat


EST database. Identified EST sequences in wheat will be used to design primers for fine


mapping.


EXPECTED RESULTS


The statistical analysis of physiological and phenotypic data will define the


relationship with flag leaf wax content. We would expect that presence of high leaf wax


content would help to maintain lower leaf tissue temperature under high temperatures and


thus maintain yield and photosynthesis in wheat. Wheat lines with higher wax content


will have higher reflectance and lower CTD.  We would also understand the contribution


of stomatal conductance and leaf waxes in adaptation to high temperature conditions.


The QTL study will define the pleiotropic relationship between leaf cuticular waxes and


yield under heat stress. We would expect to identify major QTLs controlling leaf wax


content, CTD and yield components under heat treatment. A consistency between the


major QTLs identified in the greenhouse and field studies is expected. Major QTLs


associated with leaf wax content and reproductive stage heat tolerance will be further fine


mapped. Marker enrichment will increase resolution of the identified genomic region for


wax loci and facilitate fine mapping and cloning of the gene. Leaf waxes are important


adaptive mechanism in plants, identification of genetic loci and markers associated with


leaf wax in wheat will benefit in breeding efforts for both heat and drought tolerance. We


hope to define the role of leaf cuticular waxes as an important physiological adaptation in


heat stress tolerance.
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