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Abstract

The Australian cotton industry has developed higklding and high quality fibre
production systems and attributes a significantrdaution of this achievement to highly
innovative breeding programs, specifically focusedthe production of premium quality
lint for the export market. Breeding programs haeeently shifted attention to the
development of new germplasm with superior stretsrdnce to minimise yield losses
attributed to adverse environmental conditions iapdts such as irrigation, fertilisers and
pesticides. Various contributors to yield, such pdysiology, biochemistry and gene
expression have been implemented as screening ftwotslerance to high temperatures
under growth cabinet and laboratory conditionsthate has been little extension of these

mechanisms to field based systems.

This study evaluates tools for the identificatioh specific genotypic thermotolerance
under field conditions using a multi-level ‘top dowapproach from crop to gene level.
Field experiments were conducted in seasons 1 [20063 (2007) at Narrabri (Australia)
and season 2 (2006) in Texas (The United Statésnarica) and were supplemented by
growth cabinet experiments to quantify cultivar feliences in vyield, physiology,
biochemical function and gene expression under keghperatures. Whole plants were
subjected to high temperatures in the field throtighconstruction of SolarweaVéents
and in the growth cabinet at a temperature of@2 The effectiveness of these methods
was then evaluated to establish a rapid and reliabteening tool for genotype specific
thermotolerance that could potentially improve #ifciency of breeding programs and

aid the development to high yielding cultivars it growing regions.



Cotton cultivars Sicot 53 and Sicala 45 were evellidor thermotolerance using crop
level measurements (yield and fibre quality) andoMhplant measurements (fruit
retention) to determine the efficacy of these mesments as screening tools for
thermotolerance under field conditions. Sicot 53 swaelected as a relatively
thermotolerant cultivar whereas Sicala 45 was s&feas a cultivar with a lower relative
thermotolerance and this assumption was made orbdkes of yield in hot and cool
environments under the CSIRO Australian cotton direge program. Yield and fruit

retention were lower under tents compared with amticonditions in all 3 seasons. Yield
and fruit retention were highly correlated in seado and were higher for Sicot 53
compared to Sicala 45 suggesting that fruit redbenis a primary limitation to yield in a

hot season. Thus yield and fruit retention are godétators of thermotolerance in a hot
season. Temperature treatment and cultivar difteenvere determined for fibre quality
in seasons 1 and 3; however, quality exceedednthgsiry minimum thereby indicating

that fibre quality is not a good determinant ofrthetolerance.

Physiological determinants of plant functionalityicke as photosynthesis, electron
transport rate, stomatal conductance and trangpiraate were determined for cultivars
Sicot 53 and Sicala 45 under the tents and an infltxese parameters was also analysed
to determine overall plant physiological capacitythe field. Physiological capacity was
also determined under high temperatures in the thraxabinet using a light response
curve at various levels of photosynthetically aetrnadiation (PAR). Photosynthesis and
electron transport rate decreased, whilst stomedalductance and transpiration rate
increased under the tents as well as under higipdeatures in the growth cabinet.
Photosynthesis and electron transport rate werdehigor Sicot 53 but stomatal
conductance and transpiration rate were higheGfoala 45 under the tents. No cultivar

differentiation was evident for plants grown undegh temperatures in the growth
iV



cabinet. Temperature treatment and cultivar diffees in physiological function were

greater in a hot year (season 1), thereby indigdtie importance of cultivar selection for
thermotolerance in the presence of stress. Elettamsport rate was correlated with yield
in season 1, thus suggesting the suitability of thethod for broad genotypic screening

for thermotolerance under field conditions.

Biochemical processes such as membrane integridyeazyme viability were used to
determine cultivar specific thermotolerance undeghhtemperature stress in the
laboratory, field and growth cabinet. Electrolytakage is an indicator of decreased
membrane integrity and may be estimated by theivelalectrical conductivity or relative
cellular injury assays. The heat sensitivity of yhogenase activity, a proxy for
cytochrome functionality and capacity for mitochaal electron transport, may be
quantified spectrophotometrically. Cellular memlgraimtegrity and enzyme viability
decreased sigmoidally with exposure to increasiagperatures in a water bath.
Membrane integrity was higher for Sicot 53 compasgith Sicala 45 under the tents and
under high temperatures in the growth cabinet. dloperature treatment or cultivar
differences were found for enzyme viability undee tents; however, enzyme viability for
Sicala 45 was higher in the growth cabinet compavil Sicot 53. Relative electrical
conductivity was strongly correlated with yield @ncambient field conditions and under
the tents, suggesting impairment of electron flolwrotigh photosynthetic and/or
respiratory pathways, thus contributing to loweteptial for ATP production and energy
generation for yield contribution. Thus, the menmierantegrity assay was considered to be

a rapid and reliable tool for thermotolerance sairggin cotton cultivars.

Gene expression was examined for cultivars SicariBSicala 45 grown under high (42

°C) temperatures in the growth cabinet. Rubiscosasti expression was quantified using



guantitative real-time polymerase chain reactioalysis and was decreased under high
temperatures and was lower for Sicala 45 than S8oMaximum cultivar differentiation
was found after 1.0 h exposure to high temperataneshence, leaf tissue sampled from
this time point was further analysed for global ggmofiling using cDNA microarrays.
Genes involved in metabolism, heat shock proteineg#ion, electron flow and ATP
generation were down-regulated under high tempersitin the growth cabinet and a
greater number of genes were differentially expgedsr Sicala 45, thereby indicating a
higher level of heat stress and a greater requméerioe mobilisation of protective and
compensatory mechanisms compared with Sicot 53tiv@ulspecific thermotolerance
determination using gene profiling may be a ustdal for understanding the underlying
basis of physiological and biochemical responsdsgh temperature stress in the growth
cabinet. There is future opportunity for profiliggnes associated with heat stress and heat
tolerance for identification of key genes assodatgth superior cultivar performance

under high temperature stress and characterisatithese genes under field conditions.

This research has identified cultivar differencesyield under field conditions and has
identified multiple physiological and biochemicatpways that may contribute to these
differences. Future characterisation of genes &gocwith heat stress and heat tolerance
under growth cabinet conditions may be extendefietd conditions, thus providing the
underlying basis of the response of cotton to heghperature stress. Electron transport
rate and relative electrical conductivity were fdun be rapid and reliable determinants of
cultivar specific thermotolerance and hence magxiended to broad-spectrum screening
of a range of cotton cultivars and species and uadenge of abiotic stress. This will
enable the identification of superior cotton cudtiy for incorporation into local breeding

programs for Australian and American cotton progucsystems.
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Chapter 1 Introduction

1.1 Cotton production systems
Cotton production for fibre and oilseed extend®ssifive continents, encompassing more

than 100 nations and constitutes a total land areaxcess of 30 million hectares of
dryland and irrigated farming systems (Australiamd®au of Agricultural and Resource

Economics 2008).

The total land base used for cotton productionrbagined fairly stable since the 1950’s
but global production has increased (AustralianeBur of Agricultural and Resource
Economics 2008). This may be attributed to improyedids on a per hectare basis as a
direct result of specific breeding programs and besnagement practises encompassing
new technologies. Increased market competition freynthetic fibres and increased
competition for land from biofuels and other comitied has meant that the industry as a
whole needs to set new targets for production,ityuahd price to ensure the sustainability

of cotton communities.

The United States of America, India and China dre frgest producers of cotton.
Although Australia contributes less than 1% of glolootton production (Australian
Bureau of Agricultural and Resource Economics 20®8¢ industry focus is on lint
guality and plays an integral role in exports tghhquality markets. The Australian cotton
industry is highly innovative and achieves highldsethat are most likely attributed to
rapid uptake of research underlying high input agmic management (Hearn and Fitt

1992) and plant breeding for local environments.

Current aims of the Australian cotton industry udg the development of superior
germplasm for lint quality and contribution to astinable production system including

high water use efficiency, high and low temperattokerance, and pest and disease
1



resistance (Constablet al. 2001; Cotton Research and Development Corpordi@®b;

Thomsonet al.2004; Whyte and Conlon 1990).

1.2 Breeding for high temperature tolerance
Broad acre cotton production occurs in both thepita and temperate regions of

Australia extending from Emerald, QLD (23.83) in the north to Hillston, NSW (33.48
°S) in the south and is greatly limited by climaféctors. High temperatures (> 386)
throughout the growing season are commonplace artfengotton production areas of
Australia (Table 1-1) and exceed the thermal keneindow for which metabolic activity
iIs most efficient in cotton plants (Burlet al. 1988), thereby limiting the growth and
development of the crop and hence yield (Hodgtesl. 1993). Fibre quality may also be
adversely affected by high temperatures duringefibevelopment (Constable and Shaw

1988).

Table 1-1 Mean number of days equal to or exceedir®p °C and 45°C for Australian cotton growing
regions during the cotton season, between the morsttof October and April.

Location Latitude Longitude  Mean no of days> 35°C Mean no of days> 40°C
Emerald 23.57°S 148.18 °E 66.2 5.5
St George 28.04 °S 148.58 °E 53.4 4.8
Bourke 30.09 °S 145.94 °E 77.1 21.7
Narrabri 30.34 °S 149.76 °E 42.4 2.8

Preferential selection for heat tolerant cultivaray delay the onset of heat stress in the
plant throughout the season, thereby minimisingdyiess whilst maintaining fibre quality
in a hot year. Breeding programs have principadliyjed on yield and fibre quality as
screening tools in local environments and henaeesing for thermotolerance has been
largely incidental (Constableet al. 2001). However, this approach involves high
environmental variability and a long lag-time betweintergeneration analyses. Hence,

the development of a rapid and reliable screeningl tfor genotype specific



thermotolerance could potentially improve the e#incy of breeding programs and aid the

development of high-yield cultivars for hot growirggions.

Cotton plants possess mechanisms to buffer theteffef short term high temperature
stress. This is generally the result of a cascadghysiological and biochemical
alterations, generated by the up- or down-regulatid stress responsive genes which
permit survival under unfavourable conditions aeddaypic differences in expression of
the mechanisms under stress may be used to sefettieimotolerance. Photosynthesis
and respiration are decreased under high temperstigss (Reddgt al. 1991a). Growth
cabinet and laboratory experiments have shown #ralysis of the underlying
components of these processes such as electronhffough the photosystem (Wiseal.
2004), photosynthesis (Salvucci and Crafts-Brand@604b), respiratory enzymes
viability (de Ronde and van der Mescht 1997) andl membrane disruption (Sullivan
1971) may be used to quantify heat stress in plantsgene profiling may explain the

mechanisms underlying these physiological and l@ogbal processes.

The repeatability of biochemical assays for hesrémce is primarily attributed to the

imposition of a consistent high temperature sttkascan be generated to screen multiple
generations under identical environmental cond#tidfiowever, there are few reports on
whether assumptions of heat tolerance based on tlyraabinet and glasshouse

experiments are applicable to field conditions. Hitemperature stress under field

conditions varies both daily and seasonally andeiserally confounded by concurrent

high light, low humidity and drought stress (Marcdi998). Furthermore, biotic stresses
such as insect, disease and weed pressure maybatatto low yields under field

conditions (Hearn and Fitt 1992).



1.3 Central research question
Is there genetic variation for thermotolerance attan and can a simple, reliable and

repeatable method be developed to assess thiartokefor breeding programs?

1.4 Objectives
The aim of this study was to understand cultivéfiedences in heat tolerance by:

(a) quantifying the effects of high temperatures ortaogrown at various levels of

plant functioning under field and growth cabinehdiions;

(b) evaluating and developing rapid and reliable methddr detecting high

temperature tolerance in cotton cultivars

A series of field and glasshouse experiments wasutied to evaluate methodologies to
determine cotton thermotolerance under high tentpexastress. High temperature stress
was imposed in the field by construction of radiatpermissible, solar weave tents over
the crop. Whole plants were also subjected to teghperatures using thermally regulated
growth cabinets. Leaf samples were incubated inlldés water and subject to high

temperatures using a thermally controlled watendat the laboratory.

Cultivar specific thermotolerance was determingdugh a series of screening assays and
measurements at a crop, whole plant, leaf, celliatididual gene level, thus providing a
multi-scale analysis of thermotolerance in cottonder field and growth cabinet
conditions (Figure 1-1). The approach applies l@otbp-down and bottom-up evaluation
of plant function under high temperature stresbdtter understand heat tolerance and to
clearly identify appropriate methodologies for a¢iey differences in cultivars. Crop
level measurements of yield and fibre quality wdetermined and whole plant fruit
retention measured under field conditions to idgrntiermotolerant cultivars (Chapter 4).

Leaf level physiological measurements which may tdoute to vyield, such as

4



photosynthesis, electron transport, stomatal caladee and transpiration rate were
measured under field and growth cabinet conditi@@kapter 5). Biochemical assays
evaluating membrane integrity and enzyme viabiitgre determined under field and
growth cabinet conditions (Chapter 6) as poteniiaitations to photosynthesis and
electron transport rate. Expression of genes as®ucivith metabolic, photosynthetic and
electron transport pathways were determined undemt cabinet conditions to

determine potential genetic limitations to biocheahifunction under high temperature
stress (Chapter 7). This overall approach facddathe investigation of the underlying
contributions to yield under high temperaturessthllowing evaluation of measurements

and assays for future thermotolerance determindticussed in Chapter 8).
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Figure 1-1 Schematic diagram of multiscale analysis of methods for screening for heatlévance in
cotton under field, growth cabinet or laboratory canditions



Chapter 2 Review of Literature

2.1 Introduction
The Australian cotton industry has developed higklding and high quality fibre

production systems and attributes a significantrdaution of this achievement to highly
innovative breeding programs, specifically focusedthe production of premium lint for
the export market. However, recent pressure has p&ked on the industry for the
development of high yielding and low cost productisystems to compete for land
effectively with other food and bio-fuel commodsgjeas well synthetic fibres through the

textile market.

Breeding programs have recently shifted attentmthé development of new germplasm
with superior stress tolerance to minimise yielssks attributed to adverse environmental
conditions and unreliable inputs such as irrigatiertilisers and pesticides. Various

contributors to yield, such as physiology, bioch&ngi and gene expression have been
implemented as screening tools for high temperanlezance under growth cabinet and
laboratory conditions but there has been littleergion of these mechanisms for analysis

under field based systems.

This review examine currents literature on the@ff@f high temperature stress on cotton
and other crop species, as well as the identiboatif thermotolerant cultivars in response
to heat stress. The review summarises the efféttgyl temperatures on cotton at a crop,
whole plant, leaf, cell and gene level and reviesgseening mechanisms for cultivar
specific thermotolerance determination using agmunp physiological, biochemical and
molecular tools. This review also highlights thetgmtial for the validation of growth
cabinet screening mechanisms under field condittonascertain the validity of using

growth cabinet based screening methods to idesiigss tolerant cultivars.



2.2 Effects of temperature on growth and development ofotton

2.2.1 Heat stress overview
Cotton is generally grown in warm to hot regionsN&w South Wales and Queensland.

Throughout these regions, temperature and watdtabiily are primary regulators of
plant growth and production and are often indistisgable in terms of influence.
Temperature determines the commencement of theiggoseason, with most producers
observing a 14C soil temperature minimum at 10 cm depth for aimim of 3 days
before planting a crop (Constable and Shaw 1988mpkerature is also a primary
determinant of season length as delayed maturidseases yield potential (Bange and

Milroy 2004).

In Australian cotton cropping systems, the tempeeatequirement of a cotton crop for
morphological development may be described as hleemal time function and is a
measure of degree days based on minimum and maxihailg air temperatures
(Constable and Shaw 1988). Under limiting condgisuch as water deficit and heat
stress, the leaf or canopy temperatures are refuoeexplain yield whereby yield
decreases as the leaf temperature and air tempemifterential increases (ldset al.
1979). This relationship forms the foundation foe development of a crop water stress
index which accounts for external environmentalialdes and has applications for
irrigation scheduling for heat and water deficitess minimisation (ldset al. 1981).
Species and cultivar specificity for leaf temperatwf cotton grown under irrigated
systems indicates that leaf temperatures mayfeanpdividual plants exposed to similar
air temperatures (Ehrler 1973), depending on plawtrphology and environmental
variables (Gates 1968) and this may in turn affecinge of morphological, physiological
and biochemical processes (Burke and Hatfield 196806fton has an optimal thermal

kinetic window of 23 to 32C in which metabolic activity is most efficient (Be et al.
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1988). High temperatures (>36) throughout the growing season are common antuang t
cotton production areas of Australia and may adhgraffect the growth and development
potential of the crop and ultimately yield (Hodgetsal. 1993). High temperatures may
induce a heat shock response, which may involveowsrtolerance or avoidance

mechanisms.

Heat shock infers the sudden exposure of leafdissisupraoptimal temperatures. Under
field conditions, the heat shock response is gée@rat around 10C above the ambient
temperature (Gallie 2001) and initiates multipleegencoding a cascade of physiological
and biochemical changes associated with acquireetmibtolerance pathways, to
compensate for the increase in temperature (Lextre. 2003). Such changes include
modification in enzymatic and membrane compositgmtosynthetic apparatus and the
synthesis of heat-protecting molecules such as steatk proteins, chaperones and free-
radical scavengers. The capacity for acquired tb&larance in plants varies greatly
between species and cultivars and screening ges®tfqr different physiological or
biochemical processes may confer tolerance or ptibdey within a plant population
(Blum and Ebercon 1981), thereby providing a bdsisthe development of stress

breeding programs (Kluewt al.2001).

Conversely, heat avoidant pathways may be inducettruheat shock to protect yield
under high temperature stress. Avoidance mechanisolgde the ability to maintain
tissue temperature by increasing water uptake duciag water loss through stomatal
regulation (Radinet al. 1994), and completion of critical stages of growdhd
development before damage due to abiotic stresgisred (Turner and Kramer 1980).
By selecting for yield in hot environments, tradital plant breeding programs have

inadvertently selected for high temperature avaidafRadinet al. 1994). Although heat



avoidant genotypes typically yield higher (Btial. 1997), avoidance mechanisms such as
increasing heat dissipation through evaporationlangely ineffective in humid or water
limited environments and are hence not suitables@ection criteria for screening

thermotolerant cotton cultivars.

Whole and partial plant physiological measurememd assays must be implemented
during periods of high temperature stress to amicertvhether a specific cultivar
predominantly relies on tolerance or avoidance raeisms to achieve final yield. It is
important that plants selected for inclusion indalieg programs for production under
high abiotic stress be moderate in performancebfith heat avoidance and tolerance,

rather than in just one or the other (Sullivan 1971

Prolonged exposure to high temperatures throughiet season may result in the
development of thermal acclimation associated viitherent thermotolerance, which
enables survival under subsequent supraoptimal oténtially lethal temperatures
(Klueva et al. 2001). This adaptation is induced by environmerf@dtors and

counterbalanced by the acclimation potential whigha direct function of genotypic

composition of the plant (Berry and Bjorkman 198Bence, the physiological and
morphological changes in a plant under high tentpesastress largely correspond to the
daytime growth temperature under which the plast been previously grown (Bednarz
and van lersel 2001). In plants, this adaptatiorprisdominantly associated with an
increase in the stability of various componentshef chloroplast, under high temperature
stress (Bjorkmaret al. 1980). However, this type of thermotolerance dussusually vary

greatly within a species and is less effectiveanmis of targeting for thermotolerance

breeding programs (Kluet al.2001).
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Genes associated with inherent and acquired taleraray be identified using molecular
techniques and can be further quantified via vari@ssays and plant physiological
measurements. There exists great potential fordéetification and insertion of novel

genes into heat susceptible species and cultihatségulate the production of protective
proteins, enzymes and molecules under heat stvamaintain plant physiological process

and yield under high stress conditions (Leehal.2003).

2.2.2 Fibre development
High temperatures throughout the boll filling anbdré development stage may reduce

fibre quality (Mauney 1984). The effect of high feenature on fibre quality has been
determined under field conditions, through the abstaggered planting date (Rahman
2006) and heated mats to increase temperatures’®@y(Rettigrew 2008) in the field, as
well as under high (38C) compared with low (28C) temperatures in the growth cabinet
(30 °C) (Roussopoulost al. 1998). Rahman (2006) found cultivar differentiatior the
number of spinnable fibres on a per seed and ptcsuarea basis resulting from additive
genetic variability under high temperatures infie&l. Decreases in spinnable fibres may
be attributed to decreases in fibre length (Roussiog et al. 1998), strength (Pettigrew
2008; Roussopoulost al. 1998) and maturity (Pettigrew 2008; Redetyal. 1999) under
high temperature stress. Furthermore, the genatiation and heredity of fibre quality
parameters is sufficient under control (Cheathetnal. 2003) and high (Rahman 2006)
temperatures for consideration in breeding prograims fibre quality. However
temperature responsive decreases in fibre quaktyat typically severe enough to result
in a discount in current markets (Pettigrew 2088ythermore, quality parameters such as
maturity, elongation and micronaire have variabésponses to high temperatures

(Pettigrew 2008; Roussopoulesal. 1998). Hence, evaluation of fibre quality paranmsete
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under high temperature stress may not be a goeersag tool for determination of high

temperature tolerance in the field.

There are few reports of fibre quality discountsoasated with high temperature stress
(Pettigrew 2008; Rahman 2006; Roussopowbsal. 1998) and these treatments are
typically subtle in the context of anticipated fiuations in temperature across a growing
season. Furthermore, the effect of prolongeditu high temperature stress has not been
described for cotton cultivars grown under fieldhdbions and must be validated to
determine whether fibre quality parameters may bwwleyed as screening tools for

cultivar specific thermotolerance.

2.2.3 Yield and fruit retention
High temperatures throughout the flowering periodymmesult in low fruit set due to

pollen infertility (Burke 2004; Kakanet al. 2005; Marshallet al. 1974), low boll size
(Reddyet al. 1999; Roussopoulost al. 1998) and seeds per boll (Pettigrew 2008) or high
rates of fruit abscission (Reddst al. 1999; Zhaoet al. 2005), thereby limiting yield
potential (Mauney 1984). Thus, yield and yield comgnt analysis may be used to screen

for stress tolerance under field conditions.

Boll size and number are primary determinants eldypotential (Broolet al. 1992). High
temperature stress may decrease pollen germinatidrtube elongation at temperatures
greater than 32C (Burke et al. 2004; Kakaniet al. 2005; Liu et al. 2006), limit the
number of ovules laid down during carpel format{biearn and Constable 1984; Mauney
1984) and limit fertilisation percentage of formesules (Pettigrew 2008), thereby
reducing seed numbers per boll and boll dry we{§@ddyet al. 1991b), and ultimately

yield (Mauney 1984).
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Boll retention is the primary determinant of yieldder stress in the field (Redey al.

1999). Reproductive structures compete directiyhweaves for imported assimilates and
in the event of shortage, assimilates are prefeigntirected to leaves to further generate
energy at the expense of squares (Hearn and Ct:dtd84). Cotton plants can abscise
up to 80% of squares and young bolls throughoubwigg season (Hearn and Constable
1984; Oosterhuis 1990). This natural shedding mayabcentuated by temperatures
exceeding 30C (Reddyet al. 1991b), insufficient solar radiation interceptimnmoisture

and nutrient availability and insect damage (Hearth Constable 1984; Oosterhuis 1990).

Hence, yield and determinants of yield such asepoliiability and fruit retention may be
used to detect high temperature stress in cottoth #@wus, provide potential for

development as methods for determination of theolamance (Liuet al.2006).

2.2.4 Vegetative growth
Protective and avoidance mechanisms are insufictteoompletely protect a plant against

the deleterious effects of prolonged high tempeeasitress. Temperatures exceeding the
optimal thermal kinetic window for cotton (Burlet al. 1988) may severely limit plant
growth and development. Heat stressed cotton ptgpisally exhibit a lower number of
branches per plant with a lower branch length, femezles and shorter internodal length
(Abrol and Ingram 1996; Reddgt al. 1992). Furthermore, these plants are unable to
achieve their reproductive potential as dry maitterpreferentially accumulated in

monopodial branches rather than in sympodial brasm¢Reddyet al. 1991b).

Sympodial branches support 50 to 60 % of total tpleaf area and leaf expansion and
development may be reduced under high temperatiresighout the growing season
(Roussopoulogt al. 1998). Reductions in the light harvesting potdrdgfathe plant may

limit energy generation via photosynthetic and maspry electron transport chains
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thereby reducing vegetative dry matter accumulaéiod fruit load development for less
thermotolerant cultivars (Roussopoulesal. 1998). Crafts-Brander and Salvucci (2004)
found exposure of cotton plants to 37 or “@night temperatures over a 4 day period
significantly decreased dry matter accumulation &af area production, whilst root
growth was inhibited in the 48C treatment groups. Reddst al (1991b) also found
suppressed biomass accumulation at 468@@ay/night temperatures in cotton, thereby
resulting in lower main stem leaf area and varigtlent height. This suppressed dry
matter production may be partly attributed to eleslarespiration rates and an increase

photosynthetic requirement (Redelyal. 1992; Reddet al. 1991b).

2.2.5 Heat stress proteins
Heat shock protein (HSP) synthesis is a primaryeotoze buffer against the deleterious

effects of heat shock in field grown plants. Altgbuthe exact mechanism of heat
tolerance in cotton is unknown, the synthesis atwlmulation of heat stress proteins
during rapid or gradual stress may contribute trrtotolerance (Kluevat al. 2001) as
well as tolerance to other abiotic stresses (Bustchl. 2005; Larkindale and Vierling
2008; Piperet al. 1997). Genes regulating the expression of heatkspooteins under
high temperatures have been identified (Larkindald Vierling 2008; Lohmanmet al.

2004) and provide potential for targeted breedirmpmams.

Under maximal heat stress, the synthesis and adatioruof high molecular weight heat
shock proteins such as HSP70 and HSP90 and mRNAimsegase up to ten-fold (de
Rondeet al. 1993) and may be cultivar dependent (Fender abridiell 1989). It is

proposed that HSP70 may prevent protein denataratiring stress and plants with

blocked or inactivated HSP70 synthesis are suddept heat injury (Burket al. 1985).
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Although the exact mechanism of protection agamestt stress is unknown for many heat
shock proteins (Maliket al. 1999), heat shock proteins associated with chlasig,

ribosomes or mitochondria may also contribute terrtiotolerance. For example, the
small, methionine-rich chloroplast heat-shock protprotected PSIl and the electron
transport chain to an extent that it completelyoacted for heat acclimation in pre-heat-
stressed tomato plants (Heckathatnal. 1998). Differences in cultivar thermotolerance
attributed to heat shock protein expression providéher evidence that breeders may
utilise genetic resources and crop management \telae thermotolerance in new crop

cultivars.

2.2.6 Photosynthesis and electron transport
Photosynthesis is largely regulated by temperatnckis particularly heat sensitive (Burke

et al. 1988; Hodgest al. 1993; Luet al. 1997; Perryet al. 1983; Reddyet al. 1991a,;
Schraderet al. 2004; Wiseet al. 2004). The optimal temperature for gross photdsssis
in cotton is approximately 3 (Bednarz and van lersel 2001; Pestyal. 1983; Reddet
al. 1998) with an ideal range between 23 and °83 for metabolic activity and
photosynthesis (Burket al. 1988). Hence high temperatures (>%5 throughout the
season may limit photosynthetic potential for plgndbwth and hence yield (Let al.

1997).

At higher temperatures, net photosynthesis decsepseportionally and inversely to
photorespiration (Berry and Bjorkman 1980). Thisrdase may be attributed to both a
decrease in the electron transport rate and angetli activity of rate-limiting enzymes,
particularly those associated with photosynthetid gespiratory channels (Bjorkmahal.
1980; Burke et al. 1988) such as Rubisco (Ribulose-1,5 biphosphate

carboxylase/oxygenase).
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Rubisco is a heat-labile enzyme (Law and CraftsiBnar 1999; Salvucci and Crafts-
Brandner 2004a) that is regulated by Rubisco 1phdsphate (RuBP) and has potential to
limit growth and development in s;Cand G plants. It has been proposed that the
regeneration of RuBP, via energy supplied from éhectron transport chain, is the
primary limitation to net photosynthesis (Salvuand Crafts-Brandner 2004a; Stidhan
al. 1982). Considering that stromal enzymes are géynerewre stable than PSIlI under
heat stress, temperature-induced suppression @lé¢lson transport chain may limit the
functionality of these enzymes which themselves ralatively stable under moderate heat
stress (Wiseet al. 2004). However, a model proposed by Crafts-Braraaer Salvucci
(2004) suggested that the primary biochemical &troh to photosynthesis at high
temperatures and ambient €€oncentrations is in fact the activation stateRobisco.
This function is regulated by the activity of Rutbsactivase and is not dependent on the
electron transport energy pathway as chlorophytiriéscence signals from PSII were not
affected at these Rubisco-limiting temperaturedtivau specificity for Rubisco suggests
that assays evaluating genes associated with Rubio/ity may be useful for screening

programs for thermotolerance (Pettigrew and Tuil@98).

At high temperature, the down-regulation of PSlimest likely the prominent limitation
to photosynthesis (Kluevat al. 2001). However, protein denaturation associatetth wi
PSII protein membrane complexes did not occur mptatures below 4% (Al-Katib
and Paulsen 1999). It has been proposed that Huestibility of photosynthetic decline at
high temperatures is mostly likely attributed tcstability of PSIl in the thylakoid
membranes (Santarius 1973), particularly at themslitting complex and subsequently,
for noncyclic photophosphorylation (Al-Katib andufsen 1999). Al-Katib and Paulsen
(1999) found a similar response of protoplastsprdplasts and thylakoids at temperatures

greater than 46C, whereas stomatal effects and stromal enzymativity remained
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relatively stable across a range of high tempeeatoeatments. This indicates that a

common component of PSII is essential for high terature tolerance.

High temperature stress (35 to 4%) can alter the conformation, composition and kenc
permeability of the thylakoid membrane in the cbfdasts at temperatures that do not
affect electron transport and ATP synthesis (Bukleb\wal. 1999; Suss and Yordanov

1986). Cyclic phosphorylation is then unable to pemsate for the leakiness of the lipid
membrane resulting in disruption of electron tramspetween PSI and PSII thereby
reducing energy availability (Stidhamt al. 1982). This may further reduce or alter
enzymatic activity and limit net photosynthesisemhperatures above 36 (Havauxet al.

1996).

Under high temperature stress, electron transpest be further directed to molecular
oxygen, eliciting the generation of reactive oxyggecies that may cause further damage
to photosynthetic organelles (Cothren 1999). Theebwf oxidative stress is rapid upon
exposure to high temperatures and the effectsisfsthess are partially buffered through
the scavenging and processing of active oxygeniepéxy plant-based antioxidants and
this process is generally known as quenching (@otl1999). Excited oxygen states are
extremely reactive and cytotoxic and may cause xpgation of the lipids in the
plasmalemma and intracellular organelles resulimglegradation of cell structure and
cytoplasmic leakage (Suss and Yordanov 1986) deedeaability of respiratory enzymes
in the mitochondria, reduced affinity for chlorogti@ carbon fixation, photoinhibition and
photooxidation in the chloroplast. Although convensof violaxanthin to zeathanthin via
the xanthophyll cycle (Bilger and Bjorkman 1994)ynmaoderate membrane fluidity under
mild heat stress (Suss and Yordanov 1986) and ertabl down-site synthesis of heat

shock proteins (Wiset al. 2004), this protective mechanism may be insufficat higher
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temperatures that do not damage PSII (Salvucci Gradts-Brandner 2004c). Hence,
guenching analysis may be used to indicate spaciésultivar specific thermotolerance,
before damage to PSII is evident (Salvucci and t&afandner 2004c). Furthermore,
genetic modification of the quenching pathway mayubed to reduce oxidative stress and

hence, increased thermotolerance of plant spel€@myeyevet al.2001).

Characteristics associated with high photosyntheties are cultivar specific (Pettigrew
and Turley 1998; Reddgt al. 1991a) and highly heritable (Abdullae¥ al. 2003), thus
providing a potential target for breeding progratosincrease the heat tolerance of
commercial cotton cultivars (Luet al. 1997). Although cultivar specificity for
photosynthesis has been determined under high tatopes in the growth cabinet (Bibi
et al. 2008) little information exists on cultivar specify of photosynthesis and
fluorescence underin-situ high temperature stress in field conditions. Hence,
photosynthesis and fluorescence need to be evdldatecotton cultivars grown under
high temperatures in the field to enable gene esgiva of thermotolerance cultivars in the

field for incorporation into breeding programs.

2.2.7 Stomatal conductance and transpiration rate
Transpiration is the primary contributor to mairdeoe of leaf temperature under high

temperature stress in upland cotton @ual. 1997; Radinet al. 1994; Rahman 2005).
Leaf temperature is regulated by leaf area and demynlayer conductance, stomatal
conductance, heliotropism and radiation intercepijdyenehet al. 2002; Leidiet al.
1993; Luet al. 1997; Radinet al. 1994). High temperatures, in the absence of drough
stress, induce increased stomatal aperture theggdynitting heat loss through
transpiration and reducing leaf temperature whsisil facilitating gaseous exchange
(Bednarz and van lersel 2001; Radin al. 1994). In cotton, leaf temperature is very

volatile and may change by more thafiClper second (Wiset al. 2004). Morning leaf
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temperatures are generally within a few degreeth@fambient air temperature. Midday
and afternoon temperatures that exceetC3may result in variable leaf temperatures that

may exceed or be lower than ambient temperaturése@val. 2004).

Stomatal conductance and leaf temperature arelamdewith yield (Luet al. 1997; Radin
et al. 1994). In fact, leaf temperatures can be up to°@Olower than ambient air
temperatures (Radiat al. 1994). Hence, traditional breeding programs tleé¢ct cotton
cultivars for yield under hot environments, inadeatly and simultaneously select for
high temperature avoidance through evaporativeimpgdotential (Rahmaset al. 2004).
However, highly conducting genotypes may not neam@dgsbe high yielding under
limiting and optimal environments (Lei@t al. 1993; Lopezet al. 1993) and hence yield

should be included in breeding programs screemmngtbmatal conductance under stress.

Heat avoidance through evaporative cooling has stegeee of species (Let al. 1994)
and cultivar specificity under drought (Radeh al. 1994) and high temperature stress
(Rahman 2005). However, little information is asble on cultivar differences in
stomatal conductance and transpiration rate uidsitu high temperature stress in the
field. Identification of cultivar differences in@hatal conductance and transpiration under
in-situ field high temperature stress may indicate the suitgbdit these methods as

screening tools for cultivar specific thermotolezamnder field conditions.

2.2.8 Cellular membrane integrity
Heat stress may cause irreversible disruption astiage to cell membranes. Under

optimal conditions, cell membranes are freely patohe to CQ and Q, slightly
permeable to water and require transport prot@ratry inorganic ions and hydrophilic
solutes (e.g. sucrose and amino acids) acrosslasen@ membrane and tonoplast. High

temperatures weaken the hydrogen bonds between gaaps of proteins within the
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fluid bilayer of the membrane, thereby causing ere@se in the specificity of membrane
permeability, a decrease in transport system #gtand disruption and damage to the cell
membrane (Gupta 2007). Cell membrane damage mait res leakage of internal
cytoplasmic electrolytes to the surrounding envinent, which may be quantified by
directly measuring the changes in electrical cotidig of the solution containing plant
tissue prior to, and after exposure to high tentpeea (Rahmart al. 2004). The ability

of the cell membrane to remain intact after expegorhigh temperature stress may be

indicative of species or cultivar specific thernetance (Raisoet al. 1980).

The membrane integrity method has been used farigimation between cultivars and
hybrids of cotton (Ashraét al. 1994; Blum and Ebercon 1981; Rahnsral. 2004; Sethar
et al. 1997), soybeans (Martineaat al. 1979a; Sethaet al. 1997), sorghum (Sullivan
1971), bean (Schaét al. 1987) and wheat (Saada#tal. 1990b), under both greenhouse
and field conditions (Ashradt al. 1994; Rahmaet al.2004) and at various growth stages
(Ashraf et al. 1994). Furthermore, Ashraét al. (1994) noted that screening for
thermotolerance at initial and latter growth stagesre positively correlated, thus

minimising the inter-generational time in any briegdorogram.

Cellular membrane thermostability (CMT) has beereally correlated to whole-plant
high temperature tolerance in Kentucky bluegrasar@Mm 1998), soybean (Martineat
al. 1979a), wheat (Shanahat al. 1990) and cotton (Rahmaet al. 2004). Furthermore,
this correlation in the presence of stress may $ed o discriminate between cotton
cultivars and hybrids for genetic inclusion in ldigwy programs (Rahmaet al. 2004).
However, cultivar discrimination for thermotolerendased on the CMT method is
dependent on the further development of the metimderms of heritability and

combining ability (Bajjiet al.2002; Martineawet al. 1979b; Rahmast al.2004).
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Breeding for cultivar specificity with specific lmbemical pathways may provide viable
mechanisms for the development of cultivars witpesior thermotolerance. Heat shock
proteins aid in the protection of biochemical padlya/in heat stressed plants (Madikal.
1999; Piperet al. 1997; Queitsclet al. 2000; Sotirioset al. 2006) but is not the sole
mechanism of thermotolerance (Larkindale and \Agrli2008). Superior membrane
integrity under stress may be attributed to inaedamembrane rigidity as a result of rapid
iIsomerisation of naturally occurringis to trans configuration unsaturated fatty acids
(Murakami 2000). High antioxidant activity may nmmse membrane damage as a result
of phospholipid degradation associated with ljpgdoxidation (Liu and Huang 2000) and
heat-induced oxidative stress (Larkindateal. 2005). Manipulation of calcium channels
(Bhattacharjee 2008) and sterol conjugation unttess may also aid in breeding plants
with optimal membrane fluidity and a higher relatithermotolerance (Gupta 2007).
Assays based on cellular membrane integrity arsidered easy, reliable, cost effective
and repeatable and provide an invaluable resoordescribe the underlying biochemical

mechanisms of stress tolerance (Marcum 1998).

2.2.9 Enzyme viability
Damage to cell membranes is likely to reduce thHeasfy of downstream respiratory

enzymes and electron transport chains (Taiz angeZ&l006) at temperatures exceeding

40°C (Burkeet al. 1988).

The tetrazolium viability test is a simple assawnttimay be used to determine the
physiological viability of a large number of plasamples at a particular point in time
(Burke 2007; de Ronde and van der Mescht 1997) dsessment of dehydrogenase
activity in mitochondrial respiratory electron tsport chains. Heat tolerant plants are
better able to reduce 2,3,5-triphenyltetrazoliurtssia the mitochondria to an insoluble

red formazan compound (de Ronde and van der M&9&m) by accepting electrons from
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the electron transport chain (Towill and Mazur 1PV the dehydrogenase pathway
(Nachlaset al. 1960). This reduction can be correlated back ® l#vel of enzyme
viability (Towill and Mazur 1975). This assay caa bsed for screening a range of cotton

cultivars for thermotolerance (de Ronde and varnvescht 1997).

Cultivar specificity for enzyme viability has besimilarly reported for water deficit stress
(de Ronde and van der Mescht 1997), low (McDowelle2007) and high temperature
stress (Chen et al. 1982; de Ronde and van derHt1@987; Porter et al. 1995; Schaff et
al. 1987). Thermotolerant cultivars have increasagacity for tetrazolium reduction

under high temperature stress compared with th&aofde Ronde and van der Mescht
1997). However, heat tolerance and drought toleraran be either correlated positively
or negatively, depending on environmental cond#iohlence, genetic selection for
breeding programs should be undertaken with coretide for the interaction between

drought and heat tolerance rather than either factiependently (de Ronde and van der

Mescht 1997).

2.2.10 Gene expression
A cascade of morphological, physiological and beroital responses are initiated under

exposure of plants to short and long term high &napre stress. Molecular techniques
provide an insight as to the genetic basis of nesg® to heat stress. DNA microarrays are
a powerful tool for surveying the expression patterof thousands of genes
simultaneously. This enables rapid determinatiodifi€rential gene expression between
two RNA populations, thus providing a global andegrated analysis of biological
processes in response to stress. Quantitativddecais (QTL) mapping is also an effective
method for identifying the underlying pathways c¢dniting to changes in yield and
physiology under abiotic stress in cotton (Sarasigal. 2004). However, the low level of

DNA polymorphism in cotton limits the applicatiorf @ TL mapping to interspecific
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families and backcross lines (Chenal. 2007). Key genes and gene families involved in
the development of heat tolerance provide a platféor further characterisation and
identification of stress-responsive genes which tmayargeted for breeding programs for

stress tolerance (Chinnusamtyal. 2005; Ishitaniet al.2004; Zhang and Blumwald 2001).

Abiotic stress and acclimation to abiotic stresduces a cascade of differential gene
regulation (Buschet al. 2005) with respect to morphological, physiologicahd
biochemical plant pathways and global gene prafiley be used to identify the response
of individual genes or general pathways to suchssti(Buschet al. 2005; Klok et al.
2002) particularly when no obvious phenotype igilatted to the stress response

(Kennedy and Wilson 2004).

Microarray analysis has been used to determinévauldifferences in gene expression for
salt stress in rice (Salet al. 2003), drought stress in sorghum (Shaehal. 2006) and
heat stress in fescue (Zhaegal. 2005), drought and heat stressAirabidopsis(Sakuma
et al.2006) and a range of abiotic stresses in potatngiRket al.2005). However, genes
associated with these stresses may confer ovéradisstolerance and hence, may be used
as a model for further investigation under heatsstr(Piperet al. 1997; Rensinlket al.
2005; Sakumeet al. 2006). Gene expression under high temperaturessstnas been
described for a range of species includikrgbidopsis(Buschet al. 2005; Sakumaet al.
2006), Agrostis scabra(Tian et al. 2009), sunflower (Hewezet al. 2008) and potato
(Rensinket al.2005). Whilst these species can be used as aptatbr research into gene
expression in cotton, there is little specific wsh on gene functionality in cotton (Dowd

et al.2004).

Heat shock proteins and transcription factors playntegral role in thermotolerance (Gao

et al. 2008; Larkindale=t al. 2005; Leeet al. 1995; Lohmanret al. 2004; Luet al. 1995;
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Malik et al. 1999; Piperet al. 1997; Queitsclet al. 2000; Salvucci 2008; Schradet al.
2004; Sotirioset al. 2006). Genes involved in osmotic adjustment (Adtaal. 1998),
ethylene synthesis (Larkindalet al. 2005), amino acid synthesis (Fouad and
Rathinasabapathi 2006), calcium dependent pathwWlayset al. 1995; Sotirioset al.
2006), abscisic acid synthesis (Larkindalel.2005) and membrane protection (Leteal.

1995) are thought to confer thermotolerance in splaet species.

Genes involved in energy conservation through A€Pastivity and photosynthesis
regulation via Rubisco viability may also contributo energy generating pathways
involved in thermotolerance. However, a large prapo of transcription factor and heat
shock protein genes have been identified under teghperatures but have no known
function (Malik et al. 1999). Furthermore, there has been little evalnatof the

expression of genes involved in thermotolerancehigh temperatures under field
conditions. Hence, gene profiling for cotton cudtis¥ may provide an overall indication of

the viability of molecular tools for genotype sane® under field conditions.

2.3 Conclusion
The major opportunities for research that emergenfthis literature review are listed

below. These need to be addressed in order toifutre effects of high temperatures on
cotton at various levels of plant function undeldiand growth cabinet conditions and to
evaluate and develop rapid and reliable methodsldtecting high temperature tolerance

in cotton cultivars.

The physiological, biochemical and molecular badisultivar specific thermotolerance
has not been described for Australian producticsiesys. The Australian cotton system
differs from production systems in the Northern sphere in terms of environmental

conditions, crop management, germplasm and breedinjgctives. Hence, cultivar
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specific thermotolerance needs to be evaluatedrdadal Australian production systems

for future breeding programs.

Little is known about the cultivar specific changesphysiology and biochemistry that
result from exposure of cotton plants to high terapee stress in the field. Changes in
plant function have been described for many pla#ces, but there have been few

comparisons between cotton cultivars.

The use of physiological and biochemical screenaws for thermotolerance have not
been validated undean-situ high temperature stress in the field. Growth catbged

laboratory based screening tools need to be vatidanhder field conditions to ascertain
their suitability for inclusion in plant breedingggrams that incorporate screening for

stress tolerance.

The molecular basis of cultivar specific heat tatere in cotton has not been described.
High instances of differential expression of gemgd ‘unknown function’ limit progress

in the identification of heat responsive geneskidg this understanding with higher crop

measurements such as yield and physiology maytbahrget specific genes for superior

biochemical, physiological or morphological functiog under stress conditions.

Gene expression under high temperatures in thetroabinet has not been validated
under field conditions. The field is generally amne@ariable environment and hence gene
expression in the field will most likely represectianges in the expression of whole
groups of genes involved in a range of environniestte@sses, rather than one specific

gene.
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Chapter 3 General Materials and Methods

3.1 Introduction
Experiments were conducted to investigate the efééchigh temperature stress on

cotton and to evaluate methods to determine theeraince in response to this stress.
This chapter describes cotton cultivars, site alechate descriptions, experimental
design, field plot and growth cabinet pot managemeaatments and measurements
that were common to experiments discussed in Creagtéo 7. Materials and methods

specific to each chapter are described in the aelieshapter.

3.2 Genotypes

Normal leaf, medium maturity and non-transgenic ticats of upland cotton
(Gossypium hirsutuni.) were screened under glasshouse and field tonsli for
thermotolerance. Cultivar Sicot 53 and breeding B5X 99209-376 were selected as
relatively thermotolerant genotypes whereas Sidaland Sicala V-2 were chosen as
cultivars with lower relative thermotolerance, ldhem yield performance in warm and
hot growing regions. Although these genotypes agdlimate from the CSIRO breeding
program (Table 3-1) and share a number of commaestors, the coefficients of
parentage are low and thus are relatively divenseespect to available commercial
germplasm (Table 3-2). The four genotypes were grander field conditions in all 3
growing seasons to enable yield comparisons athessites and seasons. On the basis
of preliminary experiments and data from the plarégeding program, Sicot 53 and
Sicala 45 were used for all experiments as a muom@valuate methods for testing

cultivars with differing levels of thermotolerance.
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Table 3-1 Parentage for cotton genotypes Sicot 53SX 99209-376, Sicala 45 and Sicala V-2, where
the asterisks (*) denote CSIRO breeding lines.

Cultivar Citation Parent 1 Parent 2
Sicot 53 (Constable 2000) Sicot 50 83203-183*
CSX 99209-376* Sicot 80 Delta Topaz
Sicala 45 (Reid 2004) Sicala 40 Sicala V-1 x 84@@9-
Sicala V-2 (Reid 1995) DP 90 x Tamcot SP37H DP A96007-3*

Table 3-2 Coefficients of parentage for Sicot 53,i&la 45, CSX 99209-376 and Sicala V-2, where
0.000 represents genotypes with no common ancestarsd 1.000 represents genotypes that are
identical.

Sicot 53 Sicala45 CSX 99209-376 Sicala V-2

Sicot 53 1.000 0.109 0.155 0.203
Sicala 45 0.109 1.000 0.063 0.094
CSX99209-376  0.155 0.063 1.000 0.053
Sicala V-2 0.203 0.094 0.053 1.000

3.3 Field experiments
Field-based experiments were used to provide fgglolvn plant tissue samples for

yield, fibre quality, gas exchange, fluorescenceemirane stability and enzyme

viability measurements.

3.3.1 Site and climate descriptions
Field experiments were conducted over three coliseototton growing seasons in two

locations between 2005 and 2007 (Table 3-3). Thwselocations were selected to
enable evaluation of cultivar thermotolerance iro tdistinct climates. The Narrabri
(Australia) field site was a hot and dry climatehereas the Texas (United States of

America) field site was a hot and humid growingiesvment (Table 3-3).
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Table 3-3 Location and year of each field experimen

Experiment Season Year Planting date Harvest date Location Country Latitude Longitude
Field 1 2006 14-Oct-05 10-May-06 Narrabri AUS °BI'S 14959'E
Field 2 2006 25-Apr-06 11-Sep-06 Texas USA °3Z20N 96°26'W
Field 3 2007 18-Oct-06 20-Apr-07 Narrabri AUS °B2'S 14959'E

Table 3-4 Seasonal climate data between sowing ahdrvest dates for seasons 1 (2006) and 3 (2007Narrabri and season 2 (2006) in Texas.

Season Average Average Average No days  Accumulated Average Photothermal Precipitation Average daily
maximum minimum temperature >35°C day degrees daily guotient (mm) relative
temperature temperature (°C) radiation (Villalobos and humidity (%)
(°C) (°C) (MJI m?) Ritchie 1992)
315 16.2 23.9 59.0 2580.3 24.6 2.2 532.8 74.9
2 33.6 20.8 27.2 55.0 2128.9 24.9 2.0 319.0 73.4
3 32.9 17.2 25.0 65.0 2443.0 25.0 1.7 182.0 67.8

8¢



Narrabri
Field experiments in seasons 1 and 3 were undertakéhe Australian Cotton Research

Institute, Narrabri, Australia. The soil was a onih grey cracking clay (Australian soil
taxonomy: Grey Vertosol, USDA soil taxonomy: Typi@plustert) with a clay fraction

percentage of 60 to 65%, pH of 8.0 - 8.8 and haerantly low organic matter and
nitrogen. Long term average annual rainfall is 6#8 with a mean maximum temperature
of 26.7 °C and a mean minimum of 118 (Australian Government Bureau of

Meteorology 2008). Season specific climatic datpaesented in Table 3-4.

Texas
Experiment 2 was conducted at the Texas Agricultdrgeriment Station located near

College Station, Burleson County, Texas, USA dutimg 2006 cotton growing season.
The soil was a Weswood silt loam (USDA Soil taxoryordifluventric Halpustepts)
with a pH of 8.3 and conductance of 1@®ho cm*. Season specific climatic data are

presented in Table 3-4.

3.3.2 Field experimental design and plot management

Narrabri
A randomised complete block design with four regtiis was used for field experiments

in Narrabri during seasons 1 and 3. Blocks werdéiaaes, blocked down the field from
the head ditch to the tail drain. Plots were 19nmreingth, with 9 raised beds at 1 m
spacing. Samples were only taken from plants grgwim the inner 7 rows and from the

inner 17 m of the plot.

Nitrogen was applied at a rate of 200 kd'las anhydrous ammonia and phosphorous at a
rate of 132 kg hd as mono-ammonium phosphate prior to planting suenadequate

nitrogen and phosphorous nutrition for the cropt$lvere pre-watered prior to planting
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and maintained with full furrow irrigation utilisgnhigh input management and insect

control throughout the season as described by HeatFitt (1992).

All cotton seed was pre-treated with Dyn&sfyngicide seed treatment (Syngenta) and
planted with a commercial row crop planter (Kinae)l2 seeds th Season 1 was planted

on the 14 October, 2005 and season 2 was planted on th©t®ber, 2006.

In-plot temperature and relative humidity were releal on a Tiny Tag Ultra (TGX-3680),
10 cm below the maximal canopy height and at [8asplicates were recorded. Complete
meteorological data at a fully serviced weathetictavere measured 2 km from the field

site.

Texas
A randomised complete block design with four regties was used. Blocks were

replicates, blocked down the field from the headhdio the tail drain. Whole plots were
5.8 m long with 4 raised beds, 1 m apart. Sampkre wnly taken from plants growing on

the inner 2 rows of the plot, and from the inn& 3. of the row.

The soil was pre-prepared with nitrogen (134 kff)h&€apard? 4 L broadleaf herbicide
(0.57 L ha") and Dual pre-emergent herbicide (0.26 L haTreated cotton seed was
planted on the 2% April, 2006 at 13 plants fiwith a John Deere max emerge vacuum

planter. Plots were furrow irrigated and pest pressvas rigorously controlled.

In-plot temperature and relative humidity data wallected with a Tiny Tag Ultra (TGX-
3680), 10 cm below the canopy height, with at l€aséplicates. A full meteorological

survey was recorded 0.5 km from the field site fatlly serviced weather station.

3.3.3 Temperature treatments
In-situ high temperature stress was imposed in the figldthe construction of

Solarweav® tents over the crop canopy (Figure 3-1) at mudtifiihes during the season
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(Table 3-5). Tents were erected at 4 d post inegato ensure adequate soil water and
relatively uniform leaf temperature (Gardnetr al. 1981), A 1 m buffer area was left
between the alleyway and the front entrance totehés, which were constructed at the
front of the plot (Figure 3-1). The tents then aeeethe next 3 m of the row. A 1 m buffer
was left between the tents and the control plafite control plants were sampled from
the next 3 m of the row. A 1 m buffer area was kirty left between the control plants
and the alleyway at the back of the plot. All teweye assembled between the first square
and cut-out stages of crop development. The tantersions were as follows; 2800 mm
length, 2800 mm breadth and 2600 mm height. A 769 gap was left between the soll
surface and the SolarwedVveanvas at the front and back of the tent to peainiflow
down the rows. At the end of the measurement petiloel tents were removed and
transferred to a different section of the plot, veheimilar measurements were taken on a

later irrigation cycle.

Table 3-5 Dates of construction and dismantlementfahe tents for seasons 1 (2006) and 3 (2007) in
Narrabri and season 2 (2006) in Texas and the assated day degrees associated with these dates.

Season Tent Construction Dismantlement No days No degree
Date Day Date Day under tent  days under
Degrees Degrees tent

1 1 3-Feb-06  1523.69 9-Feb-06 1635.11 6 111.42

1 2 23-Feb-06 1840.08  6-Mar-06 1974.07 11 133.99

2 1 13-Jul-06  1106.55  19-Jul-06 1213.85 6 107.3

3 1 17-Dec-06  537.72 22-Dec-06  811.89 5 274.17

3 2 16-Jan-07 1160.87  20-Jan-07 1227.41 4 66.54
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(b)

Figure 3-1 Solarweave® tents used to impose-situ high temperature stress in the field during sason
3 (2006) at the Narrabiri field site
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Solarweav& is a clear, radiation permissible fabric. It lrasominal shade value of 18 %
and may increase the relative proportion of diffus@iation reaching the canopy; it was
considered an appropriate commercially availaleidafor field experiments, particularly
attributed to high durability under adverse climatonditions (Healey and Rickert 1998;
Healeyet al. 1998). These tents were erected above the cragpygdn raise temperatures
above the high temperature threshold for cotton®@bunder the fabric (Table 3-6) but
still facilitate airflow down the rows to permitfettive gaseous exchange (Lopsizal.
2003a). Mean temperature under the tent was highaermean temperature under ambient
field conditions in all 3 seasons (Table 3-7). Hoare relative humidity was inadvertently
increased (Table 3-7). Although both sites expegenhigh temperatures throughout the
cotton season, the Texas site had a higher avaraent temperature than the Narrabri
site (Table 3-4). Air temperatures under the cdraral tents are presented in Figure 3-2

for seasons 1, 2 and 3.
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Table 3-6 Number of h above the thermal kinetic widow (32°C) and high temperature threshold (35
°C) for cotton, under ambient field conditions and under the tents for seasons 1 (2006) and 3 (2007) in
Narrabri and season 2 (2006) in Texas.

Season Tent No hours No hours No hours No hours No hours
no. >32°C >35°C > 40°C > 45°C >50°C
Control (ambient)
1 1 57.3 35.2 6.3 0.0 0.0
1 2 26.8 6.5 0.0 0.0 0.0
2 1 82.8 66.3 20.7 0.0 0.0
3 1 26.3 17.7 35 0.0 0.0
3 2 44.0 17.3 0.0 0.0 0.0
Tent
1 1 69.7 62.8 40.8 20.7 5.8
1 2 45.8 30.2 8.8 1.7 0.2
2 1 80.7 71.5 55.5 33.2 8.5
3 1 30.5 28.0 23.4 0.0 0.0
3 2 62.7 46.5 26.5 6.8 0.2

Table 3-7 Mean temperature and relative humidity uer ambient (control) and tent temperature
regimes in the field for seasons 1 (2005) and 3 (&) in Narrabri and season 2 (2006) in Texas. The
mean is taken from 3 replicates.

Season Tent No Control Mean Tent Mean F test P value l.s.d.
Temperature°C)
1 1 29.9 33.7 <0.001 0.72
1 2 23.8 255 <0.001 0.41
2 1 31.3 33.1 <0.001 0.72
3 1 26.4 25.6 0.026 0.79
3 2 27.1 29.0 <0.001 0.62
Relative humidity (%)
1 1 56.2 80.3 <0.001 1.09
1 2 70.6 74.7 <0.001 1.29
2 1 62.7 66.3 0.039 2.59
3 1 50.6 51.9 n.s. 1.97
3 2 61.6 69.3 <0.001 1.59
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Figure 3-2 Air temperatures (C) under the control and under tent 1 in (a) seasof (Narrabri, 2006),

(b) season 2 (Texas, 2006) and (c) season 3 (NariaB007 and under tent 2 in season 1 (Narrabri,
2006) and season 3 (Narrabri, 2007). The averagemntperature during the measurement period is
represented by a solid line for the control and a otted line for the tent.

3.3.4 Measurements
Under ambient (control) field conditions, leaveseveampled at least 1 m from the edge

of the plot. For samples under high temperaturet)teonditions, leaves were sampled
from the middle of three rows located under the,tEaving a 1 m buffer on all sides.

Photosynthesis, electron transport rate, stomatmhductance, transpiration rate,
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membrane integrity and enzyme viability was meatupe the third youngest fully
expanded leaf of actively growing cotton plants eméll temperature treatments. This
minimised the effects of leaf age on various phggigal and biochemical functioning

under the various treatments (Pegtyal. 1983).

3.4 Growth cabinet experiments

3.4.1 Site description and pot management
Plants were established in a glasshouse at therahast Cotton Research Institute,

Narrabri, Australia. Cotton plants were grown ir026m diameter, 9 L pots, filled with a
grey cracking clay, taken from a nearby field. Egquat contained 2 plants and was
arranged in a completely randomised design witbpficates. Pots were watered at 0700 h
daily for 2 min by drip irrigation delivering 4 td.5 L H'. Nutrients were applied
fortnightly with 500 mL, 0.013 g mL Miracle-grow all purpose water soluble fertiliser
(Scotts Australia Pty Ltd, Baulkham Hills, Austggli(Table 3-8) with 2.0 g magnesium

sulphate heptahydrate (Mga@H,0).

Table 3-8 Composition of Miracle-grow fertiliser ued in glasshouse and growth cabinet pot
experiments (N:P:K = 15:13.1:12.4)

Nutrient Compound % (W/v)
Nitrogen Mono-ammonium and di-ammonium phosphate .806
Nitrogen Urea 8.20
Phosphorous Mono-ammonium and di-ammonium phosphate 13.10
Potassium Potassium chloride 12.40
Iron Iron ethylenediaminetetraacetic acid 0.15
Copper Copper sulfate 0.07
Zinc Zinc sulfate 0.06
Manganese Manganese ethylenediaminetetraacetic acid 0.05
Boron Boric acid 0.02
Molybdate Sodium molybdate 0.00
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At first square, plants were transferred to a ghoeabinet (14 h photoperiod commencing
at 0600 h, 32 + PC, 45 + 15% relative humidity, maximum 8Q0mol m? s’ of
photosynthetically active radiation (PAR) and 10ank period at 25 + &C and 85 + 15%
RH), running on a Maxim 510 controller (Innotechading Australia Pty Ltd, Forest
Lake, QLD). Light intensity increased stepwise frtme start of the photoperiod by 30 %
each 30 min, to a steady maximum of §0@ol PAR m? s'. Likewise, light intensity
decreased stepwise by 30% each 30 min to the etie gdhotoperiod. Relative humidity
was allowed to follow external atmospheric conaii@nd hence was largely a function of
temperature, with a daily average of 65 %. Carbarxide concentration similarly
reflected atmospheric conditions with a daily ageraf approximately 36QL/L. Plants

were hand watered daily to maintain adequate soisture levels.

3.4.2 Temperature treatments
Plants were acclimated for 4 d at optimal condgi¢®2/25°C day/night) in the growth

cabinet before initiation of the temperature treatm For the control (32C), cabinet
conditions were left unchanged during the treatnpeniod. Due to limited growth cabinet
space, plants of a comparative physiological ageeweansferred to the controlled
environment growth cabinet after the control plahtsl been removed. Well-watered
plants were exposed to heat stress by increasinartibient air temperature to 42 (67%
RH) during the photoperiod and 26 (40 % RH) during the dark period. Photosynthesis,
electron transport rate, stomatal conductance,spieation rate, membrane stability,
enzyme viability and gene expression were thenraheted for the third youngest fully
expanded leaf of cultivars Sicot 53 and Sicala[@&tails for specific measurements or

assays are described in the respective chapters.
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Chapter 4 Screening for Cultivar Specific Thermotoérance at

the Crop and Whole Plant Level

4.1 Introduction

In-season crop exposure to high temperature magrsely affect cotton yield. This may
be due to limited assimilate availability for gréwiand hence a reduction in the
development of potential fruiting sites. High temgdares throughout the flowering period
may result in low fruit set due to pollen infetili(Burke 2004; Kakanket al. 2005;
Marshallet al. 1974), low boll weight and seeds per boll (Pettig2008) or high rates of
fruit abscission (Reddgt al.1999; Zhacet al.2005) thereby limiting yield potential. Thus
yield and yield component analysis may be usecttees for stress tolerance under field

conditions.

Plant breeding has traditionally focused on yieid gield components as parameters for
species and cultivar selection for adaptation tcalloenvironments and management
practices (Constablet al. 2001). However, the production of final harvestapield and
its components are the result of acclimation anposdre to biotic and abiotic factors
affecting crop growth. While measuring yield does$ enable cultivars to be evaluated for
a specific tolerance, it still provides a descaptof the suitability of a particular genotype

for economically viable, local production systems.

Yield-based cultivar selection in hot seasons matyamly provide selection pressure for
high temperature tolerance but also tolerance herdbiotic or abiotic stresses associated
with high temperatures such as drought, radiatiess, plant pests or pathogens
prevalent in hot dry seasons. Therefore, to enthateparticular tolerances are entrenched
in a breeding program, strategies must be develdpedientify, isolate and target

germplasm with specific tolerances.
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Variability between seasons and the interactioweenh germplasm and biotic and abiotic
stress may limit the repeatability of identificatiof superior cotton cultivars, particularly

for temperature tolerance.

This chapter details a series of experiments, coteduto determine the effects of high
temperature stress on yield, fruit retention armlefiquality and the suitability of using
these measurements to determine cultivar-spebi@ariotolerance under field conditions.
The aim of these experiments was to determineveultspecific thermotolerance using

crop and whole plant measurements for field grolantomaterial:
(a) under ambient temperatures (experiment 1); and
(b) underin-situ high temperature stress generated by tents (enpsti2)

Specifically the hypothesis tested was that yidéldit retention and fibre qualities are

effective methods of screening for cultivar speditilerance to high temperature stress.

4.2 Materials and methods

4.2.1 Site description
Experiments 1 and 2 were conducted over three ggpwseasons at field sites located at

The Australian Cotton Research Institute, Narrabustralia in 2006 (season 1) and 2007
(season 3), and at The Texas Agriculture and Exyari Station, College Station, Texas,

USA in 2006 (season 2). Details for each site aaden are presented in Chapter 3.

4.2.2 Treatments

Experiment 1
Cotton cultivars Sicot 53, Sicala 45, CSX 99209-2url Sicala V-2 were established

under field conditions in a randomised block desigth four replicates. Plants were

grown under ambient field conditions over threeseea under furrow irrigation and high
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input management. No additional high temperatusattnent was imposed on crops for

experiment 1.

Experiment 2
Two cotton cultivars (Sicot 53 and Sicala 45) wgm®wn in the field over three

consecutive seasons in a randomised block desitinfair replicates. This experiment
was conducted as a subset of experiment 1. Higlpdeature stress was artificially
imposed on field grown plants by the constructiérSolarweave® tents over the crop
canopy, 4 d post irrigation. Tents were removednfrihe field after a 7 d incubation
period and transferred to a different section &f pfot for further treatment. Tent 1 was
assembled at during squaring. Tent 2 was assenablagproximately first flower. Yield

data from the tents in season 2 were accidentasly |

4.2.3 Measurements
For experiment 1, seed cotton yield was determieeccotton cultivars Sicot 53, CSX

99209-376, Sicala 45 and Sicala V-2 grown underiamilfield conditions in seasons 1
(2006) and 3 (2007) in Narrabri and season 2 (20®6)exas. For experiment 2, seed
cotton yield, fruit retention, and fibre qualityrnaaneters; length, strength and micronaire
were measured for cultivars Sicot 53 and Sicalgrésvn under ambient (control) or tent

regimes in the field for seasons 1 (2006) and D72 Narrabri.

Plants were defoliated when 60% of bolls were oped subsequently harvested at
maturity. Plants were excised below the cotyledivosy a 1 m section of a single row,
and at a distance of at least 2from the border of each plot to measure yield,tfrui
retention and fibre quality. For samples under amib{control) field conditions, plants
were sampled from at least one metre from the axgie plot. Under the tents in

experiment 2, plants were sampled from the midéitar@e rows under the tent, leaving a
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one metre buffer area to all sides. Plants weraadiately transferred to the laboratory

for processing.

Fruit retention was calculated as the percentadmaif open bolls to total fruiting sites on
sympodial branches. Seed cotton from each open Walé removed for vyield
determination. A subsample was taken and ginnedirfoguality. Lint was excised from
the seed coat in a Continental Eagle 20-saw gint. \lield was calculated from ginned lint
samples. Fibre length, strength and micronaire wiletermined for ginned lint samples

using a high volume instrument (HVI).

4.2.4 Data analysis

Experiment 1
One-way Analysis of Variance (ANOVA) was conducfed total seed cotton yield of

cotton cultivars Sicot 53, CSX 99209-376, Sicalaa#8 Sicala V-2, pooled across the 3
seasons. Two-way ANOVA (cultivar*season) was comeldidor total seed cotton yield of
cultivars grown under ambient field conditions ieason 1 (2006) and 3 (2007) in
Narrabri and season 2 (2006) in Texas. One-way ANQYas employed to determine

cultivar specific differences in seed cotton yifddeach individual season.

Experiment 2
One-way ANOVA was conducted for seed cotton yiéldit retention and fibre quality

parameters of cotton cultivars Sicot 53 and Sid&lapooled for seasons 1 (2006) and 3
(2007) in Narrabri and pooled for the ambient (colptand high temperature (tent)
treatment regimes. Two-way ANOVA (cultivar*tent) svaonducted for seed cotton yield,
fruit retention and fibre quality of cotton cultrgaunder ambient (control) and high
temperature (tent) regimes in the field and podtedseasons 1 (2006) and 3 (2007) in

Narrabri. Two-way ANOVA (cultivar*tent) was condect for seed cotton vyield, fruit
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retention and fibre quality parameters of cottolticars under ambient (control) and high
temperature (tent) conditions in the field, podiedeach season and data for each season
were analysed independently. One-way ANOVA was ootetl for seed cotton yield,
fruit retention and fibre quality of cotton cultrgaunder ambient (control) field conditions

or under the tents at an early (tent 1) or latmt(2) growth stage.

4.3 Results
4.3.1 Experiment 1

Yield for Australian cotton cultivars, pooled over 3 seasons
Mean seed cotton yield of all four Australian cattoultivars was higherP<0.001) in

seasons 1 and 3 compared with season 2. The c®azhyield of Sicala V-2 plants was
lower (P=0.026) than the other three cultivars when poaeer the 3 growing seasons
(Figure 4-1). The seed cotton yield of Sicot 53af 45 and CSX 99209-376 did not

differ.

(a) (b)

600

500 4

400 1

S ]

200

Seed cotton yield (g m?)

T T T T T T
LSD 1 2 3 LSD Sicot 53 Sicala 45 CSX 9909-376 Sicala V-2

Season Cultivar
Figure 4-1 Mean seed cotton yield for (a) plants gwn at the Narrabri field sites in seasons 1 (2006)
and 3 (2007) and at the Texas field site in seas@r(2006) and (b) Australian cotton cultivars Sicob3,
Sicala 45, CSX 99209-376 and Sicala V-2, pooled pviee three seasons. The vertical lines represent
the I.s.d. for season or cultivar main effects &®<0.05.

Cotton seed yield was analysed for the four Austnatotton cultivars for each season

independently. For season 1, the seed cotton yel€CSX 99209-376 was higher
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(P=0.044) than the seed cotton yield for Sicala 4& &itala V-2 (Table 4-1). For season
2, the mean cotton seed yield was higher for Sidé&laompared with Sicot 53 and mean
seed cotton yield of Sicala V-2 plants was lowe«(.001) than the other three cotton
cultivars (Table 4-1). There were no cultivar diffieces for seed cotton yield in season 3

(Table 4-1).

Table 4-1 Seed cotton yield (g /) for cultivars Sicot 53, Sicala 45, CSX 99209-3%hd Sicala V-2
grown under ambient field conditions during seasor (2006) and 3 (2007) in Narrabri and season 2
(2006) in Texas, where n.s. represents F test P waé that are not significant forP<0.05. Means
followed by the same letter in the same row are ndignificantly different at P <0.05.

Season Sicot 53 Sicala 45 CSX SicalaVv-2 Grand Max P value
99209-376 Mean L.S.D.
1 621 ab 550 b 684 a 536 b 598 109 0.044
2 345b 385a 363 ab 268 c 340 35 <0.001
547 550 586 529 553 - n.s.

4.3.2 Experiment 2

Yield, fruit retention and fibre quality response to heat stress, pooled over 2 seasons
Yield, fruit retention and fibre quality parametesgre determined for cotton cultivars

Sicot 53 and Sicala 45, grown under either ambjeomtrol) or tent (tent 1 and tent 2)
regimes in the field for seasons 1 and 3. Resutssammarised in Table 4-2. Although
cultivar differences were determined for fruit r@ten, fibre strength and micronaire in
season 1 and temperature treatment differencesfoxened for fruit retention, seed cotton
yield and fibre length in season 2, an interactbmiween cultivar and temperature

treatment was only determined for fruit retentinrseason 1.
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Table 4-2 Probability of cultivar and temperature treatment main effects and cultivar by temperature
treatment interaction for yield, fruit retention an d fibre quality for seasons 1 (2006) and 3 (2007 i
Narrabri, where n.s. represents F test P values whe P>0.05.

Cultivar Temperature treatment Cultivar * Temperature treatment

Season 1
Seed cotton yield n.s. <0.001 n.s.
Fruit retention 0.002 <0.001 <0.001
Fibre length n.s. 0.012 n.s.
Fibre strength 0.007 n.s. n.s.
Micronaire 0.045 n.s. n.s.
Season 3
Seed cotton yield n.s. 0.027 n.s.
Fruit retention n.s. 0.022 n.s.
Fibre length n.s. 0.049 n.s.
Fibre strength n.s. n.s. n.s.
Micronaire n.s. n.s. n.s.
Yield

The mean seed cotton yield of plants grown undetstevere lower than plants grown
under ambient (control) conditions for tent 1 ims@n 1 P<0.001) and in tent 2 in season

3 (P=0.026) (Figure 4-2). There were no cultivar difieces for yield in seasons 1 or 3.
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Figure 4-2 Mean seed cotton yield of cotton cultiva Sicot 53 and Sicala 45 under ambient (control)
and under the tents at an early (tent 1) or latertent 2) growth stage in (a) season 1 (2006) and (b)
season 3 (2007) at Narrabri. The vertical lines indate the l.s.d. value atP<0.05 for temperature
treatment main effect.
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Fruit retention
Overall fruit retention was lowelP&0.001) for season 1 than season 3 (Figure 4-3). Fo

season 1, there was an interacti®®x(.001) between cultivar and treatment for fruit
retention (Table 4-2). Under ambient (control) atinds in the field, fruit retention for
Sicot 53 was higher than Sicala 45. There was fierence in fruit retention between the
two cultivars under the tents. For season 1, iriéntion was lower for plants grown
under tent 1 compared with tent 2 and under ami@mttrol) conditions in the field
(Figure 4-3). For season 3 fruit retention undet &2was lower =0.026) than the fruit

retention for plants growing under ambient (contfigld conditions.
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Figure 4-3 Fruit retention (%) of cotton cultivars Sicot 53 and Sicala 45 under ambient (control) and
under the tents (tent 1 and tent 2) during (a) seas 1 (2006) and (b) season 3 (2007) at Narrabri. €h
(a) vertical line represents the I.s.d. for temperare treatment by cultivar interaction at P<0.05.
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A positive correlation <0.0001) existed between fruit retention and sesttbe yield
under field conditions in season 1 (Figure 4-4) acdounted for up to 47 % of the
variation (Table 4-3). In season 3, there was noetation >0.05) between fruit

retention and seed cotton yield (Figure 4-4).

Table 4-3 Correlation between fruit retention (%) and seed cotton yield (g M) under ambient
(control) and tent regimes in the field in season (2006) and 3 (2007) in Narrabri where n.s.
represents F test P values where<0.05.

Season n Adjusted Equation P value
R2
1 24 0.47 y=132.31+15.83*x <0.001
3 24 - - n.s.
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Figure 4-4 Correlation between fruit retention (%) and seed cotton yield (g M) for cotton cultivars
Sicot 53 and Sicala 45 grown under ambient and temegimes in the field in (a) season 1 (2006) and)(b
season 3 (2007) at Narrabri, replicated 4 times.

Fibre quality
Fibre length was lowerPE0.012) for plants grown under tents 1 and 2 coegbavith

plants grown under ambient (control) field condigsan season 1 (Figure 4-5). For season

3, fibre length was lowerPE0.019) for plants grown under tent 1 compared \pitmts
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grown under tent 2 and plants grown under ambmontt(ol) field conditions (Figure 4-5).

There were no cultivar differences for fibre length

Season 1

1.20 +

1.15 ~

1.10 + I

1.05 +

Fibre length (decimal inch)

1.00 T T T T
Season 3

1.20

1.15 +

1.10 - I

Fibre length (decimal inch)

1.05 +

1.00 T T T T
LSD Control Tent 1 Tent 2

Treatment

Figure 4-5 Mean fibre length (decimal inch) of plats grown under ambient (control) and under the
tents (tent 1 and tent 2), grown during (a) seasoh (2006) and (b) season 3 (2007) at Narrabri. The
vertical lines represent the I.s.d. for temperaturetreatment main effects atP<0.05. The upper line
represents the ideal target for fibre length (1.12%nch). The lower line represents the minimum targe
for fibre length (1.031 inch) under which, signifi@nt financial penalties are incurred.
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Fibre strength in season 1 was lowBx(@.001) than in season 3 (Figure 4-6). Fibre
strength under ambient (control) conditions washérg®=0.007) than under high
temperature (tent) conditions during season 1 (Eigt+6). There was no difference
(P>0.05) in fibre strength under ambient (control)uwder the tents during season 3.
There were no cultivar differenceB>0.05) for fibre strength in seasons 1 or 3. The
micronaire of cotton cultivars Sicot 53 and Sicdla did not differ under the tents

compared with ambient (control) field conditions.
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Figure 4-6 Mean fibre strength (g teX) of Sicot 53 and Sicala 45 under ambient (contrond high
temperature (tent 1 and tent 2) conditions during &) season 1 (2006) and (b) season 3 (2007) at
Narrabri. The vertical line represents the I.s.d. 6r temperature treatment main effects atP<0.05. The
upper dashed line represents the industry target fofibre strength (29 g tex') above which, small
premiums are obtained for superior fibre quality. The lower dashed line represents the industry
minimum for fibre strength (27 g tex®) under which discounts are incurred for sub-standed fibre
quality.

4.4 Discussion

Yield has been traditionally employed by plant liers as a primary screening parameter
for determining the adaptability of cotton cultisao local production systems (Constable
et al. 2001). Yield evaluation of four cotton cultivaryen three consecutive growing

seasons showed that Sicala V-2 was consistentlgrigvelding than Sicot 53, Sicala 45
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and CSX 99209-376. This cultivar discrimination icades that that evaluation of yield
and fruit retention under ambient field conditigm®vides a discriminatory mechanism
for identification of cultivar specific adaptabylitto local conditions and higher yield

potential thus validating traditional thinking inroventional plant breeding.

However, vyield-based selection under favourableditmms may eventuate in the
selection of genotypes that perform well under @ambiconditions but fail to perform
under stress conditions (Lopet al. 2003b). Furthermore, due to the complex nature of
yield and a multitude of selection pressures fetdyacross the growing season (Watson
1952), the exact mechanism for cultivar-specifeldidifferentiation cannot be concluded
to be heat stress from this set of experimentsceleBolarweavetents were employed to

determine if temperature could be a primary deteami of cotton yield.

Seed cotton yield and fruit retention were lowar $acot 53 and Sicala 45 under tent 1 in
season 1 and tent 2 in season 3, compared withsptgown under ambient (control)
conditions. This indicates that exposure of plaotsemperatures exceeding 45 for at
least 6 h under the tents (Table 3-6) providedigafit exposure to abiotic stress to illicit
a stress response and subsequent decreases irayeelluit retention. Decreased yield
and fruit retention under the tents on only onéwad instances in both seasons 1 and 3
may be attributed to a high thermal sensitivity the squaring and flowering
developmental stages and exacerbated by enviroameonditions at the time of tent

installation.

Fruit retention is most likely the main factor agated with lower yields under the tents
in a hot season; this agrees with previous resesinolwing fruit shedding under high
temperature stress (Redayt al. 1999; Reddyet al. 1992; Zhaoet al. 2005), and

specifically for plants grown under tents (Dhoptel &astin 1988; Lopeet al. 2003a).
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Decreased yield may also be partially attributegdtien infertility (Burke 2004; Kakani
et al. 2005) or low boll weight and seeds per boll (Betiwv 2008). Differences in plant
physiological capacity under ambient (control) dinds may be exacerbated by inherent
climatic differences between the Narrabri and Tdield sites, and physiological process
under ambient and tent regimes in the field arematlly influenced by seasonal weather

differences between seasons 1 and 3 at the Nafigdrsite.

Cultivar rankings for yield varied between fieldesi and seasons. Previous reports for
yield under tents are for a single season (Dhoptk Eastin 1988; Lopeet al. 2003a)
thereby not accounting for seasonal influencesudtivar performance. Plants grown at
the Texas site (season 2) were exposed to highageetaily temperatures but a fewer
number of days with temperatures exceeding the teigiperature threshold for cotton (35
°C). Plants grown at Narrabri (seasons 1 and 3) wygieally exposed to a lower average
temperature but a higher number of days exceediaghigh temperature threshold for
cotton (35°C) (Table 3-4). Hence it not surprising that thestkalian-developed cultivars
Sicot 53, Sicala 45, Sicala V-2 and CSX 99209-3i&dgd highest in a mild season
(Season 3) at the Narrabri field site; conditiomswhich they were specifically bred. The
seasonal nature of yield indicates that screenargtiermotolerance using yield both
under ambient (control) conditions and under tinstés largely dependent on climate and
in-season weather patterns and hence, requirasisnffreplication in a local environment

for the development of a reliable cultivar-specifeat tolerance index.

Fibre length and strength were reduced under thte tmmpared with plants grown under
ambient (control) conditions. This is consistenthwprevious studies (Pettigrew 2008;
Reddy et al. 1999) showing that exposure to high temperaturesst limits fibre

elongation and may ultimately have a deleteriodecefon fibre quality. However, both
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Sicot 53 and Sicala 45 plants still exceeded theituim and recommended industry
targets for all fibre quality parameters. Althouigbre length and strength are not useful
indicators of genotypic stress tolerance, thesamaters need to be monitored during
breeding programs to ensure that breeding for toéztance does not inadvertently reduce

fibre quality.

4.5 Conclusion
Yield is an excellent predictor of overall planh@ionality within a season and hence, is a

useful selection tool for plant breeders, whilstoabroviding an industry recognised
parameter and target for breeding improvement.dviellso readily translatable to actual
farming systems and hence is an important outpuanpeter for any plant breeding

program.

Quantification of yield, fruit retention and fibrguality under the tents provided little
evidence for thermotolerance discrimination betwe®icot 53 and Sicala 45 for
thermotolerance. These results suggest that th@anemms underlying yield in the field
are a complex network of physiological changes Ive@ with heat tolerance and heat
avoidance. Heat tolerant plants may be better dabtes for screening programs as heat
avoidant plants are generally reliant on higherutapsuch as water to maintain
homeostasis under high temperature stress. Plagsigbbgical, biochemical and
molecular screening techniques should be conclyrenvestigated to provide an
understanding of cultivar specific heat tolerancelar field conditions and the genetic
basis of thermotolerance in cotton cultivars. Femtiore, inclusion of a greater diversity
of germplasm and a larger number of samples maynaagtcounting for large biological
variability in stress tolerance screening, ther@greasing the effectiveness of yield-

based, in-field screening programs.
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Chapter 5 Screening for Cultivar Specific Thermotokrance at the

Leaf Level

5.1 Introduction

Temperature influences the growth and developméntrops. It is a primary factor
determining sowing date, seasonal development amndest date. Cotton has an optimal
thermal window of 23 to 32C in which metabolic activity is most efficient (Bxe et al.
1988). Maximum daily temperatures exceeding’@2are common in many cotton growing
regions and may limit growth, development and uwitiely crop yield. Effects of high
temperature stress include decreased plant gralethyed development and increased fruit
shedding (Hodgest al. 1993). This may be attributed to photosyntheticlide under high
temperature stress (Reddy al. 1991a), particularly attributed to decreased edectiow
through the photosystem (Wist al. 2004) through membrane disruption (Sullivan 1971)
and decreased stability of photosynthetic (Salvuand Crafts-Brandner 2004b) and

respiratory enzymes (de Ronde and van der Mes@mn)19

Changes in plant physiological function under higimperature stress may be useful to
identify heat tolerant genotypes for inclusion uuire breeding programs (Constakeleal.
2001) for production in the warmer cotton growinggions of the world. Point-in-time
(survey) measurements for photosynthesis, eledtemsport rate, stomatal conductance and
transpiration are established methods of screeoingigh and low temperature tolerance in
cotton under greenhouse conditions (Bddi al. 2004b; Brown and Oosterhuis 2004;
McDowell et al. 2007) and for drought stress (Kitao and Lei 200&idi et al. 1993) and
waterlogging tolerance (Conast al. 2008) screening studies in the field. Howevernpla
specific responses to high temperature stress nifigr dinder greenhouse and field
conditions due to additional environmental stresthe field (Watson 1952).
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In-field high temperature stress has been achidwedtaggering planting date (Rahman
2005), ambient temperature-dependent sampling (Bibial. 2004a) and the use of
polyethylene shelters (Lopext al. 2003a) for drought stress studies. Few studiekiatnag
heat tolerance under field conditions have beearteq@, primarily attributed to the difficulty
in distinguishing between water stress toleranckeragh temperature tolerance. Field studies
are furthermore confounded by acclimation to higimperature stress in hot growing

seasons.

This chapter examines the effectiveness of meagurates of leaf gas exchange and
chlorophyll fluorescence under high temperaturessstrto screen for cultivar specific
thermotolerance both under field and glasshouseittons. The aim of these experiments
was to determine genotype specific thermotolerafo®tton cultivars Sicot 53 and Sicala 45

using gas exchange and fluorescence measurements fo

(a) field grown plant material under ambient (contral) high (tent) temperatures

(Experiment 1), and correlate these measuremetitsyveld; and

(b) growth-cabinet grown plant material under optim8R (°C) or high (42 °C)

temperature regimes by evaluation of light respangwes [400, 800, 1200, 1600,

2000pmol PAR ¥ s'] (Experiment 2)

Specifically the hypothesis tested was that genotgfferences in heat tolerance can be
guantified by measuring photosynthesis, electrangport rate, stomatal conductance and

transpiration rate.

5.2 Materials and methods

5.2.1 Site description
Experiment 1 was conducted over three growing seaabtwo field sites. Seasons 1 (2006)

and 3 (2007) were conducted at the Australian @d®esearch Institute, Narrabri. Season 2
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(2006) was conducted at The Texas Agriculture axgkeEment Station, Texas (Table 5-1).
Experiment 2 was conducted at the Australian CoResearch Institute, Narrabri. Plants
were initially established in a glasshouse and themsferred to a growth cabinet. Details of

each experiment are presented in Figure 5-1.

Table 5-1 Location and timing of experiments 1 an@

Experiment Site Season Year Location
1 Field 1 2006 Narrabri
1 Field 2 2006 Texas
1 Field 3 2007 Narrabri
2 Growth cabinet - 2007 Narrabri

5.2.2 Treatments

Experiment 1
Cotton cultivars Sicot 53 and Sicala 45 were gramder ambient (control) field conditions

in a randomised block design with four replicatBse photosynthetic rate, electron transport
rate, stomatal conductance and transpiration rétthe two cultivars was measured on

various days under ambient (control) field condis@nd also under the tents (Table 5-2).

Experiment 2
Plants of cotton cultivars Sicot 53 and Sicala 4serestablished under glasshouse conditions

in a completely randomised design with four plgrgs treatment and transferred to a growth
cabinet at first square. Photosynthesis, electransport rate, stomatal conductance and
transpiration were measured under optimal @R and high temperature (42) conditions

in the growth cabinet at 1230 h and daily for a peatiod. Measurements were taken at
various light intensities (200, 400, 600, 800, 100®00 pmol PAR M s%) by
implementation of a step-wise incremental lighemngity auto-program for an internal light

source in the sensor head of a Li-6400 portablégslyathesis system.
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5.2.3 Measurements

Gas exchange & fluorescence
Measurements of photosynthesis, electron transpar¢, stomatal conductance and

transpiration were made using a Li-6400 portabletgsynthesis system (Li-Cor Ltd,
Lincoln, NE, USA), with a pulse-amplitude modulat@@AM) leaf chamber fluorometer
sensor head. Environmental variables were highhtrotled in the sensor head for effective
comparison between samples and were set to apprtedyrambient external conditions for
the day of sampling. The reference carbon dioxiglecentration was set at 4@@nol CG;
mol™* using a C@ mixer. Relative humidity followed ambient condits. The system flow
rate was adjusted to maintain a vapour pressureitdbetween 1.5 and 2.5 kPa. Light
adapted fluorescence was measured using the fledeorattachment, immediately following

the photosynthesis measurement.

Experiment 1
Gas exchange and fluorescence were determined dpledays throughout the season

(Table 5-2). Initial photosynthetic rates and cbfdryll fluorescence were measured at
ambient field conditions (Day 0). The tents werentterected and left over the crop canopy
for a defined number of days (ranging from 2 to) svllilst measurements were taken (Table
5-2). The tents were removed and a recovery measmtewas taken two days later. The
timing of tent construction and removal was dependa irrigation cycles, rain events and
availability of resources and therefore differeglsly between experiments. This treatment
was repeated twice in seasons 1 (2006) and 3 (2@80Wprrabri. All measurements were
taken between the developmental stages of pinhgaares and cut-out. The physiological
parameters were analysed for each day before,gland after tent installation to account for
daily climatic variation and incremental exposuenhtgh temperature stress under the tents.

Single measurements were taken for 3 differenttplger replicate over 4 replicates. All
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measurements were taken between 1000 and 1230ske(Ee&summer Time — Australia).
Light intensity of the Li-6400 was set at 20Q@nol m? s*. The leaf chamber block
temperature was maintained at°8Das it is considered within the optimal tempemtange

for photosynthesis (cf. Burket al. 1988; Wiseet al.2004).

Table 5-2 Measurement dates for photosynthetic rateslectron transport rate, stomatal conductance and
transpiration rate of cotton cultivars Sicot 53 andSicala 45, grown under ambient (control) and tent
regimes in the field in seasons 1 (2006) and 3 (Z90n Narrabri and season 2 (2006) in Texas.

Season Tent Initial (Day 0) 1st time of 2nd time of Recovery
number measurement measurement measurement measurement
1 1 3-Feb-06 5-Feb-06 9-Feb-06 11-Feb-06
1 2 23-Feb-06 25-Feb-06 6-Mar-06 -
2 1 13-Jul-06 15-Jul-06 19-Jul-06 21-Jul-06
3 1 17-Dec-06 20-Dec-06 22-Dec-06 15-Jan-07
3 2 16-Jan-07 18-Jan-07 20-Jan-07 -
Experiment 2

Gas exchange and fluorescence measurements were tak the third youngest fully
expanded leaf of 4 plants per treatment. Measurenweere taken between 1000 h (4 h into
the photoperiod) and 1400 h for 7 d. Measuremanntgds exchange and fluorescence were
taken at increasing light intensities at 200, 48@), 800, 1000 and 1200 pmol’rs* PAR

by implementation of a step-wise incremental ligitensity auto-program for the internal
light source on the Li-6400 portable photosynthesystem. The leaf chamber block
temperature of the Li-6400 was set to°82in the optimal growth cabinet and 22 in the
high temperature growth cabinet. Leaf temperatugasurements were taken using a Mikron

M100 series portable infrared thermometer.

5.2.4 Data analysis

Experiment 1
Two-way Analysis of Variance (ANOVA) (cultivar*tensgpature) was conducted for

photosynthesis, electron transport rate, stomatatiectance and transpiration of cultivars
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Sicot 53 and Sicala 45 under ambient (control) @¢mms and under the tents in the field and

pooled for all 3 seasons.

An index of these 4 physiological parameters was tbreated by analysing the principal
components (Manly 2005) using multivariate analy¢Genstat, 10th edition). The

development of a single index for plant physioladgjiftinction under abiotic stress may be
more beneficial than analysis of single physiolagimeasurements in isolation. Data from all

3 seasons was combined for this analysis.

Two-way ANOVA (cultivar*temperature) was conductddr photosynthesis, electron
transport rate, stomatal conductance and trangpiradte of cultivars Sicot 53 and Sicala 45
under ambient (control) and tent regimes in thkel fiedependently for seasons 1 (2006) and

3 (2007) in Narrabri and season 2 (2006) in Texas.

A linear regression was fitted to determine whettteinges in stomatal conductance could
predict photosynthesis under high temperature sirethe field. Analysis was run for Sicot
53 and Sicala 45 plants grown under ambient (cnt@nditions or under the tents for

seasons 1, 2 and 3 separately.

Two-way ANOVA (cultivar*temperature) was conductied gas exchange and fluorescence
of cultivars Sicot 53 and Sicala 45, grown undebimt (control) and tent regimes in the

field, where an independent ANOVA was conductecdefach individual day under the tents.

A linear regression was fitted to correlate phontisgsis, electron transport rate, stomatal
conductance, transpiration, principal componentndl arincipal component 2 with seed
cotton yield under ambient or tent regimes in tieédf Analysis was run for Sicot 53 and
Sicala 45 plants grown under ambient (control) @mas or under the tents for combined

data from seasons 1 (2006) and 3 (2007) in Natr&8eason 2 (2006) was excluded from the
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analysis as seed cotton yield data from underehtstwas misplaced. The means for each

season, temperature treatment and cultivar weresepted graphically.

Experiment 2

Waiting-in-line curvefit for light response curve
Electron transport rate and photosynthesis weréeolaagainst irradiance (200, 400, 800,

1200, 1600, 200Qmol PAR n’ s%) and a waiting-in-line curve (Ritchie 2008) wakefil to
the data for cotton cultivars Sicot 53 and Sic&@lgrbwn under optimal and high temperature

regimes in the growth cabinet (Equation 5-1).
y=A*k*E*ekE (Equation 5-1)

Where y = photosynthesis measured as electronpansate, A = maximum ETR as

irradiance approaches infinity, k = irradiance aA%nd E = irradiance.

The photosynthetic efficiencyQ), optimal irradiance for electron transport (opim E) or
maximum photosynthesis (Pmax) was determined foh ealtivar and each temperature
treatment. Data were loge transformed to accouninftcreasing variance with increasing
irradiance; however, this did not improve the fittbe curve and hence all data presented

were on an untransformed basis.

A linear regression was fitted to determine whe#ftematal conductance or transpiration rate
changed with exposure to step-wise increases adiance. Analysis was run for cultivars
Sicot 53 and Sicala 45 grown under optimal {82 or high (42°C) temperature regimes in

the growth cabinet. Data presented is the meanrepltates.

REML
A linear mixed model (REML) was fitted for photoslgasis, electron transport, stomatal

conductance and transpiration rate of cultivarootS&3 and Sicala 45 at various rates of
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irradiance (200, 400, 800, 1200, 1600, 2@®dol PAR m? s*) under optimal (32C) and
high (42°C) temperatures in the growth cabinet. Cultivagwgh cabinet temperature and
irradiance were analysed for main effects and a@ugons (cultivar*cabinet
temperature*irradiance). The REML was run using $&n10.0 and was used in preferences

to ANOVA as the design of this experiment was uabegd.

A linear mixed model was also fitted for leaf temgdare of cultivars Sicot 53 and Sicala 45
under optimal (32C) and high (42C) temperatures in the growth cabinet. Cultivar and
growth cabinet temperature were analysed for mdfacts and interactions (cabinet
temperature*cultivar). The REML was run using Gahgt0.0 in preference to ANOVA to
include a random model incorporating day of measerdg and replicate number

(day*replicate).

5.3 Results
5.3.1 Experiment 1

Physiological response to heat stress, pooled over 3 seasons
The photosynthetic rate, electron transport ratanatal conductance and transpiration rate

of Sicot 53 and Sicala 45 were measured under anf@entrol) and tent regimes in the field
and pooled for seasons 1, 2 and 3. All four pHgsioal parameters were influenced by the
imposition of the tents (Table 5-3). Although tharere no cultivar effects evident for ETR,
stomatal conductance or transpiration, an intesactivas found between cultivar and

temperature treatment for photosynthesis (Tablg 5-3
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Table 5-3 Probability of cultivar and temperature treatment (control, tents) main effects and cultivartby
temperature treatment interaction for photosynthess, electron transport rate, stomatal conductance ah
transpiration rate for cotton cultivars Sicot 53 and Sicala 45 grown under ambient (control) conditios
and under the tents during seasons 1 (2006) and 3007) at Narrabri and in and season 2 (2006) in Tes,
where n.s. represents F test P values whelRx0.05.

Measurement Cultivar Temperature treatment Cultivar * Temperature treatment
Photosynthesis n.s. 0.041 0.043
Electron transport rate n.s. <0.001 n.s.
Stomatal conductance n.s. <0.001 n.s.
Transpiration rate n.s. <0.001 n.s.

The photosynthetic rate of Sicala 45 was higHex0(043) (Table 5-3) under ambient
(control) conditions but lower under the tents camed with Sicala 53 (Figure 5-1). The
electron transport rate was lowé<Q.001) (Table 5-3) under the tents (Figure 5-3)ilst
the stomatal conductance and transpiration rate Wigher P<0.001) (Table 5-3) under the
tents compared with ambient (control) conditiongFe 5-2), but these differences were not

cultivar specific.
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Figure 5-1 Mean photosynthetic rate for Sicot 53 ash Sicala 45 plants grown under ambient (control) ad
tent regimes in the field and pooled for seasons(2006) and 3 (2007) at Narrabri and season 2 (200i6)
Texas. The (a) vertical line indicates the l.s.d.alue for temperature treatment by cultivar interaction at
P=0.05.
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Figure 5-2 Mean (a) electron transport rate, (b) simatal conductance and (c) transpiration rate for ot

53 and Sicala 45 plants grown under ambient (contip and tent regimes in the field and pooled for
seasons 1 (2006) and 3 (2007) at Narrabri and seasd(2006) in Texas. The (a) vertical line indicatethe

l.s.d. value for temperature treatment main effectat P=0.05.
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A plant physiological capacity index was createdpbyvide a simple index of physiological
capacity under high temperature stress in the.fieh& eigenvalue for a principal component
indicates the variance it accounts for out of altof 4. The first (PQ and second (P
principal components were considered for this aialgas they were the only components
with an eigenvalue greater than 1 (Manly 2005) andounted for 87 % of the variation.
Eigenvalues were correlated for physiological iattics for carbon assimilation and heat
dissipation (Figure 5-3). Photosynthesis and edactransport rate were closely correlated

and had an inverse relationship to stomatal comahget and transpiration (Figure 5-3).
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Figure 5-3 Mean correlation between eigenvalue foprincipal component 1 and eigenvalue for principal
component 2 for photosynthesis, electron transpontate, stomatal conductance and transpiration. Means
represent pooled averages for cultivars Sicot 53 dnSicala 45, grown under both ambient (control) and
high temperature (tent) regimes in the field duringseason 1 (2006) and season 3 (2007) at the Nariabr
and season 2 (2006) at the Texas field sites.
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The first principal component accounted for 49 %h&f variation (eigenvalue = 1.960) and

was determined by the following index:
PC; = 0.352X; + 0.270X, — 0.637X5 — 0.631X,

Where X is photosynthetic rate;{s electron transport rate3* stomatal conductance and
X4 is transpiration rate. Photosynthesis and eledir@msport rate were high under ambient
conditions and low under the tents. In contrastnsttal conductance and transpiration were
low under ambient conditions and high under thdasteAs a result, PCwas high when
photosynthesis and electron transport were high lamdwhen stomatal conductance and
transpiration rate were low (Figure 5-4). Hence BGn overall photosynthesis-conductance

efficiency index under a treatment.
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Figure 5-4 Principal component 1 for plants grown ader ambient (control) and high temperature (tent)
regimes in the field. Data are pooled for cotton dtivars Sicot 53 and Sicala 45 and also for seasods
(2006) and 3 (2007) in Narrabri and season 2 (2008) Texas. The vertical line represents the |.s.dor
temperature treatment main effects at the 95% conélence interval.
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The second principal component @p@ccounted for 38 % of the variation (eigenvalue =

1.524) and is described by the following index:
PC, = —0.607X, — 0.663X, — 0.301X; — 0.318X,

where X is photosynthetic rate;{s electron transport rate;3X¥s stomatal conductance and
X4 IS transpiration rate. Analysis of variance for,R@licated that the Pf Sicala 45 was

slightly lower P=0.054) than the P(f Sicot 53 (Figure 5-5).
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Figure 5-5 Principal component 2 for Sicot 53 and iBala 45 plants. Data are pooled for plants measude
under ambient (control) and high temperature (tent)regimes in the field and also for seasons 1 (200f)d

3 (2007) in Narrabri and season 2 (2006) in Texaghe vertical line represents the I.s.d. for cultivamain

effects at the 95% confidence interval.

When PG and PG were plotted, the majority of control plots hadigh PG, whilst the
majority of tent plots had a low RCFigure 5-6). P¢of the control field regimes was higher
(P<0.001) than that of the tent regime (Figure 5-H)ere were no differences between

seasonsR>0.05).
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Figure 5-6 Plot of ambient (control) and high tempeature (tent) regimes in the field for principal
component 1 and principal component 2. Data are gsented for cotton cultivars Sicot 53 and Sicala 45
and for season 1 (2006) and 3 (2007) in Narrabri @dseason 2 (2006) in Texas.

Physiological response to heat stress, analysed separately for each season
The photosynthetic rate of cultivars Sicot 53 amch& 45 grown under ambient (control)

and tent conditions in the field was high®x(.001) in season 3 compared with seasons 1
and 2, whilst electron transport rate was higlier0(001) for seasons 2 and 3 (Table 5-4).

The stomatal conductance and transpiration rate higisest P<0.001) in season 2 and

lowest in season 1 (Table 5-4).
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Table 5-4 Means and F test P values for photosynthis, electron transport rate, stomatal conductance
and transpiration rate, pooled for cotton cultivars Sicot 53 and Sicala 45 grown under ambient (contfp
and tent conditions in the field for seasons 1 (260 and 3 (2007) at Narrabri and season 2 (2006) irexas.
Means followed by the same letter in the same roweanot significantly at P=0.05.

Measurement Season 1 Season 2 Season 3 Grand Max LSD P value
mean
Photosynthesis 30.8a 24.7Db 33.8¢c 31.2 1.4 <0.001

(umol CQ m? s'l)

Electron transport rate 182a 243b 255 b 238 14 <0.001
(umol el m? s'l)

Stomatal conductance 0.33a 1.02b 0.82¢c 0.69 0.05 <0.001
(mol H,O m? s'l)

Transpiration rate 5.3a 15.7b 12.1c 10.4 0.5 <0.001

(mmol H,0 m? s'l)

A summary of main effects and interactions for gashange and fluorescence for season 1

(2006) and 3 (2007) in Narrabri and season 2 (200%gxas are presented in Table 5-5.
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Table 5-5 Probability of cultivar and temperature treatment main effects and cultivar by treatment
interaction for photosynthesis, electron transportate, stomatal conductance and transpiration rate ér
individual seasons 1 (2006) and 3 (2007) in Narraband season 2 (2006) in Texas where n.s. represeht

test P values that are not significant aP=0.05.

Measurement Cultivar Temperature treatment Cultivar* temperature
treatment

Season 1

Photosynthesis n.s. n.s. 0.033

Electron transport rate n.s. <0.001 n.s.

Stomatal conductance n.s. <0.001 n.s.

Transpiration n.s. <0.001 n.s.
Season 2

Photosynthesis n.s. <0.001 0.040

Electron transport rate n.s. <0.001 n.s.

Stomatal conductance 0.036 <0.001 n.s.

Transpiration 0.002 <0.001 0.028
Season 3

Photosynthesis <0.001 n.s. 0.033

Electron transport rate <0.001 <0.001 0.031

Stomatal conductance n.s. <0.001 n.s.

Transpiration n.s. <0.001 n.s.

Photosynthesis

The photosynthetic rate of Sicot 53 was lower tl&oot 45 under ambient (control)

conditions in all 3 seasons (Figure 5-7). Howevee, photosynthetic rate of Sicot 53 was

higher than Sicala 45 (Figure 5-7) under the témtseasons 1 and 2. For season 3, the

photosynthetic rate of Sicala 45 was higher((.033) under the tents compared with Sicot 53

and compared with both cultivars under ambient tffobnconditions (Figure 5-7).
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Figure 5-7 Mean (a, b, c) photosynthesis (umol GOn s) and (d, e, f) electron transport rate (umol &
m?s?) of cotton cultivars Sicot 53 and Sicala 45 undeambient (control) tent (pooled for tent 1 and tent
2) field conditions during (a, d) seasons 1 (200&hnd (c, f) season 3 (2007) at Narrabri and (b, epason
(2006) in Texas. The vertical lines in (a), (b)c} and (f) represent the I.s.d. for temperature tratment by
cultivar interaction at P=0.05.

Electron transport rate
The electron transport rate of plants grown undegin kemperature (tent) regimes was lower

than under ambient (control) conditions for botassms 1 and 220.001). For season 3, the
mean electron transport rate of Sicot 53 was loweter the tents compared with ambient
(control) field conditions. There were no differescfor electron transport rate of Sicala 45

plants under the tents compared with under cootrotlitions (Figure 5-7).

73



Stomatal conductance and transpiration rate
Mean stomatal conductance and transpiration ratevesth the same trends for season 1, 2 and

3. Mean stomatal conductance (Figure 5-8) and pieatfon (data not presented) were higher
under the high temperature (tent) regime comparéa snmder ambient (control) conditions
in the field for all seasonsP€0.001). The rate of stomatal conductanPe(.036) and
transpiration P=0.002) were higher for Sicala 45 than Sicot 53eason 2. There were no
cultivar differencesH#>0.05) in stomatal conductance (Figure 5-8) ordpaiation in either

season 1 or 3.
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Figure 5-8 Mean stomatal conductance (umol 0 m? s%) under (a, b, c) ambient (control) and high
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means.
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A positive correlation exists between stomatal emtance and photosynthesis under ambient
(control) conditions in all seasons, suggestindg tmductance was not limiting to carbon

assimilation (Table 5-6, Figure 5-9). A negativeretation between stomatal conductance
and photosynthesis was found under the high terhperéent) treatment in season 2 (Table
5-6, Figure 5-9). There was no relationship betwsematal conductance and photosynthesis

under the tents in seasons 1 or 3 (Figure 5-9).

Table 5-6 Correlation between stomatal conductancand photosynthesis under ambient (control) and
high temperature (tent) regimes in the field in seson 1 (2006) and 3 (2007) in Narrabri and season 2
(2006) in Texas, where n.s. represents F test P wat whereP<0.05.

Season Temperature n Adjusted R? Equation F test P value
treatment

1 Control 134 0.08 y=24.82+25.16x <0.001
2 Control 72 0.21 y=18.14+10.07x <0.001
3 Control 360 0.35 y=23.90+13.90x <0.001
1 Tent 134 n.s. n.s. n.s.
2 Tent 72 0.47 y=44.70-20.604x <0.001
3 Tent 360 n.s. n.s. n.s.
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d) season 1 (2006) and (c, f) season 3 (2007) atrblari and (b, ) season 2 (2006) at the Texas fikbite.

Physiological response to heat stress, analysed separately for each tent
A summary of main effects and interactions for gashange and fluorescence for each day

under the tent or under ambient (control) reginmethe field for tent 1 in seasons 1 and 2 is
presented in Table 5-7. Times at which significauitivar differences were not determined
under the tents were excluded from presentatien tent 2 in season 1 and tents 1 and 2 in

season 3).
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Table 5-7 F test P values for photosynthesis, elegh transport rate, stomatal conductance and
transpiration rate of cultivars Sicot 53 and Sicalad5 under ambient (control) and high temperature (&nt
1) regimes in the field in season 1 (2006) in Narbai and season 2 (2006) in Texas, where n.s. repesss F
test P values wherd?<0.05.

Measurement Day Cultivar Temperature Cultivar * Temperature
treatment treatment
Season 1
Photosynthesis 0 n.s. 0.006 n.s.
2 n.s. <0.001 0.007
0.031 n.s. n.s.
Electron transport rate 0 n.s. 0.009 n.s.
2 n.s. <0.001 0.036
0.003 n.s. n.s.
Stomatal conductance 0 n.s. n.s. n.s.
n.s. <0.001 n.s.
7 n.s n.s n.s
Transpiration rate 0 n.s. n.s. n.s.
n.s. <0.001 n.s.
7 n.s n.s n.s
Season 2
Photosynthesis 0 n.s. 0.042 n.s.
n.s. <0.001 0.004
8 n.s. <0.001 n.s.
Electron transport rate 0 n.s. n.s. n.s.
n.s. <0.001 n.s.
n.s. <0.001 n.s.
Stomatal conductance 0 n.s. <0.001 0.002
0.049 0.002 n.s.
n.s. 0.010 n.s.
Transpiration rate 0 n.s. <0.001 0.003
0.026 0.008 n.s.
<0.001 n.s. n.s.
Photosynthesis

For season 1, there was a general decrease insghtietic rate over time of measurement
across all treatments (Figure 5-10). The photogticiiate was lower under the tents (day 2)

compared with ambient (control) conditions and Istfer Sicala 45 compared with Sicot 53
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(P=0.007). The photosynthetic rate of Sicot 53 \wagher than Sicala 45 under optimal

conditions (recovery), 7 days after initiation béttreatmentsR=0.031) (Figure 5-10).

For season 2, the photosynthetic rate of planta/ignander the tents (day 6) was lower than

the control and was loweP£0.042) for Sicot 53 than Sicala 45 under the t@aitgure 5-10).

Electron transport
The electron transport rate of plants under thtst@ray 2) was lower compared with ambient

(control) conditions®=0.036) for season 1 (Figure 5-10). For seasohe2ekectron transport
rate was decrease®<0.001) under the tents (day 6) but this differem@s not cultivar

specific (Figure 5-10).
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Figure 5-10 Mean (a, c) photosynthetic ratepmol CO, m? s*) and (b, d) electron transport rate imol €*
m? s?) of cotton cultivars Sicot 53 and Sicala 45 grownnder ambient (control) and high temperature
(tent) regimes in the field under tent 1 in (a, bseason 1 (2006) at the Narrabri field site and (cl) season
2 (2006) at the Texas field site. Measurements wetaken prior to initiation of high temperature stress
(day 0) and on various days post tent installationMeasurements were also taken after removal of the
tents in season 1 (day 7) and season 2 (day 8). Tvetical bar represents the l.s.d. for temperature
treatment by cultivar interaction at P=0.05.
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Stomatal conductance and transpiration

Stomatal conductance and transpiration rate demile®s0.001) under the tents for season 1
(Table 5-7). No cultivar differences were evidemt $tomatal conductance or transpiration in
season 1. For season 2, stomatal conductdPe@.q02) and transpiratiorP€0.008) was
higher under the tents compared with ambient cardit(Table 5-7). Stomatal conductance
(P=0.049) and transpiration rate<0.026) were higher for Sicala 45 than Sicot 53eason

2 (Figure 5-10).
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Figure 5-11 Mean (a, ¢) stomatal conductance (mol m? s?) and (b, d) transpiration rate (mmol H,O
m? s%) of cotton cultivars Sicot 53 and Sicala 45 grownnder ambient (control) and high temperature
(tent 1) regimes in the field in (a, b) season 1(@6) at the Narrabri field site and (c, d) season 006) at
the Texas field site. Measurements were taken priato initiation of high temperature stress (day 0) ad

on various days post tent installation. Measuremestwere also taken after removal of the tents in sean
1 (day y) and season 2 (day 8). The vertical linespresent the I.s.d. for temperature treatment by altivar

interaction at P=0.05.

80



Relationship between physiological measurements or indices and yield
Photosynthesis, electron transport rate, stomataductance, transpiration rate and principal

components 1 and 2 were fitted to a linear regoest determine whether there was any
correlation with seed cotton yield under field ciioths. For tent 1 in season 1 a strong and
(P<0.001) positive relationship was found betweendseetton yield and principal
component 1 which accounted for 40 % of the vamgtibetween seed cotton yield and
electron transport rate which accounted for 36 %hef variation (Figure 5-12) and also
between seed cotton yield and principal componemthith accounted for 15 % of the

variation (Table 5-8).

Although a positive relationship was found betwseed cotton yield and photosynthesis,
this relationship was not stron§<£0.036) and only accounted for 4 % of the totaiateon
(Table 5-8). A negative relationship was found kesw seed cotton yield and stomatal
conductanceR=0.002) which accounted for 14 % of the variatiang also for seed cotton
yield and transpiration rat®<€0.001) which accounted for 21 % of the variatidal{le 5-8).
For tent 2 in season 3 a relationshipx@.05) was determined for seed cotton yield and
electron transport, stomatal conductance, transmiraate or principal component 1 and the

coefficients of variation accounted for less th@r4 of the variation (Table 5-8).
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Table 5-8 Correlation between photosynthesis, elech transport rate, stomatal conductance,
transpiration rate, principal component 1 or principal component 2 and seed cotton yield (g funder
ambient (control) and high temperature (tent) regines in the field for tent 1 in season 1 (2006) and/tent
2 in season 3 (2007) in Narrabri, where n.s. reprents F test P values wherf<0.05.

Measurement Season n Adjusted R Equation F test P
value
Photosynthesis 1 85 0.04 y=286.1377+4.31x 0.033
3 192 - - n.s.
Electron transport rate 1 85 0.36 y=-99.77+2.24x .08
3 192 0.03 y=297.22+0.83x 0.008
Stomatal conductance 1 85 0.14 y=584.75-518.10x 0040.
3 192 0.05 y=610.02-107.49x <0.001
Transpiration rate 1 85 0.21 y=695.83-42.04x <0.001
3 192 0.05 y=688.73-13.71x 0.001
Principal component 1 1 85 0.4 y=161.29+114.37x 080.
3 192 0.07 y=517.52+31.21x <0.001
Principal component 2 1 85 0.15 y=487.09-45.45x 080.
3 192 - - n.s.
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Figure 5-12 Correlation between electron transportate and seed cotton yield for cotton cultivars Siat 53
and Sicala 45 grown under ambient (control) field onditions and under the tents in season 1 (2006) at
Narrabri. Each data point represents the treatmentmean of 4 replicates.

5.3.2 Experiment 2
Photosynthetic rate and electron transport wasquadgainst irradiance for cotton cultivars

Sicot 53 and Sicala 45, grown under optimal {@2and high (42C) temperature conditions
in the growth cabinet. The data were fitted to atimgrin-line curve to generate a light
saturation curve for both temperature regimes aultivars. A summary for cabinet
temperature and cultivar main effects interaction light saturation curves fitted by a

waiting-in-line distribution curve is summarisedTiable 5-9.
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Table 5-9 F test P values for coefficients of theesponses using the waiting-in-line model of irradiace and
photosynthesis or electron transport rate for cultvars Sicot 53 and Sicala 45 grown under control (3Z)
or high (42°C) temperature regimes in the growth cabinet at Narabri, NSW, where n.s. represents F test
P values where?<0.05.

Parameter Cultivar Cabinet temperature Cabinet temperature * Cultivar

Photosynthesis

a0 n.s. <0.001 n.s.
Optimum E n.s. <0.001 n.s.
Pmax n.s. <0.001 n.s.

Electron transport rate

a0 n.s. <0.001 n.s.
Optimum E n.s. <0.001 n.s.
Pmax n.s. <0.001 n.s.

Photosynthetic efficiencyoQ), optimum E and Pmax were low&<0.001) at 42C than at
32 °C however no cultivar differences were found 6 optimum E or Pmax (Table 5-9)
and hence a single waiting-in-line regression \itéexff to the data for the optimal (32) and

high (42°C) temperature growth cabinets (Figure 5-13).
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for cotton cultivars Sicot 53 and Sicala 45, grownunder (a, b) optimal (32°C) and (c, d) high (42°C)
temperature regimes in a growth cabinet at Narrabrj NSW. Each data point represents the mean of 4

replicates.

85



The photosynthesis and electron transport rate tegponse curves were a good fit (adjusted

R? > 0.89) and highly significanPk0.001) (Table 5-10).

Table 5-10 Relationships for values fitted using # waiting-in-line model of irradiance and
photosynthesis or electron transport rate and theihear model of irradiance and stomatal conductancer
transpiration rate for cultivars Sicot 53 and Sicah 45 grown under control (32°C) or high (42°C)
temperature regimes in the growth cabinet at Narrali, NSW, where n.s. represents F-test values where
P>0.05. The dashed line represents treatments for wdh P>0.05.

Cabinet (°C) n Adjusted R Equation F test P value
Photosynthesis
32 282 0.89 y=775.82%2.54e-5*x*exp(2.54e-5*x) <0100
42 232 0.92 y=632.88%2.32e-5*x*exp(2.32e-5*x) <0100
Electron transport rate
32 287 0.98 y=766.55*4.72e-4*x*exp(4.72e-4*x) <0100
42 232 0.98 y=624.42*5.43e-4*x*exp(5.43e-4*X) <0100
Stomatal conductance
32 282 - - n.s.
42 232 - - n.s.
Transpiration rate
32 282 0.21 y=3.93+0.0011*x <0.001
42 232 0.05 y=5.79+0.0015*x <0.001

Stomatal conductance and transpiration rate werttepl against irradiance for cultivars Sicot
53 and Sicala 45, grown under optimal {8) and high (42C) temperature regimes in the
growth cabinet. The data were fitted to a linegression to generate a light response curve
for both temperature regimes and cultivars. Thess mo correlation between irradiance and
stomatal conductance (Table 5-10). However, a ipesibrrelation exists between irradiance
and transpiration rate (Figure 5-14) under optimadl ambient conditions in the growth
cabinet and explained 21 % and 5 % of the variaitiothe data respectively (Table 5-10).
The y-intercept P=0.009) and slopePE0.022) of the regression differed for plants under
optimal (32°C) and high (42C) temperature regimes in the growth cabinet butultivar

differences were evident for these parameters.
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Figure 5-14 (a, c) Stomatal conductance and (b, djanspiration rate for a fitted linear model for cotton
cultivars Sicot 53 and Sicala 45, grown under (a,)optimal (32 °C) and (c, d) high (42°C) temperature
regimes in a growth cabinet at Narrabri, NSW

A linear mixed model (REML) was run to determindtigar differences in photosynthesis,
electron transport rate, stomatal conductance aadspiration rate at various rates of
irradiance that were not distinguishable usingrttelel-fitting analysis. Photosynthesis and
electron transport rate decreasd®<{.001) whilst stomatal conductancB=0.012) and
transpiration rateR<0.001) increased under high temperatures in thestgr cabinet (Table
5-11). Furthermore, the decrease in electron tamspte for Sicala 45 under high (42)
temperatures in the cabinet was greater compargdSicot 53 at high levels of irradiance
(P<0.001) (Table 5-11). No cultivar differences wenadent for photosynthesis, stomatal

conductance or transpiration rate (Table 5-11).
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Table 5-11 F test P values for photosynthesis, etean transport rate, stomatal conductance and tranpiration rate of cultivars Sicot 53 and Sicala 45 nder control
(32°C) and high (42°C) temperatures in the growth cabinet and at varios levels of irradiance (200, 400, 800, 1200, 16@00umol PAR m?s?), where n.s.
represents F test P values where<0.05.

Measurement Cultivar Cabinet Irradiance  Cultivar * Cabinet Cultivar * Cabinet temperature * Cultivar * Cabinet
temperature temperature Irradiance Irradiance temperature * Irradiance
Photosynthesis n.s. <0.001 <0.001 n.s. n.s. <0.001 n.s.
Electron transport rate n.s. <0.001 <0.001 0.007 S. n. n.s. <0.001
Stomatal conductance n.s. 0.012 n.s. n.s. n.s. n.s. n.s.
Transpiration rate n.s. <0.001 <0.001 n.s. n.s. . ns n.s.
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There was an interactiorP€0.001) between cultivar and cabinet temperatureldaf
temperature (Figure 5-15). Leaf temperature walsdrifpr leaves exposed to high (42
air temperatures in the growth cabinet compared wjitimal (32°C) air temperatures.
Under optimal (32°C) air temperatures, leaf temperature was higherSicala 45
compared with Sicot 53. However, there was no \eitidifferentiation for leaf

temperature in the high (42) air temperature cabinet.
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Figure 5-15 Mean leaf temperature C) for cultivars Sicot 53 and Sicala 45 grown undecontrol (32
°C) and high (42°C) temperatures in the growth cabinet. The verticaline indicates an l.s.d. value at
P=0.05 for a cabinet temperature by leaf temperaturénteraction.
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5.4 Discussion
Leaf level measurements of electron transport &td photosynthesis successfully

detected differences in the response of cottonveu#t to high temperature stress in the
field but not in a growth cabinet. Measurementstomatal conductance and transpiration

were however, unsuccessful in detecting cultiveetBnces in both environments.

Electron transport rate and photosynthesis werlkéehnifpr the heat tolerant cultivar Sicot
53 under high temperatures in the field. For semsbrand 2, the photosynthetic and
electron transport rate of Sicot 53 plants washflijghigher under the tents in the field
compared with Sicala 45 (Figure 5-7). Converseiyystal conductance and transpiration
were higher for Sicala 45 compared with Sicot 58Fe 5-8) under the tents in season 2.
However, no cultivar differences were evident itygblogical function for measurements
taken under tent 2 in season 1, or under any teseason 3, thereby suggesting that
cultivar specificity for physiological function uedhigh temperature stress in the field is

highly variable.

To account for differences in seasonal weatherfigidisites, physiological measurements
were pooled within each season. Furthermore, pgalinphysiological data across the 3
seasons provided a simple indication of cultivacsic physiological capacity under high

temperatures in the field, regardless of specifassn variability. These two analyses
showed that photosynthesis and electron transaet were reduced whilst stomatal
conductance and transpiration rate were increasddruhe tents (Figure 5-1, Figure 5-2).
Pooled analysis within and across 3 seasons wastahiesolve cultivar differences in

photosynthesis and Sicala 45 was lower comparehl iitot 53 under the tents (Figure
5-1). Analysis of individual tents at various tim#gsoughout the growing seasons was
sufficiently sensitive to determine cultivar diféerces in photosynthesis for tent 1 in

seasons 1 and 2 and for electron transport rateefirl in season 1 which corresponds
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with prolonged exposure to high (4&) temperatures under the tents (Figure 5-10).
Hence, pooled analysis may provide a simple inginabf gross changes in plant
physiology in response to abiotic stress and adsofor periods whereby cultivar
differences were not evident due to external véemlHowever, analysis of data taken on
individual measurement days is necessary to camtfigland consistently identify cultivar
specific tolerance to high temperature stresserfigld. This method of analysis may also
be employed to identify cultivar differences in héalerance at various developmental
stages, as well as under varying weather condititreyeby providing a more

comprehensive indication of stress tolerance.

At high levels of irradiance, the decrease in etactransport rate under high temperatures
in the growth cabinet was greater for Sicala 45 mamed with Sicot 53 (Table 5-11) but
no associated cultivar differences were determifedeaf temperature (Figure 5-15).
Cultivar specificity for electron transport ratedem high temperatures in the growth
cabinet has been previously reported (Ribial. 2008) and agrees with the current field
experiments indicating a greater decrease forreledtansport rate of Sicala 45 under the

tents compared with Sicot 53.

No cultivar discrimination was evident for photoyesis at various irradiance levels and
at high temperatures in the growth cabinet (Tabld band agrees with previous research
indicating no cultivar specificity for photosyntlesunder elevated temperatures in a
growth cabinet (Bednarz and van lersel 2001; Ebial. 2008). Similarly, no cultivar

differentiation was evident for stomatal conductanor transpiration under high

temperatures in the growth cabinet (Figure 5-14)isTcontradicts previous research
indicating cultivar specificity for stomatal condance of cotton under high temperatures

in the glasshouse (Rahman 2005).
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Fitting a light response curve for photosynthesectron transport rate, stomatal
conductance or transpiration rate did not imprdwe resolution of the measurements for
detection of cultivar differences in physiologi¢dahction under high temperatures in the
growth cabinet (Table 5-9). Hence, evaluation @f itihadiance response curve of cotton
under high temperatures in the growth cabinet veasan effective method of determining

cultivar differences in physiology under heat dres

Photosynthesis was consistently decreased whenne#érial was subjected to high
temperature stress under tents in the field whdaa deas considered under individual
tents, pooled within a season or pooled acrossa8oss. This is consistent with previous
work indicating a decline in carbon assimilatiograasing air temperature (Bednarz and
van lersel 2001). Furthermore, Sicala 45 had loplestosynthetic rates than Sicot 53
under the tents (Figure 5-1). This is consisterthwgrevious work indicating cultivar
differences for carbon assimilation under moisueécit in the field (Ullahet al. 2008)
and may be attributed to genotypic differenceseif temperature (Quinsenberey al.
1994), but this cultivar specificity has not beeparted for photosynthesis undersitu

high temperature stress in the field.

Photosynthesis is a highly complex process thatvasiably affected by local
environmental conditions in the field. Pooled gse of photosynthesis across multiple
seasons may suggest evidence of genotypic heetriokein a long term cotton production
system, but analysis for each individual seasoicated that tent-induced decreases in
photosynthesis were cultivar specific for all seeswhilst cultivar differences were only
evident for electron transport rate in season §uiie 5-7). This suggests that cultivar
specificity for photosynthesis of plants under prnged exposure to high (4%C)

temperatures (Table 3-6) in hot seasons (seasamsl 2) is more likely to be primarily
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attributed to Rubisco activase activity (Crafts4taer and Salvucci 2004; DeRidder and
Salvucci 2007; Law and Crafts-Brandner 1999; Lond 8ernacchi 2003). Analysis of
six cotton cultivars by Pettigrew and Turley (1998und no cultivar specificity for
Rubisco activity in the absence of stress, butetieay be potential for identification of
cultivar specific Rubisco activity for cotton growmder abiotic stress conditions (Bose
and Ghosh 1995). There was no correlation betwéenopynthesis and yield, thereby
suggesting that although Rubisco activation may the primary limitation to

photosynthesis, it may not be the primary limitatio yield under field conditions.

Similar decreases were noted for photosynthesisedgtron transport under the tents
indicating that these physiological processes @ainébited to a similar degree under high
temperature stress (Figure 5-10). This is condisteith comparable reductions in

photosynthesis and electron transport rate und®wthr cabinet conditions in this study
(Figure 5-13), thus suggesting that electron trarispate may be the limitation to

photosynthesis under the tents and under high textyse stress in the growth cabinet (cf.
Wise et al. 2004) and indicating that rapid determination letton transport rate may be

used to predict photosynthesis under field cond#i¢Earl and Tollenaar 1999).

Electron transport rate was positively correlatethwield for seasons 1 (Table 5-8). This
is probably the first report of a strong relatiopshetween ETR and yield which suggests
potential development of fluorescence measuremasts tool for screening a broad
genetic range of cultivars for thermotolerance wrftidd conditions. The reliability of
ETR measurements for heat tolerance determinatiay e attributed to high
repeatability of fluorescence measurements, cordperehigh environmental sensitivity
and complexity associated with photosynthesis nreasents. Genotypic differences for

water and carbon dioxide flux may influence photakgtic capacity under stress. Season
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specific analysis showed that a negative relatignskisted between photosynthesis and
conductance in season 2 (Figure 5-9), which isisters with the work of Leet al (1997)
who showed that photosynthesis reached a plateair &mperatures of above 3G,
whilst stomatal conductance continued to increasgeu well-watered conditions. The
data under the tents are different from previoetdfand glasshouse studies suggesting
that stomatal conductance decreased and was bgiterrelated with photosynthesis
under high temperatures (Rahman 2005) and watessstonditions (El-Sharkawy and
Hesketh 1964; Leideet al. 1993; Pettigrew 2004; Ullalet al. 2008). High stomatal
conductance and transpiration under the tentsi;mdfudy may be due to high relative
humidity (Barbour and Farquhar 2000) and an absericwater deficit stress, thus
providing evidence for different physiological stseresponses to heat stress for plants

grown under well watered, compared with droughtdgons.

Overall, stomatal conductance and transpiratioa ware higher for Sicala 45 compared
with Sicot 53 whilst photosynthesis and electransport were higher for Sicot 53. This
cultivar specificity indicates that Sicala 45 hasigher potential for heat avoidance under
high temperature stress in the field, associatéld aidecline in photosynthesis (let al.
1997) and yield potential which was not evident embigh temperature stress in the
growth cabinet. This may be attributed to a higlegel of stress in Sicala 45 compared
with Sicot 53 under field conditions and hence,reater demand for heat dissipation
mechanisms to maintain leaf temperature. Selediionenhanced evaporative cooling
under high temperature stress increases the sisbpof the plant to water stress (Lat

al. 1994), thus increasing the water input requirentdrthe system. As future farming
systems may be operating under water limiting domas, breeding programs need to
target selection of water-use efficient heat talergenotypes, rather than heat avoiding

genotypes.
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Furthermore, stomatal conductance and transpiratere negatively correlated with yield
in seasons 1 and 3 (Table 5-8) however, it is yikbht this is a coincidence due to an
unsuccessful heat avoidance mechanism where imtteatomatal conductance and
transpiration under the tents did not prevent yigdduction (Luet al. 1994). The
correlation coefficient (B for stomatal conductance and transpiration witldywere
higher in season 1 than season 3 suggesting tmasger thermotolerance are more
strongly up-regulated only under warmer conditiamsat later growth stages, thereby
highlighting the importance of screening for hela¢ss under hot conditions in the field
(Lopezet al.2003b; Rahman 2005). On the basis of conductamteiald data, Sicala 45
appears to have relatively lower tolerance to higimperatures and thus would be

preferentially excluded from breeding programsheat tolerance.

A single index for plant physiological function wrdabiotic stress was created and
provided a broader picture of gross physiologitenges in response to high temperature
stress than analysis of single physiological measents in isolation. In this study,
principal component analysis was used to deschiaages in plant physiological function
under the tents compared with ambient (controlldfieonditions, pooled across three
growing seasons and two locations. The plant plygical capacity index (P provided

an indication of the overall changes in photosysitheelectron transport rate, stomatal
conductance and transpiration in response to teatyer stress whilst BCsuggested
subtle differences between cotton cultivars undkld fconditions. Principal component
analysis of the physiological capacity of Sicot&® Sicala 45 under ambient (control)
and tent regimes in the field suggested that plgatbssis and electron transport rate are
decreased under the tents, whilst stomatal condcetand transpiration rate are increased
under the tents. Cultivar differences have simjléiten determined for quality and yield

in broccoli (Tanet al. 1999b) and barley (Rajakt al. 2007) and physiological traits and
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yield in cotton under water-deficit stress in thedd (Ullah et al. 2008). These findings are
consistent to that of analysis of each individuaygological process, pooled across the 3
seasons and hence the principal component an@&yamseffective method of presenting a
large array of data in a simple index. This indexy be further extended to incorporate
yield and fibre quality parameters to effectivedemtify heat tolerant cultivars under field

conditions

Although the plant physiological index provides eodu-picture of cotton cultivar
responses to high temperature stress in the fleddet physiological parameters varied
between seasons for which, environmental varialdegely overshadowed genotypic
differences in physiological function (Pettigrewdafurley 1998). For example, the
Australian cotton cultivars exhibited lower photodesis and higher stomatal
conductance in season 2 at the Texas field sitgu(€i5-7), thereby highlighting the
importance of screening for stress tolerance irall@nvironments. Although pooling
photosynthesis, electron transport rate, stomatadlectance and transpiration rate across
the seasons did not increase the resolution farctenh of cultivar differences in heat
tolerance, the physiological index may provide ragdistic tool for identification of key
physiological functions influenced by abiotic ssas/er a number of seasons and across

multiple locations.

5.5Conclusion

Plant physiological measurements provide a valueddeurce in describing the basis of
stress-responsive yield under field conditions,vgted that the variable nature of field
experiments is considered. Sicot 53 was consistehtbwn to have a high capacity for
photosynthesis and stomatal conductance at allsleafemeasurement in the field thus

indicating relatively high temperature tolerancan@ersely, Sicala 45 was consistently
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shown to have higher stomatal conductance andpiratien under high temperature
stress in the field, indicating a high capacity fegat avoidance, but not necessarily

tolerance.

Pooled measurements of physiological parameterdde@ simple index for determining
cultivar differences in physiological function withan entire growing season, or across
multiple seasons. Pooled measurements and theopdyisial index consistently showed
that Sicot 53 had a higher photosynthetic rate th@ala 45. However, consideration of
measurements on individual days under the tenisdtel specific circumstances such as
weather conditions or growth stages where cultdifierences in photosynthesis and
electron transport rate occur. Hence, it would é&edficial to use both broad-spectrum and
specific analyses of physiological function to effeely determine which cultivars have a
relatively higher level of thermotolerance and whiconditions may be targeted to

minimise cultivar specific heat sensitivity.

Electron transport rate has the greatest potefutiatilevelopment of a rapid and reliable
diagnostic tool for heat tolerance determinatiomwidver, inconsistencies under field
conditions indicate the importance of evaluatioeraw number of seasons and at a number
of time periods throughout each season. Recommiendator genotypes with superior
stress tolerance may then be based on measuretakais on days where the stress is
evident. These recommendations may be further gitiened by the supplementation of
physiologically based methods for stress screerggcost-effective, rapid and reliable
laboratory-based screening assays for thermotaerBibi et al. 2008; Burke 2007).
This may be achieved by targeting the underlyiragiémical processes that contribute to

differences in plant physiology under abiotic sérasthe field.
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Chapter 6 Screening for Cultivar Specific Thermotoérance at

the Cellular Level

6.1 Introduction

Reductions in photosynthesis above the thermatikimendow for cotton (32C) (Burke

et al. 1988) can be partially attributed to decreased bmare integrity and reduced
selectivity of cytoplasmic and plasma membranesaated with protein denaturation and
loss of enzyme functionality (Gupta 2007). Breedthgough selection of biochemical
fitness under environmental stress may result | dievelopment of stress tolerant
genotypes. Traditional stress tolerance screerssgya using biochemical measurements
have focused on sampling of glasshouse grown plarmosed to highly regulated

temperature treatments.

Membrane permeability has been extensively emploj@d crop thermotolerance
determination, particularly in glasshouse-grown ath@&ssad and Paulsen 2002; Bajji

al. 2002; Blum and Ebercon 1981; Saadaitaal. 1990a; Shanahagt al. 1990), pasture
species (Schafét al. 1987) sorghum (Sullivan 197Byassica spp(Hossainet al. 1995),
cowpeas (Ismail and Hall 1999) soybean (Martinetal. 1979a; Sethaet al. 1997) and
cotton (Ashrafet al. 1994; Bibiet al. 2008). However, these assays use high temperatures
generated through growth cabinet or water bathlagign to generate stress and few

studies have evaluated these techniques underchelditions.

Indirect selection for membrane integrity usingnpl@hysiological measurements and
assays can be further developed through the us®lgicular techniques. Targets for such
breeding programs include reducing levels of umstdd fatty acids to counteract

membrane fluidity (Murakami 2000), increased osrebccumulation (Aliget al. 1998)
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and increased heat shock protein synthesis @tesd. 1995), particularly with respect to

sensitive physiological stages such as flowerisméil and Hall 1999).

Similarly, quantification of enzymatic viability der temperature stress in the laboratory
has been reported for wheat (Por¢ral. 1995), pasture species (Schaffal. 1987) and
cotton (Burke 2007; de Ronde and van der Mescht719%8cDowell et al. 2007;
McMichael and Burke 1994; Taet al. 1999a) grown under glasshouse conditions. These
methods have successfully determined some cropsitlyrstages or cultivars to have a

high relative thermotolerance under glasshousegamgth cabinet conditions.

Laboratory assays for biochemical screening fornto¢olerance rely on small tissue
samples under concentrated heat stress. Howevere tis little extension of this
knowledge to actual field conditions; hence theiaggtion that these methods can be used
to select for superior cultivars under high tempee stress in the field has not been
validated. Although the variable nature of thediebtakes it difficult to isolate a specific
stress and the specific impacts of this stresshenplants, it is essential to establish
whether cultivar differences found under growthigab conditions actually translate to
field systems and hence determine the validityiotlitemical assays for stress tolerance

screening in breeding programs (Marcum 1998).

A series of experiments was conducted to deteritmaeffectiveness of laboratory based
screening for cultivar specific thermotolerancengshe membrane leakage and enzymatic
viability assays, and to assess whether thesereliifes are reflected under field
conditions, thus validating the use of rapid andbée laboratory screening mechanisms
for the identification of thermotolerance in cottouitivars under field conditions. The aim

of this series of experiments was to determine tygmo specific thermotolerance of
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cotton cultivars Sicot 53 and Sicala 45 using thkutar membrane integrity and enzyme

viability assays for;

(a) field-grown plant material by evaluation of a temgiare response curve (25, 35,
40, 45, 50, 55, 65C) via incubation in a thermally regulated waterthba

(experiment 1);

(b) field-grown plant material under ambient (contrat)high (tent) temperatures and

correlated to yield (experiment 2); and

(c) growth cabinet grown plant material under optima2 (C) or high (42°C)

temperature regimes (experiment 3).

Specifically, the hypothesis is that there are mitivar specific differences in tolerance to
high temperature stress that are distinguishableppjication of the membrane integrity

and enzyme viability assays under growth cabinédtfeatd conditions.

6.2 Materials and methods

6.2.1 Site description

Field experiment 1 was conducted at The Austraiatton Research Institute, Narrabri
during season 1 (2006). Experiment 2 was conduntéae field during seasons 1 (2006)
and 3 (2007) in Narrabri and season 2 (2006) ina$ekxperiment 3 was a controlled
environment study conducted at the Australian QoResearch Institute, Narrabri (Table

6-1). Details of each experiment are presentechaper 3.
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Table 6-1 Description of experiments 1, 2 and 3 uddor assessing membrane integrity and enzyme
viability under field and growth cabinet conditions

Experiment Site Season Year Location
1 Field 1 2006 Narrabri
2 Field 1 2006 Narrabri
2 Field 2 2006 Texas
2 Field 3 2007 Narrabri
3 Growth cabinet - 2007 Narrabri

6.2.2 Treatments

Experiment 1
Cotton genotypes Sicot 53, Sicala 45, CSX 99209-&Y® Sicala V-2 were grown in a

randomised block design with four replicates, bextkdown the field. Plants were
sampled under ambient conditions between 1300 484 & then immediately transported
back to the laboratory. The third youngest fullpamded leaf was collected from 4 plants
per treatment. Leaf discs of 10 mm diameter wetdrom the interveinal portion of the
leaf and incubated at various temperatures (2548545, 50, 55, 6€C) for 2 h in a water

bath. The leaf tissue was analysed for membraegrity and enzyme viability.

Experiment 2
Leaves from cotton cultivars Sicot 53 and SicalavéBe sampled under ambient (control)

conditions and under tents between 1300 and 14B@rhimmediately transported to the
laboratory. Leaf discs (10 mm diameter) were sathfrlem the interveinal portion of the
leaf and then incubated at control (25 and high (45C) temperatures in a water bath.
The leaf tissue was simultaneously analysed for bnane integrity and enzyme viability.

Whole plants were harvested and processed for ggefareviously described (Chapter 4).

Experiment 3
Pots containing Sicot 53 or Sicala 45 plants weaasferred from the glasshouse to the

growth cabinet as previously described (ChapteP8nts were sampled for membrane
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integrity and enzyme viability at 1230 h (Time @)dasubsequently sampled every 24 h
for 3 d. Leaf discs were punched from the interakiarea of the 4 youngest fully
expanded leaf with 4 leaves per treatment. Disceevamalysed for cell membrane
integrity and enzyme viability after a 2 h inculoatiat control (25C), moderately high

(45°C) and killing (90°C) temperatures in a water bath.

6.2.3 Measurements

Cell membrane integrity assay
Five discs from each leaf were triple rinsed wiiktiled water to remove exogenous

electrolytes and placed in 25 mL sealed glass watgaining 10 mL distilled water. The
vials were incubated in a controlled temperaturdewdoath at various temperatures
(specific for each experiment) for 2 h at a spedifincubation temperature (t). Samples
incubated at high water bath temperatures (3@b were left to cool 25°C. Initial
electrical conductivity (IEQ, a measure of membrane leakage, was determined as
low range (0 to 199QS/cm), waterproof ECTestr calibrated conductivitgten (Oakton
Instruments, Vernon Hills, IL, USA). Discs were thautoclaved at 12%C and 103 kPa
for 15 mins then cooled to 2&. Final electrical conductivity (FECof the solution was
measured with the calibrated conductivity meterdafRee electrical conductivity (REL
was then determined (Equation 6-1) and an incrga®kG shows a decreasing

membrane integrity (Flintt al. 1967; McDowellet al.2007).

IEC,
REC= (

* ]
FECt) 00

(Equation 6-1)

Relative cellular injury (RG)J was also determined (Equation 6-2) to evaluatmbmane
integrity under high air temperatures as well asalised heat stress in a temperature

controlled water bath. For this measurement, thg &#d FEG were determined for leaf
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discs incubated at a treatment temperature (t) cordrol temperature (c) for 2 h in a
temperature controlled water bath. R&Imilarly increases with decreasing membrane

integrity (Rahmaret al.2004; Sullivan 1971).

_(IEC,
RCIt=(1-1 ( )

( )*100 (Equation 6-2)
1-

Enzyme viability assay
Discs were triple rinsed with distilled water tarmeve exogenous residues and 2 discs

were placed in a 25 mL sealable glass vial comtgifi.5 mL distilled water (Steponkus
and Lanphear 1967). The vials were incubated &tréifit temperatures (t) (specified for
each experiment) for 2 h in a controlled tempermtwater bath. A phosphate buffer
solution containing 0.01 M phosphate buffered sa(ih138 M NaCl; 0.0027 M KCI with

TWEEN® 20 (0.05 % v/v), pH 7.4, at 25 °C) and 0.8 % w/8-3, triphenyltetrazolium

chloride (TTC) (Merck) was prepared and 8 mL wadeadto each vial. The leaf was
vacuum infiltrated at -33 kPa for 15 mins to ensti&C uptake into the leaf and left to
incubate at 25°C in the dark for 24 h. Discs were triple rinsedhwiistilled water,

submerged in 2 mL of 95% (v/v) ethanol and incubdta 24 h in the dark. Enzyme
viability was measured spectrophotometrically ab 58n using 95 % ethanol as a

reference.

A high absorbance at 530 nm (AQbmdicates strong reduction of the TTC salt tced r
coloured triphenyl formazan due to the dehydrogenastivity of the mitochondrial
respiratory chain and hence indicates either lowsstconditions or high inherent plant-
based tolerance to stress (de Roetal. 1995; McDowellet al. 2007; Steponkus and
Lanphear 1967). Low absorbance is indicative ofdimgal dehydrogenase activity and

decreased capacity for reduction of the TTC sadt ted formazan product. This indicates
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a high level of damage to the respiratory enzyraed, hence low enzyme viability, most

likely attributed to abiotic stress imposed by ltihgh temperature treatments.

Acquired high temperature tolerance (AHJ'Was determined (Equation 6-3) as an index
for enzyme viability under high temperature strasd this value increases with increasing
viability of respiratory enzymes in the mitochoradrAHTT; evaluates enzyme viability
under high air temperatures as well as localisext B¥ess in a temperature controlled
water bath. To calculate this measurement the bheoe at 530 nm for leaf discs
incubated for 2 h at a control (Adp&nd high (Abg temperature and for leaf discs held for
10 minutes at a killing temperature (Apsh a temperature controlled water bath were
used (Porteet al. 1995).

Abs;-Abs

AHTT= (—
© \Abs,- Abs,

)* 100 (Equation 6-3)

For experiment 3, the spectrophotometer was urablailand a micro plate manager (Bio-
rad Laboratories) was used to measure sample arsmtat 530 nm. All samples were
incubated in tetrazolium buffer and ethanol as diesd above. After 24 h incubation in
ethanol, 150uL of each sample was transferred from the vial iat®6 well plate.
Absorbance of an average of eight, 95 % v/v ethaaabples was subtracted from the
absorbance of each sample at 530 nm using a BioafRed plate reader. Samples with
high absorbance in the spectrophotometer were astigated on the micro plate reader.
All data presented are calibration of the absorbat&30 nm from the micro plate reader
(x), to the spectrophotometer (ApbgEquation 6-4), to enable effective comparison

between experiments 1, 2 and 3.
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Abs, = 0.0382 + 2.0964x (Equation 6-4)

Where Abs = absorbance at 530 nm calibrated for a specttopieter and x =

absorbance at 530 nm using a microplate reader

6.2.4 Data analysis

Experiment 1
REG was plotted against water bath incubation tempezafC) and a 4 parameter

Gompertz model (Equation 6-5) was fitted to eachivar using regression analysis in
SigmaPlot 9.0. One-way ANOVA (water bath incubatimmperature) was used to
determine cultivar differences for REC at varioevels of water bath incubation
temperature. The water bath temperature at whict FOEG occurred (Fg) was
calculated for each replicate as the water bathbaton temperature for which RES
equal to 50% (Equation 6-5). Cultivar differences Tso were compared using one-way

ANOVA (cultivar).

i e(-(X-Xo))
REC; =y, ta*e™ b

(Equation 6-5)

Where x = water bath temperature, 3y Asymptotic REC as temperature decreases
indefinitely (i.e. initial REG), a = asymptotic increase in RE@at occurs as x approaches
infinity, Xo = temperature°C) at which the absolute growth rate is maximal and

relative growth rate atpx

Abs, was plotted against water bath incubation tempegafC) and a 3 parameter
Gompertz model (Equation 6-6) was fitted for eachivar. One-way ANOVA (cultivar)
was used to determine cultivar differences for Afils various levels of water bath

incubation temperature.
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-(x-x0 .
Abs, = a*e ¢ 5 )) (Equation 6-6)

Where x = water bath temperature, a = asymptotmedse in Ahsthat occurs as x
approaches infinity, x= temperature°C) at which the absolute growth rate is maximal

and b = relative growth rate ag. x

Experiment 2
Two-way ANOVA (cultivar*temperature treatment) wasnducted for RECor Abs to

determine cultivar differences under ambient (aahtor tent regimes in the field.
Analysis was firstly conducted for the pooled agerafor season 1, 2 and 3 combined and

then separately for each season individually.

A linear regression was fitted to correlate REBC Abs with seed cotton yield under

ambient or tent regimes in the field. Analyses waedformed for Sicot 53 and Sicala 45
under ambient (control) conditions or under thegdor the seasons 1 and 3 combined
and then for each season separately. Season 2xalasled from analysis as yield data

from under the tents was misplaced.

Experiment 3
Two-way ANOVA (cultivar*cabinet time) was conductéat REG or Abs under control

(32°C) or high (42°C) temperature regimes in the growth cabinet asd @rious water
bath temperatures (25 or 48) for the interaction between cabinet time (d) antfivar
(Sicot 53 and Sicala 45). Data for the control {82 and high (42C) growth cabinet
were analysed separately as the 2 growth cabieatntient temperatures were imposed
successively and not simultaneously. Two-way ANOVAlltivartcabinet time) was
conducted for RGlor AHTT, under control (32C) or high (42°C) growth cabinet
temperature regimes for the interaction betweerwtirocabinet time (d) and cotton

cultivar.

106



6.3 Results

6.3.1 Experiment 1
Membrane leakage increased (Table 6-2) sigmoidully increasing temperatures for all

cultivars P<0.001) (Figure 6-1). The mean RES Sicala 45 was higher than the mean
REG for the other three cotton genotypes at water lmathbation temperatures of 40 and
45 °C. The extent of membrane leakage was not diffdsetween cultivars in the control
(25 °C) or high temperature (50 and 85) treatments. The temperature at which 50 %
REG (Tso) occurred was lower for Sicala 45 compared witoSb3, CSX 99209-376 and

Sicala V2 (Figure 6-2).

Table 6-2 Fitted equations to the relationships beteen relative electrical conductivity (4-parameter
Gompertz model) or absorbance at 530 nm (3-paramat&ompertz model) with increasing water
bath temperatures for cotton cultivars Sicot 53, Siala 45, CSX 99209-376 and Sicala V-2 grown
under ambient field conditions in season 1 (2006) iNarrabri. Y represents REC, and x represents
water bath temperature °C), where n.s. represents F test values wheR>0.05.

Genotype n R Equation F test P value
Relative electrical conductivity
Sicot 53 24 0.94 y=11.15+62.04%e(-e(-(x-42.17)/2)89 <0.001
Sicala 45 24 0.93 y=13.89+64.30%¢(-e(-(x-37.77)23)0 <0.001
CSX 99209-376 24 0.96 y=11.83+71.09%(-e(-(x-42DFP)) <0.001
Sicala V-2 24 0.97 y=11.39+64.10%e(-e(-(x-44.8 2K)) <0.001
Absorbance at 530 nm
Sicot 53 24 0.82 y=1.07*e(-e(-(x-42.61)/-3.16)) ea1
Sicala 45 24 0.63 y=1.04*e(-e(-(x-41.82)/-10.45)) 0.601
CSX 99209-376 24 0.78 y=177.41*e(-e(-(x+130.98)/283) <0.001
Sicala V-2 24 0.58 y=0.80*¢e(-e(-(x-43.94)/-8.95)) 0.e01
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Figure 6-1 (a) Mean relative electrical conductiviy (%) and (b) mean absorbance at 530 nm of cotton
leaf tissue of cotton cultivars Sicot 53, Sicala 4%icala V-2 and breeding line CSX 99209-376, grown
under field conditions during season 1 (2006) at Neabri. The regression lines were fitted for a (a)4-
parameter and (b) 3-parameter Gompertz model for eeh cultivar. The dashed horizontal lines
represent the time to 50% (a) relative electrical enductivity. Asterisks (*) represent a water bath
incubation temperature at which there is a signifiant difference between cultivars for (a) relative
electrical conductivity or (b) absorbance at the 9% confidence interval. The vertical lines represent
the I.s.d. for temperature by cultivar interaction at P=0.05.
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Figure 6-2 Temperature {C) at which 50 % relative electrical conductivity acurred for cotton

cultivars Sicot 53, Sicala 45, Sicala V-2 and bread) line CSX 99209-376 grown under ambient field
conditions in season 1 (2006) in Narrabri. Bars raesented with the same letter are not different at
P=0.05. The vertical line represents the l.s.d. fozultivar at P=0.05 for relative electrical conductivity
TSO.

A 3-parameter Gompertz model was fitted for eadhveu for the Abs of cotton tissue
incubated for 2 h at various temperatures in a &atpre controlled water bath (Table
6-2). Abs decreased with increasing temperatuPe((001) (Figure 6-1). A cultivar
specific response to water bath temperature waddifeiel (P=0.026) and the Ah®f Sicot
53 was higher than the other three genotypes at3®and 40C (Figure 6-1). There was

no cultivar differentiation at temperatures excagdi0°C.
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6.3.2 Experiment 2

Biochemical responseto heat stressin thefield, pooled over 3 seasons
The REG of cotton cultivars Sicot 53 and Sicala 45 wasedeined under ambient

(control) and tent conditions for seasons 1, 2 arab these two cultivars exhibited the
greatest differences for RE@nd Absin experiment 1. The REGf leaves under the tents
was higher P=0.038) than under ambient (control) field conaispbut was no cultivar
differentiation for conductivity for either treatme The Abgwas higher P=0.025) for
Sicot 53 than Sicala 45 plants but there were fferdnces between the tents and ambient

(control) field conditions (Figure 6-3). No inteten was determined.
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Figure 6-3 Mean (a, c) relative electrical conductity (%) and (b, d) absorbance at 530 nm for (a, b)
ambient (control) and high temperature (tent) condiions, and for (c, d) cotton cultivars Sicot 53 and
Sicala 45 in the field, pooled for seasons 1 (200&)d 3 (2007) at the Narrabri field site and seasof

(2006) at the Texas field site. The vertical lineni(a) indicates the I.s.d. value aP=0.05 for temperature

treatment main effects and in (d), indicates the $.d. value atP=0.05 for cultivar means.
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Biochemical response to heat stress, for each season
REG and Abs were analysed separately for each tent event ¢ch saason. The REC

under the tents was higher than under ambient fieladitions in season P£0.014)
(Table 6-3), but there no cultivar differences wienend (Figure 6-4). For season 3, REC
of Sicala 45 was highelP£0.042) (Table 6-3) under the tents compared witotSh3
under the tents and all plants under ambient (ontegimes in the field (Figure 6-4).
There were no temperature treatments or cultiiderénces for RECin season 2. There
were no differences between treatment regimeslovars for Abs for season 1 (2006) or

season 3 (2007) at the Narrabri field site (Tab8).6
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Table 6-3 Probability of cultivar and temperature treatment main effects (control, tents) and cultivar
by treatment interaction for relative electrical canductivity (%) and absorbance at 530 nm for cotton
cultivars Sicot 53 and Sicala 45 grown under ambigr{control) conditions and under the tents during
seasons 1 (2006) and 3 (2007) at the Narrabri fiefite and in season 2 (2006) at the Texas fieldesit

where n.s. represent$>0.05 and — represents times for which measurementgere not taken.

Season Temperature treatment Cultivar Temperature teatment * Cultivar

Relative electrical conductivity (%)

1 0.014 n.s n.s

2 n.s n.s n.s

3 n.s n.s 0.042
Relative cellular injury (%)

1 - - -

2 n.s. n.s. n.s.

3 n.s. n.s. n.s.
Absorbance at 530 nm

1 n.s. n.s. n.s.

2 - - -

3 n.s n.s n.s
Acquired high temperature tolerance

1 - - -

2 - - -

3 n.s n.s n.s

112



Season 1 @
14 A I Sicot 53
é:’, [ Sicala 45 a a b b
> 121
= ]
g
2 101 —
c
o
o
T 87
9
3 6
()
g
8 4]
[J]
o
2 -
0
Season 2 (b)
14
= a a a a
S
> 121 _
=
3 _
3 10 -
c
(o]
o
T 87
9
3 6-
Q
2
8 4]
Q
4
2 -
0 T T T
Season 3 (©
14
S
%‘ 12 1 a a a b
2 101 -
c
o
o
T 87
9
3 6
()
2
8 4]
[J]
4
2 -
0 T T T
LSD Control Tent

Temperature treatment

Figure 6-4 Mean relative electrical conductivity (%9 for cotton cultivars Sicot 53 and Sicala 45 grown
under ambient (control) and high temperature (tent)conditions in the field in (a) season 1 (2006) and
(c) season 3 (2007) at the Narrabri field site an¢(b) season 2 (2006) at the Texas field site. Vesdic
bars represented with the same letter are not diffent at P=0.05. The (c) vertical line indicates the
I.s.d. value atP=0.05 for temperature treatment by cultivar interadion P=0.05.
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Relationship between REC; or Abs; and yield
REG and Abgs means for 4 replicates of cultivars Sicot 53 ammhl8 45 under ambient

(control) and tent regimes in the field during seas1 (2006) and 3 (2007) in Narrabri
were fitted to a linear regression to determinetivbiethere was any correlation with seed
cotton yield under field conditions. A negativie=0.033) (Table 6-4) relationship was
found between REGand yield for season 1 (Figure 6-5) and accoufae®0 % of the
variation (Table 6-4). No relationship was foundween REE and yield for season 3
(Table 6-4). There was no relationship between; Abd yield in seasons 1 or 3 (Table
6-4). A relationship could not be determined foasn 2 as seed cotton yield data from

under the tents was misplaced.

Table 6-4 Correlation between relative electrical anductivity (%) or absorbance at 530 nm and seed
cotton yield (g n%) under ambient (control) and high temperature (ter) regimes in the field in season
1 (2006) and/or 3 (2007) in Narrabri, where n.s. mresentsP>0.05 in the F-tests.

Season n Adjusted R Equation F test P value

Relative electrical conductivity (%)
1 16 0.90 y=1269.24-78.36x 0.033
3 16 n.s. n.s. n.s.
Absorbance at 530 nm
1 16 n.s. n.s. n.s.

3 16 n.s. n.s. n.s.
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Figure 6-5 Correlation between relative electricalconductivity (%) and seed cotton yield cotton
cultivars Sicot 53 and Sicala 45 grown under ambidgn(control) and tent regimes in season 1 (2006)
and at Narrabri. Data presented are the treatment reans of 4 replicates.

6.3.3 Experiment 3
A summary of main effects and interactions for RECCL, Abs and AHTT; for Sicot 53

and Sicala 45 cotton plants at control {8 or high (42°C) temperatures in the growth
cabinet and pooled for various sampling times (®,land 3 d) during the incubation is

presented in Table 6-5.
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Table 6-5 Probability of cultivar and cabinet incukation time (h) main effects and cultivar by
incubation time interaction for relative electrical conductivity (%) and absorbance at 530 nm for
cotton cultivars Sicot 53 and Sicala 45 grown undesptimal (32 °C) or high (42 °C) temperature
regimes in a temperature controlled growth cabinetit Narrabri, 2006 and subsequently incubated for
2 h at optimal (25°C), high (45°C) or killing (90 °C) temperatures in a temperature controlled water
bath, where n.s. represents F values whef>0.05.

Assay Water bath temperature  Cabinet Time Cultivar Cabinet Time *
(°C) (d) Cultivar

Control (32°C) temperature growth cabinet

REG 25 n.s. n.s. n.s.
REG 45 <0.001 n.s. n.s.
RCl; - <0.001 n.s. n.s.
Abs, 25 n.s. 0.022 n.s.
Abs 45 0.014 n.s. n.s.
AHTT, - n.s. n.s. n.s.
High (42°C) temperature growth cabinet
REG 25 0.002 n.s. n.s.
REG 45 0.006 0.018 0.019
RCl; - n.s. n.s. 0.023
Abs, 25 0.030 n.s. n.s.
Abs, 45 0.001 <0.001 0.044
AHTT, - <0.001 0.050 n.s.

There was no cultivar differentiation for REGF Sicot 53 and Sicala 45 leaf discs grown
at optimum (32C) temperature regimes in the growth cabinet (T&b8. Subsequently,
there were no cultivar differences for RGt Sicot 53 and Sicala 45 plants grown under

optimal (32°C) temperature regimes in the growth cabinet (T&k¢.

There was no cultivar differentiation for REGf plants grown under high (4ZC)
temperatures in the growth cabinet and in the alesehsupplementary heat treatment in
the water bath (Figure 6-6). The REG Sicala 45 plants was highé?=0.019) (Table
6-5) after both 2 and 3 days incubation at°@2in the growth cabinet and after 2 h
incubation at high (48C) temperatures in the water bath (Figure 6-6).il8ityg, the RC|
of Sicala 45 was also higher compared with Sicotgs@vn for 3 d at high (42C)

temperatures in the growth cabinet(.023) (Figure 6-6).
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Figure 6-6 (a, b) Relative electrical conductivity(%) and (c) relative cellular injury (%) of cotton

cultivars Sicot 53 and Sicala 45, grown at high (42C) temperatures in the growth cabinet and
subsequently incubated for 2 h at (a) optimal (28C) and (b) high (45°C) temperatures in a thermally
controlled water bath. The (b, c) vertical lines r@resent the I.s.d. for growth cabinet incubation tine
by cultivar interaction at P=0.05. The asterisks (*) represent growth cabinetntubation times for
which the mean relative electrical conductivity difers between the two cultivars aP<0.05.
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The Abs for Sicala 45 was higher than Sicot $3-0.022) (Table 6-5) grown at optimal
(32 °C) temperatures in the growth cabinet (Figure 68Zjpplementary incubation of leaf
tissue for 2 h at 48C in a temperature controlled water bath did nategate cultivar
differences in Absand no cultivar differences were evident for th@ Rnder optimal (32

°C) growth cabinet conditions (Table 6-5).

For plants grown at high (4Z) temperatures in the growth cabinet and incubatezb

°C in the water bath, AbdecreasedR=0.030) (Table 6-5) across the measurement period
(Figure 6-7). For plants grown under high (42 temperatures in the growth cabinet and
incubated at 45C for 2 h in a temperature controlled water batlpsAvas higher
(P=0.044) (Table 6-5) for Sicala 45 compared witho6&3 on days 1, 2 and 3 (Figure
6-7). Subsequently, the AHT®f Sicala 45 was higheP£0.050) (Table 6-5) compared
with Sicot 53 grown at high (4Z) temperatures in the growth cabinet (Figure 6Fig
AHTT, of cotton plants grown at high (4Z) temperatures in the growth cabinet

increased®<0.001) with increasing exposure to high tempeestFigure 6-7).
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Figure 6-7 (a, b) Absorbance at 530 nm and (c) aciad high temperature tolerance (AHTT) in leaf
tissue of cotton cultivars Sicot 53 and Sicala 4grown at high (42°C) temperatures in the growth
cabinet and subsequently incubated for 2 h at (a)ptimal (25 °C) and (b) high (45°C) temperatures in
a thermally controlled water bath. The (b, c) verttal lines represent the l.s.d. for growth cabinet
incubation time by cultivar interaction at P=0.05. The asterisks (*) represent growth cabinet
incubation times for which the mean absorbance diéfrs between the two cultivars aP<0.05.
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6.4 Discussion
The relative electrical conductivity (REGnd 2, 3, 5-triphenyltetrazolium chloride (Abs

assays were able to detect cultivar specific respomo high temperature stress and were
able to distinguish between a relatively heat toleiand non-tolerant genotype. Cultivar
differences in membrane integrity (RE@ere consistent for leaf material exposed to high
temperature stresses derived under laboratory, thrasabinet and field conditions
although cultivar differences in enzyme viabilitghs) were inconsistent across these

environments.

Utilising the REG assay Sicot 53 had consistently lower conductisitihan Sicala 45
when leaf material was subjected to high tempeeastress in water baths, in the growth
cabinet and field. When temperature differencesevgenerated with water baths in the
laboratory, REE of field-grown leaf material increased with exp@suo increasing
temperatures and the rate of change was cultivacifsp (Figure 6-1). Thermally
dependent and sigmoidal increases in membranedediae been reported for sorghum
(Sullivan 1971) and cowpea (Ismail and Hall 199Bhe temperature at which 50 %
leakage (%o) occurred was 5.8C lower for Sicala 45 compared to Sicot 53 (FigbH2)
thereby indicating that Sicot 53 has a relativelyhbr level of heat tolerance. Cultivar
specific differences in membrane leakage based alordtory imposition of high
temperature stress have been reported cotton ekposeld (McDowellet al.2007) and
heat (Ashrafet al. 1994; Bibiet al. 2008) stress but have not used the dalculation

based on incubation temperature to quantify thakevar differences effectively.

Similarly, REG increased for Sicala 45 leaf material incubatedhiah (42 °C)
temperatures in the growth cabinet for a 2 or 8alilbation period whereas the REE

Sicot 53 leaf material remained relatively const@figure 6-6). Cultivar differences in
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REG have been determined for cotton (Bédi al. 2008) and cowpea (Ismail and Hall

1999) leaf material under high air temperaturehéngrowth cabinet.

In attempting to improve the resolution of the REASsay determination of relative
cellular injury (RCJ) using temperature controlled water baths, cultidéferences in
membrane integrity occurred at 3 d growth cabinetibation time (Figure 6-6). Cultivar
differences for RGlhave been determined for cotton (Asheafal. 1994; Rahmaret al.

2004),Brassica sp(Hossairet al. 1995) and Kentucky bluegrass (Marcum 1998).

The REG assay was also conducted on material subjecteigiotemperature stress in the
field to assess the resolution of the assay intiiyamy heat tolerance under field
conditions. Exposure of leaf material to-situ high temperature stress under tents
increased electrolyte leakage from field grown leaditerial (Figure 6-3). However,
analysis of individual seasons indicated that R&&s only increased under the tents in
seasons 1 (2006) and 3 (2007) in Narrabri andrelgtd leakage was higher for Sicala 45
compared with Sicot 53 in season 3 only (Figure.6zltivar specificity for membrane
integrity under high temperature stress in thedfiehs been described (Ismail and Hall
1999; Rahmaret al. 2004) but not undan-situ high temperature stress or in the absence
of supplementary high temperature treatment irmthter bath. Furthermore, temperature
treatment and cultivar differences were not detetde RC| (Table 6-3), suggesting that

this method was not as sensitive as RiBGhis study.

When REG of leaf material grown under ambient (control) dedt field conditions was
compared to yield, a strong negative relationshag determined between RE&Dd yield
was determined only for season 1 (Figure 6-5). lAti@nship exists between RE&nd
yield in wheat (Blum and Ebercon 1981), beans (Scobtal. 1987), sorghum (Sullivan

1971) and cotton (Rahmaet al. 2004) but only occurs under stressed conditiorisniB
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and Ebercon 1981; Chet al. 1982; Rahmaet al.2004). This is the first study to show a
relationship between RE@nd yield undem-situ high temperature stress in the field as

well as in the absence of supplementary heat strehe laboratory.

No relationship between RE@nd yield was found in season 3 (Figure 6-5) whgh
similar to work on wheat (Shanahahal. 1990) and soybeans (Martineatial. 1979a).
This suggests that the 7 h maximum exposure oftplanextreme high temperature (45
°C) stress under the tents in season 3 (Table 3a§)mat have been sufficiently severe to
induce changes in cell membrane permeability orwhele plant compensation to short
term high temperature stress was sufficient to geemrecovery period during mild
mornings or evenings, thus contributing to acquitieermotolerance (Larkindalet al.
2005). This may be attributed to whole plant consaéory mechanisms such as
mobilisation of protective heat shock proteins (Buet al. 1985) or increased capacity for
heat dissipation through transpiration (Taiz andy@e2006) thus contributing to acquired

thermotolerance (Larkindak al.2005).

Unlike the REGassay, cultivar differences for enzyme viabilitgre not consistent across
environments. Sicot 53 showed relatively high engwiability under high temperatures
in the water bath whereas Sicala 45 had highermeaayiability under high temperature

stress and no cultivar differences were found uielgs in the field.

Dissimilar to REG Abs decreased with exposure to increasing temperaturise water
bath (Figure 6-1). Decreased enzyme viability ispanse to increasing exposure to high
temperatures has been reported for cotton roaietigslcMichael and Burke 1994) and
correlated to electrolyte leakage and membrangiiye(Schaffet al. 1987). Sicot 53 had
a higher capacity for enzyme function under mildthetress and Abwias 57 % higher at

35 °C compared with Sicala 45 (Figure 6-1). Cultivaedficity for enzyme viability
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using the Absassay has been reported in cotton for prolongedsexe to simultaneous
water deficit and heat stress (de Ronde and vaMdscht 1997) but not heat stress as an
individual entity. However, the success in enzymabhity tests for detecting high
temperature tolerance in wheat (Podéerl. 1995) andPhaseolus sp(Schaffet al. 1987)
and cold stress in cotton (McDowelt al. 2007) confer potential for development of this

method for identifying heat tolerance in cottontivalrs.

Genotypic differences in enzyme viability were atsgtermined for plants grown under
high temperature regimes in the growth cabinet Whias similar to other research
(Porteret al. 1995; Schaffet al. 1987). However, under high temperatures @2in the
growth cabinet, Sicala 45 had higher absorbancesabdequently, higher AHTThan
Sicot 53 (Figure 6-7), thus suggesting higher tloéoherance. This is the reverse of
findings for REG results indicating that Sicot 53 has a higher ll@fethermotolerance
compared with Sicala 45. The inability of Sicot @83 maintain enzyme viability under
high temperature stress in the growth cabinet nmalicate the importance of an
acclimation period for the development of supergiress tolerance by increased
respiratory capacity and continuation of ATP prdaduct for plant growth and
development under field conditions (cf. Atkin angb@lker 2003). Acclimation to high
temperatures is evident in the growth cabinet stadythe acquired high temperature
tolerance of Sicala 45 and Sicot 53 increased witiheasing exposure (days) to high
temperature stress. Furthermore, acclimation tb $ieess in the field is often complicated
by simultaneous exposure to radiation and drougtdss, thus influencing cultivar

rankings for stress tolerance (de Ronde and vaMedscht 1997).

Temperature treatment and cultivar differenceseiozyme viability were not detected

using the Absor AHTT assays for field grown leaf material (Tab6-3). Although
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genotypic specificity has been widely reported fenzyme viability under high
temperature stress in the water bath or growthnesljide Ronde and van der Mescht
1997; Porteret al. 1995; Schafket al. 1987), no reports have evaluated use of the éibs
AHTT assays for heat tolerance determination uriéést conditions. Furthermore, Aps
did not correlate with yield under field conditiowkich is consistent with similar work on

glasshouse grown beans (Schetfl. 1987).

Overall, the RECassay generated sufficient resolution to idemifgsistent differences in
genotypic heat tolerance in response to high teatper stress. The RE@ssay has
consistently shown that Sicot 53 is relatively mtrermotolerant than Sicala 45. This
trend is evident across a range of environmentsveatdr bath incubation temperatures
and is consistent with data from field-based andwtin cabinet experiments. This
indicates that laboratory and growth cabinet basecrkening experiments may be
employed to identify potential thermotolerance oftan cultivars in the field. There is
also a correlation between relative electrical cmtidity and yield under hot field
conditions (season 1). The reliability of this gssalicates potential for use as a screening
tool for thermotolerance in the field. Hence, thgsay may be employed to screen a large
number of cotton cultivars for thermotolerance,vmted that an adequate stress is used

but this temperature is sufficiently low to distingh between cultivars.

Conversely, no consistent effects of temperatugattnent or cultivar were evident for
enzyme viability under high temperature stress guishne Abg or AHTT assays. This

indicates that the use of laboratory or growth mabiscreening programs for
thermotolerance determination based on these asshgald be approached with
trepidation and requires substantial field validatibefore recommendations may be

proposed for superior stress tolerant cultivarstieu research is required to develop this
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assay as a screening tool for identification ofiéhd heat tolerance and the resolution of
this method may be improved by incorporation ofaegér number of genotypes and
further validation of the assay under a greategeaaof field sites and over seasons.
Alternative methods of generation of in-field hefitess may also aid in increasing the
sensitivity of this method and approaches suchnfaa-red heat may be explored to deliver

a constant stress (Nigt al. 1996).

The specific nature of single enzyme assays for toégrance determination may provide
insufficient resolution for identification of subtgenotypic differences in response to high
temperature stress and hence, a holistic approah lme more suitability for heat
tolerance determination. Broad-spectrum screenggpys such as RE@entify the
symptoms of a range of biochemical and physicahgha in the leaf tissue and hence, the
decreased specificity of this assay may strengtherresolution cultivar discrimination
for heat tolerance. Conversely, identification loé tunderlying processes contribution to

heat tolerance using gene profiling may highligitdidate genes for further development.

6.5 Conclusion
The REG assay was able to identify Sicot 53 as relatitiegrmotolerant compared with

Sicala 45 whereas the Alsssay was unable to determine cultivar resolutiotier high
temperature stress in laboratory, growth cabinet Aeld environments consistently.
Hence, the RE(assay has the most potential for developmentrap@ and reliable assay
for heat tolerance identification. However, incatsncies in these assays highlight the
importance of a holistic approach to stress toleadetermination. Assays for heat
tolerance determination should be used in conjancwith gene-level measurements to
determine the underlying basis of this tolerancal avhole plant and leaf level

measurements to determine whether the data frosethesays are applicable to local
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field-based production systems. These cultivars tbem be incorporated into current
breeding programs to ensure that cotton yieldsnaaetained under high temperature

stress.
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Chapter 7 Screening for Cultivar Specific Thermotoérance

at the Gene Level

7.1 Introduction

Molecular techniques provide insight as to the gerand biochemical basis of plant
functionality. Molecular tools such as microarrayjda quantitative real time
polymerase chain reaction (QRT-PCR) can be usedetttify the genes involved in

both abiotic and biotic stresses.

DNA microarray is a powerful tool for surveying thgpression patterns of thousands
of genes simultaneously. This enables rapid detertion of differential gene

expression between two RNA populations, thus piogica global and integrated

analysis of biological processes in response wssirQuantitative RT-PCR may be
used for time course validation of gene expressinder high temperature stress.
Determination of cultivar specificity for specifgenes or gene families involved in
the heat stress response may provide a platforndifected breeding for increased

crop stress tolerance (Ishitagtial.2004; Zhang and Blumwald 2001).

High temperature stress and acclimation to highptsatures induces a cascade of
differential gene regulation in plants (Busathal. 2005) and molecular techniques can
be employed to determine the response of individiggles or general pathways to
abiotic stress (Buschkt al. 2005; Klok et al. 2002) particularly when no obvious
phenotype is attributed to the stress responsenglnand Wilson 2004). While
several genes contributing to thermotolerance Haeen identified inArabidopsis
(Alia et al.1998; Gacet al.2008; Larkindaleest al.2005; Leeet al. 1995; Lohmanret

al. 2004; Schramnet al. 2006), there is little specific research on gangcfionality

in cotton (Dowdet al.2004) under high temperature stress.

127



Interactions between plants and heat stress haa Wwell characterised on a whole
plant, physiological and biochemical level. Heatdhproteins play a primary role in
the heat stress response and contribution to amulirermotolerance (Busdat al.
2005), however this response is often insufficiemtprotect plant functionality
completely. Inhibition of cell metabolism may linphysiological processes such as
photosynthesis and respiration completely and hesmergy availability is unable to
meet demand for growth and development under sacHittons (Kantet al. 2008).

The underlying genetic basis of these processesVvewremains largely unknown.

Molecular studies have shown that regulation ofegeassociated with Rubisco
activity underlies photosynthetic performance (Dfer and Salvucci 2007). The
activation state of Rubisco is the primary limibgito photosynthesis in cotton under
stress (Salvucci and Crafts-Brandner 2004a) amkaserbated by destabilisation of
Rubisco activase, a chaperone for Rubisco, thusched yield potential under high
temperature stress (DeRidder and Salvucci 2007yu8eal and Crafts-Brandner
2004c). Breeding programs targeting the genotyperiBp protection of Rubisco
from deactivation and increasing the thermal sitgbbf Rubisco activase under
prolonged periods of stress may achieve superi@mtbtolerance and hence vyield

under field conditions in hot seasons (Salvucci®00

An experiment was conducted to determine the eWfeoess of molecular techniques
for the determination of cultivar differences in nge expression under high
temperature stress in the growth cabinet. The dithis experiment was to identify
cultivar specific thermotolerance using microartaghnology and to quantify these
differences using real-time polymerase chain reactime course analysis under a
controlled environment (growth cabinet). The hymsik tested was that there are

cultivar specific differences in gene expressiodarrhigh temperature stress.
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7.2 Materials and methods

7.2.1 Temperature treatments
Plants were established in the glasshouse andféreets to the growth cabinet for

temperature treatments as previously describedhapter 3.

7.2.2 Plant sampling
The third youngest fully expanded leaf of plantshat first square physiological age

was sampled for all experiments. Four leaf tissaen@es per treatment were
collected at 0, 0.5, 1, 2, 3, 4 and 7 h afterativtn of the high temperature stress.
Time 0 samples were collected at 3 h into the pgheriod. For RNA preparations,
whole leaves were excised at the junction of tineda and petiole and immediately
snap frozen in liquid nitrogen. Leaves were st@aed80°C. To lyse cells and liberate
ribonucleic acid (RNA), leaves were ground to afgowder in liquid nitrogen in a
pre-frozen mortar and pestle to maintain RNA intggand a 0.1 g sub-sample was
taken for small-scale RNA extraction in accordandt the protocol developed by

Wan and Wilkins (1994).

7.2.3 Quantitative real time-PCR
The relative expression of the gene encoding Iphdsphate carboxylase/oxygenase

activase (Rubisco) alpha2 (GhR&&A was quantified by gRT-PCR analysis over a 7
h period after the imposition of high temperatuttess in the growth cabinet. This
particular gene was chosen for real-time analysis laas been described for cotton as
a circadian, yet heat responsive gene (DeRidderSatlicci 2007) but has not been
determined for cultivar specificity. A differenc@& iRubisco activase expression
between the optimal (32C) and high (42°C) temperature growth cabinet is

interpreted as the occurrence of heat stress.
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Microarray analysis is relatively expensive andvptes only a point in time

determination of gene expression (Kennedy and Wi&@04). Therefore, qRT-PCR
was used to determine the optimal time point fonpeehensive gene profiling using
microarray analysis. This point was determinedhaestime point for which a heat
stress by cultivar interaction was at a maximume Pphocess for mRNA extraction

and gene expression determination using qRT-PClegsribed below.

Tissue homogenisation
Cotton plants typically have a high level of secanydnetabolites, phenolics, terpenes

and polysaccharides that may either have similapgmties to, or interfere with,
nucleic acids, thereby severely limiting potentiatovery of high quality RNA.
Hence, total cellular RNA was selectively precif@thusing a small scale, hot borate
method specifically designed for extraction fronttoo tissue to reduce interference
from these compounds during the homogenizationes{dgan and Wilkins 1994).
Although phenols are largely precipitated by pampryolidone (PVP) in the borate
buffer, the alkaline conditions in conjunction withe presence of borate and
dithiothreitol protect RNA from residual polypheiwlinterference. For RNA
isolation, all buffers and chemical solutions wedduted with 0.1% (v/v)
diethylpyrocarbonate (DEPC) in distilled water amadtoclaved before use to
inactivate both protein and non-protein based niloteases. To supplement grinding,
detergents (SDS and sodium deoxycholate) were dediuin the borate buffer
solution to liberate cytoplasm and RNA through chfiis and dissolution of

membranes as well as broad scale protein denaturati

To aid the recovery of high quality RNA, 1L of proteinase K (25 mg/mL) and 10
uL dithiothreitol (DTT) (154 mg/mL) were added taviL of preheated (8€C) borate

buffer solution (Table 7-1) in a 2.0 mL microcefuge tube and mixed for 6 seconds
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on a vortex mixer. The proteinase K facilitated rdeigtion of endogenous enzymes
during homogenisation, thereby limiting the activdf ribonucleases on RNA and
subsequent formation of protein-phenolic compourd$T was added to reduce

oxidation of phenolic compounds and inhibit riboleases (Wilkins and Smart 1996).

Table 7-1 Borate buffer solution

Borate buffer chemicals Concentration Manufacturer Chemical
formula
Borax: Disodium tetraborate 200 mM Chem-supply Rty Na,B,0,.10H,0
Gillman, SA, Australia
Ethylene glycol-bix 30 mM Sigma, St Louis, MO, USA 1§H24N04

(2-aminoethyl-ester)-N,N,N',N'-
tetraacetic acid (EGTA)

Sodium dodecyl sulfate (SDS) 1% (wiv) Amresco, 8pohio, USA  GHx:NaO,S
Sodium deoxycholate 1% (wiv) Sigma Aldrich 24830Na0,
Polyvinyl-pyrrolidone 2% (w/v) Sigma

(PVP 40 000)
Diethyl pyrocarbonate (DEPC) 0.1% (V/V) 6HGoOs

The hot buffer solution was transferred into th@[2 microcentrifuge tube containing
0.1 g frozen cotton leaf tissue and vortex mixedil utme tissue was held in
suspension. The tubes were stored af@an a water bath until all samples were
prepared and then kept in mild agitation for 90 mi®#2°C on a G24 environmental
incubator shaker (New Brunswick Scientific Co IiNgw Brunswick, NJ, USA) to
facilitate carbohydrate removal and inhibition @lyphenolic interference (Wan and

Wilkins 1994).

RNA isolation

To precipitate proteins, 20QlL cold 1M potassium chloride was added to the
homogenised samples and kept for 1 h on ice. Tihestwere centrifuged at 13090
for 20 min at 4°C in a 5415D centrifuge (Eppendorf). The superrtatas extracted

and transferred to a new 2 mL microcentrifuge taipel RNA was precipitated
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overnight (approximately 12 h) in an equivalentwoé of 4M lithium chloride at 4

°C for selective precipitation of RNA.

The sample tubes were centrifuged at 13G0r 20 min in the cold room and the
pellet was washed 3 times with 1 mL cold 2M lithiwmloride until the supernatant
was clear. The pellet was resuspended with 56MEPC water. Polysaccharides,
residual proteins and pigments were precipitateth 80 pL cold 2M potassium
acetate (pH 5.5) for 5 min on ice, thereby removsadf-insoluble detergents and
polysaccharides. The tubes were centrifuged at A3®0for 20 min and the
supernatant was transferred to a new 2 mL microifege tube. Nucleic acids were
precipitated for 10 min on ice in 150 95% ethanol. The tubes were centrifuged at
13000g, the supernatant discarded and the pellet ledirtary for 5 min. The pellet
was re-suspended in 1@ of 0.1% DEPC water and stored at -ZD for further

analysis.

RNA concentration and quality analysis
RNA concentration and protein contamination wassuead on a on a Bio-lab ND-

1000 (Thermo Fisher Scientific, Waltham, MA, USAwavelengths of 260, 280 and
230 nm against a 95% ethanol blank. For all samptes260/230 nm and 280/230
nm ratios were above 2.0, indicating a minimal andeptable level of protein and

organics contamination (Wilkins and Smart 1996).

The products of the total cellular RNA extractioere subjected to electrophoresis in
a horizontal 1% agarose gel in a 50% tris-acef®d&] / distilled water buffer at 160
volts for 20 minutes. For visualisation of migratjd L loading dye was added to 5
ML RNA extraction solutions and set in a 24 well donfo fluoresce RNA under

ultra-violet light, ethidium bromide (0.00001%) wadded to the agarose gel. RNA
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migration through the gel was compared to a GenlerRtM 1kb DNA ladder (0.5

pg/uL) for effective comparison between samples.

A sub-sample of extractions for microarray wereadered to remove any secondary
structure and further analysed for quality on anlekg 2100 Bioanalyser (Agilent,
Santa Clara, CA, USA). For this analysis, qil RNA samples (200 to 500 ng
RNA/pL) was loaded onto a pressurised RNA nano chiptaseing 5 mL RNA 6000
nano marker and run against a comparative voluméadder solution. A RNA
integrity number (RIN) score of 5.5 to 8.5 was obed for all tissue samples,

indicating that all samples were of sufficient dtyalor microarray processing.

Reverse transcription of RNA
Ribulose 1,5-biphosphate carboxylase/oxygenasevaaeti alpha2 (KRCA02)

(DeRidder and Salvucci 2007) cDNA was obtained guishre SuperScript Il reverse
transcriptase system as described by the manuéaglavitrogen Life Technologies).
RNA 5 pg was diluted into 2QuL DEPC water in a 2.0 mL click cap microtube.
Oligo-dT 3L (2 pg/ul, 23 mer dT with C/G/A at 3 end) was added andtthees
were vortexed and centrifuged in a butterfly céngre. To denature the RNA and
facilitate binding to the oligo-dT, the sample tslveere incubated at ?C for 10 min

in a PC-960C cooled thermal cycler (Corbett Res¢garand then transferred
immediately to ice to prevent re-annealing. A reeettranscriptase master mix
solution was prepared (Table 7-2) and {7 was added to each microtube (Table
7-2). The tubes were incubated at 42 for 1 h in a cooled thermal cycler. The

samples were stored at -ZD until analysis.
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Table 7-2 Reverse transcriptase solution

Master mix solution Vol / PCR tube
(HL)
5 x 1st strand synthesis buffer 8
0.1M DTT 4
Deoxyribonucleotide triphosphate (ANTP) mix (coniag 5nM each of 4

deoxyadenosine triphosphate (dATP), deoxycytodipaasphate (dCTP),
deoxyguanosine triphosphate (dGTP) and deoxythymittiphosphate (dTTP))

Superscript TM |l reverse transcriptase enzyme (200!) 1

Quantitative Real-time Polymerase Chain Reaction
A gene expression time series was developed usRRIGRCR. The gRT-PCR was

performed on each sample with 3 technical replgcdte both a 10uM [-tubulin
forward (5-GAACATGATGTGGTGCTGC) and reverse (5'-
AGCTGTGAACTGCTCACTC) primer as a control to accofmt constitutive RNA
expression in the leaf), and a hECAal forward (5-
TGACGAAGTGAGGAAATGGAT) and reverse (5-
TCAGCAACAAGCATGTTTCCA) gene of interest primer (Sm-Genosys)
(DeRidder and Salvucci 2007). For each samplgl16DNA (4 ngfiL) was diluted
in 450pL distilled water (autoclaved) and transferred @B mL DNA and RNA free
tube (Corbett Research) containing 15 buffer solution (Table 7-3). All samples
were run in triplicate for 40 cycles which includadienaturing phase (86 held for
15 secs), an annealing phase {60held for 15 secs) and an elongation phas€C72
held for 20 secs) in a Rotor-Gene 2000 real-timdecy(Corbett Research). For all
measurements, expression ohR&ZAa2 is relative to expression of tiftubulin
housekeeping gene (control), which should only bpeddent on the amount of
cDNA added to each reaction. Relative levels ofegexpression for BRRCAa2 and

B-tubulin were determined using comparative quartion to a standard solution.
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Table 7-3 Buffer solution for gRT-PCR

Reagent Volume (uL)
10 x polymerase chain reaction buffer 2
50 nM magnesium chloride 1.2
5 mM deoxyribonucleotide triphosphate mix 0.8
10 x SYBR ® green (in DMSO) 1
10 uM forward primer 1
10 uM reverse primer 1
Platinunf Tagq DNA polymerase 0.08
Distilled H,O (autoclaved) 7.92

7.2.4 Microarray
Cotton tissues sampled at 1 h after the onset gii kemperature stress and at a

comparative time in the optimal growth cabinet veamalysed for broad-spectrum
gene expression. Leaf tissue was stored at’@B@nd mRNA extraction, quality
testing and cDNA generation was performed accorthripe above procedure. Array
processing was performed by The Walter and EliZalRstitute of Medical Research
at the Australian Genome Research Facility (AGHRFkville, Victoria, Australia.

RNA quality was determined on an Agilent 2100 Bialgser (Agilent, Santa Clara,
CA, USA). Relative expression for 24,132 genes determined on an Affymetrix

GeneChip system with scanner 3000 7G and autoloader

7.2.5 Data analysis

Quantitative RT-PCR
Two-way analysis of variance (ANOVA) (cultivar*calgt time) was conducted for a

time course analysis of relative expression 6RGAa2 for cultivars Sicot 53 and
Sicala 45 at various incubation times in the growtHbinet. Analysis was run
separately for plants grown under optimal (32, control) and high (42C)

temperatures in the growth cabinet.

135



Two-way ANOVA (cultivar*cabinet temperature) wasnclucted to determine the
relative expression of RCAa2 of Sicot 53 and Sicala 45 plants grown under
optimal (32°C) or high (42C) temperatures in the growth cabinet for eachviddal

cabinet incubation time point.

Microarray
For all heat stress comparisons, relative expressters to the expression of genes

under high (42°C) temperatures relative to expression under opti@82 °C)
temperatures in the growth cabinet, pooled foriais Sicot 53 and Sicala 45. An
adjusted P value was generated to determine gbaesvere up or down regulated

under high temperatures in the growth cabin@<&.05 (Smyth 2005).

For all cultivar comparisons, the expression ofegefor cultivar Sicala 45 or Sicot 53
under high (42°C) temperatures compared with expression undemapt{32 °C)
temperatures in the growth cabinet fB<0.05 (Smyth 2005). Hence, relative
expression refers to the expression of genes uridar(42°C) temperatures relative
to expression under optimal (3€) temperatures in the growth cabinet for either

Sicot 53 or Sicala 45.

For visual representation of gene expression ugiagMan software, a value of 1 on
a log scale (2-fold) induction/repression limit was ugeddentify genes that were
significantly induced or repressed by the tempeeatneatments aP<0.05. All
figures are presented on a dagale, where the red colour represents a decesabe
the blue colour represents an increase in relgive expression between 2 and -2 on
a log scale. This represents a 4-fold difference betwkeniemperature treatments or

cultivars on a normal scale.
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Transcript expression was graphed using MapMarD 2l ax-Planck-Institute for
Molecular Plant Physiology). Due to limited inforiwam availability for the
functionality of cotton genes, gene descriptions AvBbidopsis thaliana(The
Arabidopsis Information Resource 2008) were usedstpplement results for
Gossypium hirsuturexpression. For alrabidopsisthaliana gene comparisons, the
sequence of identical base pairs had a high degfreemilarity with Gossypium
genes, indicated by an E-value of <0.001 usingaathiucleotide comparison. This
assumes that a similar base pair configurationcatds similar gene function in

different plant species.

7.3 Results

7.3.1 Rubisco activase expression using gRT-PCR

The relative expression of a gene associated withidRo activase (BRCAa2) was
determined for cultivars Sicot 53 and Sicala 45eunmptimal (32°C) and high (42
°C) temperatures in the growth cabinet using gRT-PTe expression of @RCAc2
followed a diurnal decreasB<0.001) (Table 7-4) under optimal (32) and high (42
°C) temperature regimes (Figure 7-1). The maximwurady-state transcription levels
occurred at 0.5 h after the onset of the treatrpenod and subsequently decreased to

a minimum within 3 h of initiation of the photoped (Figure 7-1).

At optimal temperatures the relative expressioitGbRCAa2 was higher #=0.015)
for Sicot 53 compared with Sicala 45 (Table 7-4)joas the entire time course.
Maximum differentiation between temperature treatt®eand cultivars occurred at
1.0 h after initiation of the treatment period (g 7-1). At this time point, the
relative expression of RCAa2 was higher B=0.002) for Sicot 53 compared with
Sicala 45 under high (4Z) temperature regimes (Figure 7-1). Subsequestlpples

taken from both cultivars at 1.0 h into the treattnperiod were taken for further
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microarray analysis, on the basis of maximum caitidifferentiation under the high

temperature treatment.

Table 7-4 Probability of incubation time and cultivar treatment main effects and incubation time
by cultivar interactions for relative expression ofGhRCAa2 for cotton cultivars Sicot 53 and
Sicala 45 grown under optimal (32C) and high (42°C) temperature regimes in the growth
cabinet at Narrabri, where n.s. represents not sigficant F test P values forP=0.05.

Growth cabinet incubation Incubation time Cultivar Cultivar *
temperature (°C) Incubation time
32 <0.001 0.015 n.s.
42 <0.001 n.s <0.001
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Figure 7-1 Mean relative expression of BRCAa2 for Sicot 53 and Sicala 45 grown in the growth
cabinet at temperatures of (a) 32C or (b) 42 °C during the photoperiod. The (b) asterisks (*)
represent growth cabinet incubation times for whichthe difference between the cultivar means
exceeds the |.s.d. The (b) vertical line representke I.s.d. for growth cabinet incubation time by
cultivar interaction at P<0.05.

7.3.2 Microarray

Gene expression under high temperature stress
The relative expression of 24133 genes was detedniar cultivars Sicot 53 and

Sicala 45 grown under optimal (3€) and high (42C) temperatures in the growth
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cabinet using the Affymetrix gene chip. Individugnes were then assigned a gene
group and sub-group according to function (Tabl.7ata presented are pooled for
cultivars Sicot 53 and Sicala 45 and indicate #lative expression of a particular
gene under high (4ZC) temperatures and compared with expression anap{32

°C) temperatures.
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Table 7-5 Gene groups comprising MapMan determinedene sub-groups that are up- or down-
regulated under high (42°C) and compared with optimal (32°C) temperatures in the growth

cabinet
Gene group Gene sub-group No. genes
Electron flow and ATP production 90
Photosynthesis 15
Glycolysis 15
Oxidative pentose phosphate pathway 4
TCA cycle/ organic acid transformations 22
Mitochondrial electron transport/ ATP synthesis 5
Redox regulation 25
Chloride metabolism 4
Carbohydrate metabolism 74
Major carbohydrate metabolism 15
Minor carbohydrate metabolism 19
Cell wall 40
Lipid Metabolism 52
Protein metabolism 612
RNA 189
DNA 59
Nucleotide metabolism 19
Nitrogen metabolism 3
Amino acid metabolism 50
Sulfur metabolism 8
Protein 284
Secondary metabolism 96
Secondary metabolism 30
Hormone metabolism 63
Polyamine metabolism 2
Stress 98
Biotic stress 12
Heat stress 57
Light stress
Cold stress 3
Drought stress 12
Touch/wounding stress 2
Unspecified stress 11
Signaling & transport 186
Cell & Development 128
Not assigned/Miscellaneous 652
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High (42°C) temperatures induced a 2-fold up-regulation2¥ idividual genes and
down-regulation of 249 individual genes, compamaptimal (32°C) temperatures.
Although the majority of these genes had no assigiumction (33%), protein
metabolism (31%) comprised the largest proportibgeme groups affected by high

(42°C) temperatures in the growth cabinet (Figure 7-2).

Stress Electron flow and
5% ATP production
4%

Carbohydrate
metbaolism
4%
Cell &
Development
6%

Not assigned/
miscellaneous
33%

Lipid Metabolism
3%

Signalling &
transport
9%

Protein
metabolism

31%
Secondary

metabolism
5%

Figure 7-2 Gene groups that are up- or down-regulad under high (42°C) and compared with
optimal (32 °C) temperatures in the growth cabinet.

Stress genes contributed 5% of the overall hegiorese (Figure 7-2) and a summary
of the genes related to abiotic and biotic stresssammarised in Figure 7-3. Heat
stress contributed about 61% of total stress geffested by the treatment (Figure

7-3), primarily in the form of genes encoding hshbck proteins (Table 7-6), thus
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indicating the mobilisation of a heat stress respom the plant tissue. Seve
individual genes with assigned functions associatigd cold, drought and salt stre
were differenially expressed under high (°C) temperature treatment in the grov

cabinet (Figure 7-3).

Unspecified stress --2

Touch/wounding 7% [T Biotic stress I
stress 13% B
2% M

Drought/salt
stress
13%
[T

Cold stress
3% [IH

Light stress
1% O

Heat stress

61%

Figure 7-3 Distribution of biotic and abiotic stress genes, and relative prsession of these gene
for cultivars Sicot 53 and Sicala 45 grown under lgh (42 °C) compared with optimal (32°C)
temperatures in the growth cabinet. Red squares rapsent genes for which gene expresn
decreases, whilst blue squares represent genes fohich expression is u-regulated on a log
scale for plants grown under high (42°C) temperatures compared with plants grown undei
optimal (32 °C) temperatures in the growth cabinet
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Table 7-6 Relative expression of selected stressige up-regulated for cultivars Sicot 53 and Sicald5 under high (42°C) and optimal (32°C) temperatures in the
growth cabinet.

Pathway Public ID Relative Adjusted P Arabidopsis hit Arabidopsis hit description E-Value
expression value

Drought/salt stress DT455898 1.643 1.33E-02 At4§06B chloroplastic RNA-binding protein P67, putativ 2.15E-140
Heat stress C0O070151 1.77 1.46E-02 At5g62020.1 dheatk transcription factor 6 (HSF6) 1.16E-75
Heat stress C0125371 1.805 2.31E-02 At4924280.1 t sheak protein cpHsc70-1 2.63E-107
Heat stress AW186892 2.635 2.71E-03 At4924190.1 phedrel (SHD) 1.14E-107
Heat stress CA992849 2.956 1.28E-03 At3g44110.1 Jpnatein AtJ3 1.54E-170
Heat stress DT545357 3.428 3.47E-04 At4g25200.1 oaidtndrion-localized small heat shock protein E82
Heat stress DwW496991.1 4.792 6.07E-03 At1g54050.1 eat $hock hsp20 protein family 2.77E-33
Heat stress C0132723 4.901 1.25E-05 At4g11660.1 t sheak factor protein 7 (HSF7) 1.05E-57
Heat stress DT050385 4.981 6.49E-06 At3g23990.1 perioamin (CPN60/HSP60) 1.35E-10
Heat stress DT456116 8.919 5.54E-04 At2g26150.1 t diemck transcription factor family 2.66E-72
Heat stress DT467180 9.761 2.25E-05 At5g12020.1 ssdleheat shock protein 1.12E-35
Heat stress DwW513189.1 15.343 1.80E-04 At4g25200.1 mitochondrion-localized small heat shock protein ATE-59
Heat stress DT049773 22.439 1.38E-05 At2g32120.2 at steock protein hsp70t-2 6.89E-45
Heat stress DW503063.1 28.87 1.17E-04 At5g52640.1 eat $hock protein 81-1 2.42E-112
Heat stress DR455451 30.145 2.24E-03 At4927670.1 all émat shock protein, chloroplast precursor (H§P2 8.71E-64
Heat stress DwW517704.1 35.33 1.84E-04 At4g10250.1 ndomembrane-localized small heat shock protein 219
Heat stress CA992719 38.989 1.19E-04 At4g10250.1 dommembrane-localized small heat shock protein 33PE
Heat stress DW503697.1 83.99 7.78E-07 At1g07400.1 eat $hock protein 1.40E-49
Light stress DW505008.1 1.817 2.22E-02 At5g11580.1 expressed protein 8.90E-80
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Changesin genesinvolved in metabolism
Overall metabolism was up-regulated following ldathstress at 4Z in the growth

cabinet (Figure 7-4). Genes involved in the metabolof starch and sucrose, lipids
and amino acids and subsequently cell wall synthesiated genes were strongly
down-regulated (Table 7-8). Genes involved in etecttransport from the

tricarboxylic acid (TCA) cycle and through the ndbtmndria were down-regulated
(Table 7-8), whilst genes involved in Rubisco esgien were up-regulated under

heat stress (Table 7-7).

Several genes involved in mitochondrial electraans$port were affected by high
temperature stress in the growth cabinet (Figu#). 7Although genes encoding
transport proteins at complex | and Il were indydbe majority of genes affected
were down-regulated in response to heat stresdgT7aB). Several genes involved in
protein-mediated metabolite transport were downHaggd under heat stress (Table
7-8). Multiple genes encoding electron transfenfroomplex 11l to complex IV, via

cytochrome C were down-regulated under high tentpexa (Table 7-8). Genes
associated with uncoupling proteins, responsibiettie movement of H+ across the

membrane were also down-regulated (Figure 7-4).

Multiple genes involved in the photosynthetic padlgwwvere differentially regulated
in response to high temperature stress in the graabinet (Figure 7-4). Several
genes involved in the regulation and expressionRabisco were strongly up-
regulated P<0.001) under high temperature stress in the grmatiinet as well as a
gene involved in calcium ion binding (Table 7-7). glyceraldehyde-3-phosphate
dehydrogenase gene was down-regulaR®001) under high temperature stress in

the growth cabinet (Table 7-8).
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Figure 7-4 Relative expression of metabolism genes for cultive Sicot 53 and Sicala 45 grow
under optimal (32 °C) and high (42 °C) temperatures in the growth cabinet. Red square
represent genes for which gene expression decreasechilst blue squares represent genes fc
which expression was upegulated on a lo, scale for plants grown under high (42°C)
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cabinet.
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Table 7-7 Relative expression of metabolism geness/olved in energy generation and transfer, up-regated under high (42°C) and compared with optimal (32°C)
temperatures in the growth cabinet for cultivars Stot 53 and Sicala 45.

Representative Relative Adjusted Arabidopsis Arabidopsis hit description E-value
public ID expression P value hit
C0O072814 2.449 3.50E-03 At2g28000.1 RuBisCO suhhinding-protein alpha subunit/60 kDa chaperonphalsubunit 1.67E-154
C0091076 1.558 2.83E-02 At5g17400.1  mitochondr2PAATP carrier protein 1.85E-34
C0O121719 2.455 1.37E-02 At2g28000.1 RuBisCO sulhinding-protein alpha subunit/60 kDa chaperonphalsubunit 3.75E-107
DN800322 2.237 1.20E-02 Atl1g06680.1 Oxygen-evolwenbancer protein 2; calcium ion binding 5.11E-85
DN800322 2.237 1.20E-02 At1g06680.1 photosysteoxygen-evolving complex 23 (OEC23) 5.11E-85
DN817738 1.4 4.75E-02 At4g20130.1  expressed protein 4.62E-49
DR458096 2.003 4.73E-04 At2g28000.1  ATP bindinggirobinding 0.00
DT051416 1.599 2.29E-02 Atlg07890.2 ascorbate jdaeg, putative (APX) 2.26E-101
DT456151 1.823 2.53E-02 At2g43400.1 electron tmi&&vo protein ubiquinone oxidoreductase -related 5.68E-66
DVv849478 3.338 2.27E-04 At2g28000.1 RuBisCO subkimding-protein alpha subunit/60 kDa chaperonphalsubunit 8.87E-23
DwW226042.1 1.543 9.27E-03 At5g14590.1 isocitrateydeogenase [NADP+] 2.94E-33
DW497212.1 1.798 3.46E-02 At1g03600.1 photosystgmmotein family 2.14E-43
DwW508175.1 1.742 6.83E-03 At1g75270.1 dehydroasterteductase 1.75E-32
DW509246.1 1.241 4.12E-02 At1g63460.1 glutathioempidase 7.62E-70
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Table 7-8 Relative expression of genes involved émergy generation and transfer, down-regulated undehigh (42 °C) and compared with optimal (32°C)
temperatures in the growth cabinet for cultivars Stot 53 and Sicala 45.

Representative Relative Adjusted Arabidopsis hit Arabidopsis hit description E-value
public ID expression P value
Al729300 0.244 3.35E-03 At1g02190.1 CER1 protein 6.14E-67
Al730914 0.555 3.99E-02 At2g21250.1 mannose 6-phatspreductase (NADPH-dependent) 7.52E-81
Al731438 0.475 1.89E-03 At5g58970.1 uncoupling @I{AtUCP?2) 1.58E-101
BQ412199 0.631 9.94E-03 At5g19760.1 mitochondriak@glutarate/malate translocator 2.42E-125
CA992949 0.546 1.08E-02 At2g22500.1 mitochondréatier protein family 3.32E-113
C0127818 0.481 3.02E-02 At5g14040.1 mitochondtimlgphate transporter 1.69E-105
DT047184 0.492 2.68E-02 At3g59480.1 fructokinase 1.84E-58
DT463008 0.197 1.52E-02 At3g22890.1 ATP sulfurylastated 3.97E-37
DT463094 0.508 2.25E-02 At5g53460.1 glutamate s5seHNADH], chloroplast 2.05E-169
DVv848944 0.344 1.68E-01 At1g42970.1 glyceraldehgg#iosphate dehydrogenase B subunit 0.00
DwW233179.1 0.675 2.32E-02 At3g62650.1 expressetdiprputative mitochondrial carrier protein 9.79&-
Dw493894.1 0.491 1.26E-02 At5g53580.1 aldo/ketauctase family 5.76E-113
DW496260.1 0.28 2.62E-04 At2g40835.1 4-alpha-glotamsferase -related 1.08E-24
DW500449.1 0.639 6.91E-02 At4910040.1 cytochrome ¢ 9.94E-56
DW510782.1 0.565 2.31E-02 At4g34200.1 D-3-phospjueghte dehydrogenase (3-PGDH) 6.22E-54
DW512717.1 0.641 6.70E-02 At29g29990.1 NADH dehyedrase family 2.88E-91
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Cultivar differencesfor overall gene expression
The relative expression of genes for Sicot 53 arald@i 45 under high (42C)

temperatures, compared with optimal (&) temperatures in the growth cabinet are
summarised for gene sub-groups (Table 7-5) andisaesl individually for Sicot 53
(Figure 7-5) and for Sicala 45 (Figure 7-5). Theataowumber of genes that were
differentially expressed under the two temperategimes was higher for Sicala 45
compared with Sicot 53. A number of heat-associatezks genes were up-regulated
in both cultivars under high temperature stresshan growth cabinet. These genes
consisted of predominantly heat shock proteinsvaack higher in number for Sicala
45 compared with Sicot 53. Multiple genes involvied carbohydrate, lipid and
secondary metabolism and transport, as well assgewvelved in RNA, DNA and
nucleotide synthesis were strongly down-regulaedSicala 45 under heat stress.
Although these genes may indirectly influence thetpsynthetic and mitochondrial
electron transport pathways, no transcripts diyaoitolved with these pathways were

cultivar specific in response to high temperatiress.
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Figure 7-5 Relative expression c¢ (a) Sicot 53 and (b) Sicala 4%enes underhigh (42 °C)
temperatures in the growth cabinet. Red squares represent gendsr which gene expressior
decreased, whilst blue squares represent genes fohich expression increased on a I, scale for
plants grown under high (42°C) temperatures, compared with plants grown under ptimal (32

°C) temperatures in the growth cabine
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Table 7-9 Selected genes for Sicot 53 that are upgulated or down-regulated in response to heat sse in the growth cabinet

Pathway Public ID Relative P value Arabidopsis hit Description E-Value
expression
Up-regulated genes
Stress DT046994 4.81 4.69E-02 At3g16050.1 ethyledeeible protein 5.09E-24
Stress DT048069 2.52 4.69E-02 At2g41540.2 glyc@sphosphate dehydrogenase 6.12E-19
Stress DW506829.1 341 4.45E-02 At5g65260.1 RNAgattion motif (RRM) 1.68E-90
Down-regulated genes
Stress DT054070 0.25 4.57E-02 At2g21660.2 glycide-RNA-binding protein 3.74E-38
Stress DT461768 0.26 4.45E-02 At2g21660.2 glycice-RNA-binding protein 2.52E-36
Protein metabolism CA993457 0.06 4.57E-02 At5g54%70 thiazole biosynthetic enzyme precursor 3.59E-14
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Table 7-10 Selected genes for Sicala 45 that are-tggulated or down-regulated under high temperaturestress in the growth cabinet

Pathways Public ID Relative P value Arabidopsis Description E-Value
expression Hit
Up-regulated genes
Stress DT047015 3.29 3.97E-02 At5g20720.2  chlospilan21 protein 1.00E-45
Stress DT049773 25.71 4.23E-02 At2g32120.2 heatkspimtein hsp70t-2 6.89E-45
Stress Dv850132 15.42 4.44E-02 At5g47220.1 ethytesponsive element binding factor 2 7.88E-43
Protein metabolism DR454255 4.14 3.95E-02 At1g80160 glyoxalase family protein 1.02E-63
Protein metabolism CA992712 7.12 3.32E-02 At5g52640 heat shock protein 81-1 8.99E-66
Protein metabolism DW503697.1 96.75 1.54E-02 At¥@0D7/1  heat shock protein, putative 1.40E-49
Protein metabolism DR458062 2.28 3.32E-02 At5g27620 cyclin family 5.01E-37
Protein metabolism C0132723 5.02 1.99E-02 At4g11660 heat shock factor protein 7 1.05E-57
Secondary metabolism CA992719 56.33 3.93E-02 At250d endomembrane-localised small heat shockiprote 3.92E-31
Secondary metabolism Dw505128.1 6.98 4.44E-02 At8@QA.1  small heat shock protein, chloroplast premur 1.96E-25
Down-regulated genes
Stress CO076413 0.04 1.99E-02 At5g54770.1 thidzioynthetic enzyme precursor 2.81E-140
Stress DT461768 0.23 4.05E-02 At2g21660.2  glycicde{RNA-binding protein 2.52E-36
Protein metabolism DW224339.1 0.24 4.03E-02 At5@GDI1  sodium proton exchanger (NHX1) 8.76E-15
Protein metabolism DN799904 0.47 4.10E-02 At4g03230 receptor kinase -related 4.75E-101
Protein metabolism DW225422.1 0.3 4.44E-02 Atlgb/B4 auxin- (indole-3-acetic acid-) induced protein 1.60E-25
Cell & Development Dw485677.1 0.47 4.10E-02 At2g8B84  ATPase 1, plasma membrane-type 0.00
Secondary metabolism DwW513352.1 0.49 4.44E-02 A4388.1  sterol delta-7 reductase 2.93E-45
Secondary metabolism DwW503233.1 0.47 4.03E-02 A22380.1 protein phosphatase 2C (PP2C) 2.62E-114
Signaling & transport DT048308 0.29 4.33E-02 At2840.1  glycosyl hydrolase family 77 2.73E-20




7.4 Discussion

Cultivar differences in gene expression were deteander high temperatures in the
growth cabinet using microarray and validated usigg@T-PCR. Differential
expression of genes associated with metabolismtopimathesis and mitochondrial
electron transport between cultivars Sicot 53 anchl® 45 grown under high
temperatures in the growth cabinet indicate thesgaree of cultivar-specific gene
expression in response to heat stress. Furtherrtimaumber of genes differentially
expressed under high temperatures for Sicala 4uf&i7-5) was greater compared
with Sicot 53 (Figure 7-5), thereby indicating ammgevere heat stress response and
may partially explain decreased photosynthesisedectron transport rate (Chapter 5)
and enzyme viability and cell structural integrighapter 6) under high temperature
stress in the growth cabinet. These genes maydrmevilidated using qRT-PCR and
then assessed under stress conditions in the tikeldetermine for suitability for

targeting in directed breeding programs for enhdrsteess tolerance.

Using microarray analysis, a high number of gersssaated with heat-shock protein
expression were found to be up-regulated for Sidalander high temperatures in the
growth cabinet (Figure 7-5). This potentially inalies a higher level of stress
compared to Sicot 53 and a greater need for udaggu of stress-mediating
biochemical and physiological responses, partibulgrotection proteins. This
cultivar specificity for heat shock protein generatunder heat stress was also
described for cotton by de Rondeal (1993), who used a protein-extraction method.
Strong down regulation of several genes involved carbohydrate and lipid
metabolism for Sicala 45 (Table 7-10) suggests ttiege protective mechanisms are

not sufficient to protect and maintain energy piidin (cf. Kantet al. 2008; Taiz
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and Zeiger 2006). Cultivar differences in genereggion have been found for salt
stress in rice (Sahet al. 2003), drought stress in sorghum (Shaethal. 2006) and
heat stress in fescue (Zhamg al. 2005) however, there have been no studies
evaluating cultivar differences in global gene egsion under high temperature

stress in the growth cabinet.

Verification of Rubisco activase (fRCAa2) expression using qRT-PCR indicates
that this gene is down-regulated to a greater @efgreSicala 45 than Sicot 53 under
high temperatures (42C) in the growth cabinet (Figure 7-1) and may limit
photosynthesis (Demirevska-Kepogtal. 2005; Kim and Portis 2005; Kuret al.
2007; Salvucci and Crafts-Brandner 2004a). Rubgsttovase transcript levels were
higher for Sicot 53 compared with Sicala 45 plamsler optimal (32C) and high
(42 °C) temperatures in the growth cabinet (Figure 7Rg¢lative expression of
Rubisco activase in Sicala 45 leaf tissue decreasddr high temperature conditions
after 0.5 h incubation and this decrease was intiaddto a natural diurnal down-
regulation in expression of Rubisco activase irpoese to photoperiod (DeRidder
and Salvucci 2007). This suggests severe proteimtdeation and subsequent
decrease in overall plant function, thus contribgitto a relatively low level of
thermotolerance. Cultivar specificity for Rubiscctigity has been reported in field
cotton (Pettigrew and Turley 1998) and Zheual. (2006) found that Rubisco
content and activity of cucumber cultivar JY4 desed with chilling stress, whereas
cultivar JCH3 was unaffected. Conversely, the nsdagxpression of Rubisco activase
was not different in the leaf tissue of Sicot 5aré after 1 h incubation at optimal
(32°C) and high temperature (42) conditions (Figure 7-1). This indicates thatdbic
53 was able to maintain enzyme function under stesrh (1 h) high temperature

stress, interpreted as a high level of thermota®ra Rubisco activase expression
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decreased to a minimum at 3 h into the treatmenogéowever, this decrease was
comparable to Sicala 45 and indicates a naturahdiuecline associated with the
photoperiod and is fully reversible after returnofatimal temperatures and is thus is

not an indicator of heat tolerance (DeRidder andusai 2007).

Assuming that a decrease in gene expression assbgigh Rubisco activase activity
is limiting to photosynthesis, decreased expresfoibicala 45 compared with Sicot
53 supports the results in Chapter 5 whereby thegsiinthetic rate was lower for
Sicala 45 compared with Sicot 53 for leaf mateaaposed to high temperatures
under the tents in the field and growth cabinetweler electron transport rate also
decreased under high temperatures in the growtimetand under the tents in the
field and to a greater degree for Sicala 45 contpaiieh Sicot 53. Hence, validation

of genes associated with electron transport ratg @go identify underlying

processes contributing to photosynthetic capacitieu high temperature stress.

Several genes involved in the mitochondrial electransport chain were also down
regulated under high (£Z) temperatures in the growth cabinet (Table 7#8) these
genes may be candidates for verification using /R for identification of cultivar
specific heat tolerance. Genes involved in metébdalansport, electron transfer from
complex Il to complex IV via cytochrome C and unpbing proteins, responsible for
the movement of H+ ions across the membrane (Tal8& were down regulated
under high temperatures in the growth cabinet tposentially limiting limit
mitochondrial electron transport and plant respimapotential (Bartoliet al. 2005).
Decreased expression of genes associated with hondcial respiration supports
under high temperatures in the growth cabinet sappbe findings in Chapter 6
where the 2,3,5-triphenyltetrazolium (Apsissay showed decreased mitochondrial

enzyme activity and respiratory potential undemhigmperatures in the field and in
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the growth cabinet. Cytochrome C is a moderatelylde protein that is loosely
attached to the plasma membrane (Taiz and Zeig@6)28nd may shift out of
position with increasing membrane fluidity underatestress. Hence, decreased
expression of genes associated with cytochrome ¢ beaindicative of membrane
damage was determined to be greater for Sical@dfpared with Sicot 53 under high
temperatures in the growth cabinet and under timsten the field, using the

membrane integrity assay (Chapter 6).

The expression of mitochondria-localised heat shwokeins was up-regulated under
high temperature stress in the growth cabinet @&br). Salvucci (2008) suggested
that this may provide protection against degradadiothis electron transport pathway
and photosynthesis and may warrant further vabdadind investigation as a potential
source of cultivar specific protection against tedeterious effects of heat stress in

cotton cultivars.

Genes associated with metabolism, developmentireteflow and ATP production

that are differentially expressed under high terapees in the growth cabinet (Figure
7-2) may be involved in the expression of cultigpecific heat tolerance in cotton.
However, these candidate genes require verificatprgRT-PCR as it is a more
specific and sensitive measure of gene expreskam microarray determination (cf.
Dowd et al. 2004). Quantitative RT-PCR is sufficiently sensgtito resolve subtle

cultivar differences in gene expression which may dwvershadowed by large
temperature treatment differences when using migagene profiling. Although

time series analysis of candidate genes may pramdeverall picture of single gene
regulation in response to heat stress, evaluatiora droader genotypic range

including G. hirsutumand G. barbadenseultivars for gene expression under high
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temperature stress may implicate a greater numbegeaes involved in heat

tolerance.

7.5 Conclusion
Up-regulation of genes associated with protectigairsst heat stress and down-

regulation of genes associated with plant functimaler high temperatures in the
growth cabinet indicated that Sicala 45 may betikedly less heat tolerant than Sicot
53. Validation of a Rubisco activase @ Aa2) gene indicated that Sicala 45 plants
may have lower potential capacity for photosynthesider high temperature stress in

the growth cabinet compared with Sicot 53.

Gene determination methods such as microarray &0-RCR quantification are
repeatable and rapid, with a short lag time betwmehi-generational analyses and
thus make these approaches appealing for genasgpeening for thermotolerance.
However, stress responses in variable environmewtdve a cascade of biochemical
and physiological responses (Chinnusaetyal. 2005; Larkindaleet al. 2005) and

multi-gene interactions under stress can be ovelgied or ignored (Humphreys and
Humphreys 2005). In addition plant performancéhm field is largely dependent on
seasonal environmental variables and seasonallgrdigmt adaptation to long term
stress which are not generally represented in d¢rowabinet experiments
(Chinnusamyet al. 2005). These issues therefore highlight the ingmme of global

approaches to detection of stress tolerance. Hewceccount for genotype by
environment interactions, thermally responsive gex@ression should also be

extended from growth cabinet studies to field stadi

Significant opportunities exist to support molecudasisted breeding programs with

activities that undertake physiological and yielb&d characterisation of specific
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genotypic thermotolerance. It would be beneficalidentify a range of cultivar
specific thermally responsive genes using moledelenniques and then exploit plant
physiology to explain the biological significancetlese data. This issue is discussed

in more detail in Chapter 8.
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Chapter 8 General Discussion

High temperature stress adversely affects multipleysiological and biochemical
pathways that contribute to growth and developnagwt ultimately limit yield. There is
strong interest in the development of stress tateratton cultivars that can maintain high
yield and fibre quality under adverse conditionsha field. Although breeding programs
have generally focused on yield as a cultivar $eledool, there exists potential for the
development of stress screening tools specifidaliythe identification of heat tolerant

cotton cultivars.

This study was the first step in using a multi-eagbproach to understand the performance
of cultivars in response to high temperature stieghe growth cabinet and in the field.
Although physiological and biochemical tools fotetenining high temperature tolerance
have been described for plants grown under glasghoanditions, there has been little
extension of this knowledge to field conditions. ngfdex interactions between
environmental variables, agronomic management addidual plant responses indicate
that mechanisms contributing to high temperatuteraoce in the field may not be
identified in growth cabinet measurements and as@dgarcum 1998). Furthermore, there
has been little research as to whether differemeabermotolerance that are identified

through these methods actually contribute to yield.

This chapter discusses how understanding of pkspanses to high temperature stress
can be used to develop plant-based screening fimobetermining heat tolerance from a
crop, whole plant, leaf, cell and single gene pectipe, by utilising a range of agronomic,

physiological, biochemical and molecular tools unglewth cabinet and field conditions.

The primary goal of this thesis was to evaluateating tools for the identification of

cultivar specific heat tolerance. This dissertatised multi-level analysis to build a body
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of evidence using a range of approaches to indatential cultivar specific tolerance of
heat stress, rather than provide a ‘silver bulldgs. such, it is important to consider this
thesis in its entirety, rather than consider specifeasurements or, seasons in isolation

when interpreting results.

Current literature suggests that there is greathasip on the development of genocentric
research aimed at identifying specific genes oreggmoups that contribute to heat stress
tolerance (Aliaet al. 1998; DeRidder and Salvucci 2007; Gaal.2008; Larkindalest al.
2005; Leeet al. 1995; Lohmannet al. 2004; Schramnet al. 2006). Similarly, stress
tolerance determination through quantification ofsiagle enzyme, cell integrity or
physiological trait in isolation has been widelyedsto ascertain cultivar specific
tolerance. However, these approaches may trividtisecomplexity of whole plant and
environment interactions (Sinclair and Purcell 20@aution should be exercised when
using a ‘bottom up’ approach to stress toleransearch as although large treatment
differences may be determined at a genetic orléaa, it is likely that the magnitude of
these differences diminishes at each increasing l&vplant function due to initiation of
alternate biological compensatory pathways or aomfiing influence of environment to a
point where translated differences in yield maynegligible. Hence, it is important to
consider higher level plant function and whole plsystems biology before interpretation
of results arising from detailed molecular, bioclheahand physiological measurements as
an indicator of potential benefits relevant to attgricultural production systems (Boote

and Sinclair 2006).

Thus the framework of this thesis firstly utilised ‘top down’ approach to identify
differences in genotypes with known and differiegdls of heat tolerance (Figure 8-1).

By implementing this approach, the underlying pblggiical, biochemical and genetic
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factors contributing to actual differences in owdti yield under varying thermal
environments were explored. This approach ideutifieltivar differences at lower levels
of plant function which may be indicative of, or i may partially account for actual
differences in yield, subsequently rendering thégnificant to actual production system.
This approach may also highlight cultivar differeaovhich have the potential to affect
other factors contributing to yield, such as cuadtivspecific water flux permitting
decreased irrigation frequency in warm or hot seasdhe ‘top down’ approach enabled
identification of multiple opportunities at diffare levels of plant function for the
development of tools to identify cultivar specifieat tolerance. Secondly, this ‘top down
approach’ provided a framework for ‘bottom up’ apgech including validation under a

range of environments and subsequent confirmaftieolerance for a range of cultivars.

Yield .| Confer heat tolerancs .| Extensive genotype
screening

A
A

A 4 A 4

Physiology \ Generational screening
A
" . . - -
.| Field validation in a rangeg
Biochemistry of environments
A
A 4
Genetics

J

Figure 8-1 The ‘top-down’ and ‘bottom-up’ approach for determination of cultivar specific heat
tolerance and validation under a range of environmets for a range of genotypes
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Utilising this approach, Sicot 53 was the bestqrenfing cultivar for photosynthesis and
electron transport (Chapter 5) and relative eleatrconductivity (Chapter 6) under the
tents which generated on average a°C7increase in temperature and also under high
temperatures in the growth cabinet. Furthermoreggarofiling indicated that a higher
proportion of total genes, including genes involiadheat shock protein expression,
metabolism and cell development were affected lgy hemperature stress in Sicala 45
compared with Sicot 53 (Chapter 7). This may iniGahigher degree of stress in Sicala
45 plants and hence more severe mobilisation ofpemsatory pathways. Consistent
cultivar differences at a whole plant, leaf, celtlaingle gene level indicate Sicot 53 has a

higher capacity for thermotolerance.

Pooled analysis for photosynthesis across the Sossaindicated that Sicot 53 was the
better performing cultivar under high temperaturethe field (Figure 5-1) and expression
quantification using qRT-PCR indicates that thidticar specificity may be partially
attributed to variable regulation of genes involvedRubisco activase activity (Figure
7-1). Stomatal conductance and transpiration rae Wigher for Sicala 45 compared with
Sicot 53 but this is most likely attributed to heghcapacity for heat avoidance and may
not confer heat tolerance (lat al. 1998) or determine photosynthetic capacity. Howeve
similar photosynthetic and electron transport capagnder field and growth cabinet
conditions indicate that electron transport ratey naégso be a primary limitation to
photosynthesis under high temperatures. Furthernbeerelationship between electron
transport rate and yield under field conditionsg(ffe 5-12) indicates that electron
transport and subsequently energy generation mairilsote to thermotolerance under

field conditions.
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Electron transport rate is a reliable and repeatabbasurement for stress tolerance
determination. This may be because fluorescencedbasasurements such as electron
transport rate are not influenced by environmegtalditions inside the measurement
chamber, as is the case with determination of #yotthesis. However, the cost of this
test is considerable. There is a significant ihinaestment associated with the purchase
of a Li-6400 portable photosynthesis system andréiscence attachment. Alternatively,
use of pulse amplitude modulated (PAM) fluorometery decrease the initial investment
cost. Other methods of fluorescence determinaitr@iuding maximum efficiency of
photosystem Il (Fv/Fm) and quenching analysis maypbtentially useful for use in
screening programs (Bibet al. 2008; Ducruetet al. 2007) and thus warrant further
investigation. Furthermore, there is potentialifarestigation of the use of fluorometry for
cultivar screening for drought (Burke 2007; Claeelal. 2006; O'Neilet al. 2006), light
(Bjorkman and Schafer 1989; Lambreegt al. 2005), cold (Warner and Burke 1993),
salinity (Jianget al. 2006), biotic or a combination of stresses foroaplete stress

screening program.

Biochemical assays for membrane integrity and emzyiability were used to determine
the underlying limitations to electron transportieanhigh temperature stress (Chapter 6).
Membrane integrity decreased under high tempematuréhe growth cabinet as well as
under the tents and may possibly limit electronwflehrough photosynthetic and
respiratory pathways (Taiz and Zeiger 2006). Furtivee, relative electrical conductivity
was lower for Sicot 53 under both field and grow#binet conditions compared with
Sicala 45. Up or down-regulation of genes assatiatéh membrane integrity was
identified using microarray gene profiling and thegnes may be validated for cultivar
specificity using gRT-PCR for development of specijene targeting for membrane

integrity under high temperature stress.
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Relative electrical conductivity correlated witheld during season 1 (Figure 6-5), as
described for wheat (Blum and Ebercon 1981), bg&chaff et al. 1987), sorghum
(Sullivan 1971) and cotton (Rahmah al. 2004). Decreases in membrane integrity have
been reported for drought (Bagt al.2002; Blum and Ebercon 1981; Rahnsral. 2008)
and cold (Cotteeet al. 2007; McDowellet al. 2007; Wulff et al. 1994) stress thereby
indicating potential development of this assay fmoad-spectrum stress tolerance

screening.

As a laboratory assay, determination of REC isdagnd reliable with few initial
associated input costs (Marcum 1998), thus indigapotential for development of this
method for genotype screening for thermotolerarBii(et al. 2008). Furthermore,
similar results for REC under field and growth ceghiconditions indicate that there is
potential for the development of growth cabinet aladboratory assays for the
identification of stress tolerant cultivars for gotial incorporation into breeding programs

for industry-wide production.

Dehydrogenase activity also decreased under highdgature stress in the growth cabinet
(Figure 6-7) which is consistent with the findingfsprevious research (Che al. 1982;

de Ronde and van der Mescht 1997; Paetaal. 1995; Schaffet al. 1987). This suggests
that heat stress may increase membrane permealility decreasing electron transport

associated with membrane associated proteins ayines (Taiz and Zeiger 2006).

Genes associated with cytochrome C and uncouplioigips as well as genes involved in
dehydrogenase and carboxylase activity were dogulaged under high temperatures in
the growth cabinet (Table 7-8) thereby indicatingp@ssible mechanism for reduced
photosynthetic and respiratory capacity in the plddown-regulation of respiratory

electron chains may contribute to lower potentiat ATP production and energy
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generation. Validation of genes associated withoohibndrial electron transport using
gRT-PCR may indicate potential genes for targetorgstress screening programs under
high temperature stress. However, cultivar diffeesnfor enzyme viability were not
detected under high temperature stress in the tisddleby suggesting that this assay is not

sufficiently sensitive to be used as a screeningfto thermotolerance in the field.

Sicot 53 outperformed Sicala 45 in terms of yigithotosynthesis, electron transport,
membrane integrity and enzyme viability under htginperature stress in the growth
cabinet as well as under tents in this study. THieskngs are consistent with the work of
Rahman (2005) who found similar patterns in stomatanductance under high
temperature stress under field conditions and englasshouse. This suggests that assays
and measurements for determination of thermototeraim the glasshouse may be
indicative of functionality under field conditionsHowever, measurements of
photosynthesis, electron transport, stomatal camadee, membrane integrity and enzyme
viability under field conditions were greatly vasla across the 3 seasons, 2 locations and
multiple days of measurement which may be attritbute environmental variability

(Marcum 1998).

Although not indicative of plant capacity through entire season, point-in-time survey
measurements of gas exchange, membrane integeiipdicators of cultivar performance
under high temperature stress at a specific poititrie which, when replicated at various
developmental stages may provide a snapshot ovaufierformance in response to plant
and environmental variables throughout a seasathémunore, although the magnitude of
treatment differences for these measurements wasvedy small, it is likely that the
regulation of specific biological pathways is erthen indicator of, or contributes to

changes in overall plant function. It is not stéfito say that any difference at any level is
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indicative of overall plant thermotolerance, buhea that by measuring these components
of plant functionality, cultivars with potential teonaintain production under the
environments for which they are tested can be ifietit Furthermore, this research does
not attempt to identify cultivar heat tolerance endll thermal environments that would
be realistically encountered under field productgystems, but rather attempts to find
tools for cultivar discrimination under multiplegh temperature environments including
five Solarweav® tent events over 3 seasons as well as and a &igherature growth

cabinet.

There was a high degree of variation associated getermination of physiological and
biochemical function under high temperatures infiblel across and within the 3 seasons.
Plant variation under field conditions is widelycognised as a primary limitation to the
repeatability of field experiments, this variationay be minimised by evaluation of
cultivar performance at a greater number of fietdssover a greater number of seasons
and with a larger number of measurements duringp saason for a higher number of
replicates. This approach is currently used bytdia@eders but may be applied to specific
stress tolerance breeding programs, thus providingiore accurate representation of
cultivar performance under high temperature stiedscal environments and under long

term production systems.

The greatest resolution between temperature tressmend cultivars was determined
under the tent 1 in seasons 1 and 2 and under(BR)AC) temperatures in the growth
cabinet. Plants grown under these tents had insexaE60 hr exposure to temperatures
exceeding the high temperature threshold°@pfor cotton and over 20 hr under extreme
(45 °C) high temperature stress (Table 3-6). This sugg#sat screening tools for

thermotolerance are more effective when implemeitdtie presence of stress, which is
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consistent with studies by Lopez al (2003b) and Rahman (2005). This highlights the
importance of incorporating a large number of measents under variable

environmental conditions to ensure measurementtakesm under the target stress and to
identify subtle differences in plant function undegh temperatures effectively. Hence
growth cabinet studies need to be supplementedely $creening techniques to ensure

that thermotolerant cultivars are correctly ideatlf

The tents increased air temperatures, which mag ratrated heat shock within the first
few hours of plant exposure to heat stress andesuigst heat acclimation after several
consecutive days of exposure under the tents. Henyvéus likely that heat stress was not
imposed in isolation. The 18% nominal shade valfiSaarweav@ fabric may have
altered the light environment, but Solarweave® $iameously increases the proportion of
diffuse radiation thereby resulting in an increaseadiation use efficiency by the crop
(Healey et al. 1998). Furthermore, Solarweave® has sufficientadiity to withstand
unforseen environmental extremes, particularly hghd speeds and heavy precipitation
events and was hence deemed the most suitabléefdreixperiments. Disruption of air
circulation under the tents or interception andudibn of solar radiation may induce
water logging or humidity stress following an iatgn or precipitation event. However,
care was taken to ensure the tents were only canstt after at least 4 days post irrigation
to allow sufficient drainage and aeration of raibiss minimising water logging stress for
the measurement period. The tents were raisecheffitound to facilitate air flow down
the rows but the relative humidity under the tesiilt exceeded the level for the control.
Although exposure to relative humidity stress waimised, it was not excluded and is a
limitation of imposing high temperature stress gsBolarweav® tents. It is likely that by
taking measurements 4 days after an irrigation tevée onset of drought stress was

minimised during the measurement period. Evaluatioalternate methods to increase
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situ temperatures in the field may help alleviate peaid with strict control of

temperature and relative humidity during the treattrphase.

All field experiments were conducted under fullgation and growth cabinet experiments
were conducted at field capacity in an attempt ttim relatively uniform leaf
temperatures (cf. Gardnet al. 1981) within the ambient or tent temperature tresits.
However, it is likely that leaf temperature of gann response to the air temperature
treatment was not uniform. This is highlighted e tgrowth cabinet study whereby
cultivar differences were evident under control {82 temperatures but not high (42)
temperatures in the growth cabinet (Figure 5-15ylti¢ar dissimilarities in leaf
temperature may be further exacerbated by instaotcesild water deficit stress in the
field or decreased incident radiation under thestefhe relationship between air and leaf
temperature did not differ for plants grown undentcol and tent temperature regimes for
measurements using the Li6400 portable photosyisttstem. For measurements of
photosynthesis, electron transport rate, stomataldactance and transpiration rate,
variables such as light, water vapour pressureidityrand carbon dioxide delivery were
set within the sensor head and were thus suffigiesimilar between the treatments.
However, the imposition of tents may alter incideadliation, wind speed and vapour
pressure to modify leaf temperature to a degreesiingpasses equivalent increases in air
temperature under ambient conditions thus affecfiefl. Future research incorporating
leaf and canopy temperature measurements may Rplpire temperature treatment and
cultivar differences in plant morphology, physiojodiochemistry and gene expression

under high atmospheric temperatures that wereifgehin this research.

This thesis evaluated thermotolerance of cottotivews at a crop, plant, leaf, cell and

gene level. Due to the multi-level and broad-sdhlkeme of this research, only two
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cultivars were selected for in-depth physiologidatermination. Sicot 53 was selected as
a relatively tolerant cultivar whilst Sicala 45 wamnsidered to have a lower level of heat
tolerance on the basis of yield data in warm andghawing regions. These cultivars had
similar morphological characteristics e.g. leafhand are both used in current breeding
programs. However, it is unlikely that these cualtsr are representative of the upper and
lower limit of thermotolerance in cotton cultivaesd are also not widely grown as
commercial cultivars in a market that is curremtyminated by transgenic cultivars. These
cultivars were sufficiently similar to facilitate atecular comparisons of gene expression
under high temperature stress but were dissimdagr tlevel that facilitated cultivar
discrimination for yield, physiological and biochiead function under high temperature
stress. It is likely that inclusion of a greatermer of genotypes will increase the
resolution of these tolerance mechanisms as atrebgreater genetic differences and

capacity for thermotolerance.

For the recommendations of this thesis to be agptigoractical situations, it is necessary
to verify the efficacy of these screening tools fomgreater range of germplasm from
diverse backgrounds and subsequent generatiomessas in a range of actual production
systems. These tools may then be used to completratitional breeding programs,

rather than replace them to screen large genopgpalations at various growth stages for
tolerance to heat stress as well as other abimésses encountered under field production

systems that may contribute to yield at the enthefseason.
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8.1 Suggested future work
This study has evaluated a broad range of scrednwlg for determination of cultivar

specific thermotolerance at a crop, whole plar#f,leell and gene level. However, there
are several opportunities for further research assalt of this study, as summarised

below:

I. Screening of a wider range of commercially avagahlltivars and breeding
lines, including genotypes originating from otheuntries and other cotton
species such &ossypium barbadense identify a broad range of potential
candidates for thermotolerance targeted breeding.

. Screening cotton cultivars for thermotolerance wider array of
environments and production areas for the developwidocally adapted
genetic material.

ii. Investigations into the effects of rapid increasemperature compared with
slow increases in temperature to evaluate acqthethotolerance.

\2 Further evaluation of cultivar differences in reepvafter exposure to stress.

V. Further development of fluorescence as a possipéesing tool for
thermotolerance using pulse amplitude modulateat dionetry.

Vi. Further development of simple methods to impos¢ $teass in the laboratory,
such as incubators (Burke 2007) and the use -neid heaters in the field
(Nijs et al.1996) to minimise increases in relative humidiger the tents.

Vil. Measurements of canopy and leaf temperature shauldken to explain
changes in plant morphology, physiology, biochemiahd gene expression

under high temperatures in the field.
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viii.

Xi.

Xil.

Application of screening tools for thermotoleranimeother stresses for the
identification of drought, radiation, cold and heostress tolerance to aid the
development of a simple tool for screening ovestakbss tolerance.
Validation of genes associated with heat stresshagidtemperature tolerance
that have been determined in this study by globakgrofiling to confirm
their role in regulation of the heat stress respons

Validation of gene expression for thermotoleranedaur field conditions to
confirm the role of genes associated with high teragure tolerance in the
growth cabinet, to the complex field environment.

Identification of genes associated with fruit reiem and fibre quality under
high temperature stress for identification of thetoterance at the flowering,
boll set, boll and fibre development stages.

Development of molecular markers for marker asdibteeding.

8.2 Concluding remarks

This study found cultivar differences in morpholmadj physiological, biochemical and

molecular function in response to high temperasiress in the field and in the growth

cabinet using a multi-level approach, encompassiog, whole plant, leaf, cell and gene

level measurements and assays.

Electron transport rate determined by fluoresceneasurements and membrane integrity

determined by the relative electrical conductivatgsay were correlated with yield in

seasons 1 and 3. These methods were simple, naghickkable. Hence, electron transport

rate and relative electrical conductivity were tim@st effective methods for cultivar

determination of thermotolerance under high temtpesaconditions and may have
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potential for incorporation into future breedingograms for superior yield under heat

stress.

Sicot 53 had consistently higher photosynthesegtedn transport and membrane integrity
compared with Sicala 45 plants grown under thestantl high (42C) temperatures in the

growth cabinet. A greater number of genes assatiatth metabolism, photosynthesis,
mitochondrial electron transport and protectivet@rs were up- or down-regulated in
response to high temperatures in the growth calfime®icala 45 compared with Sicot 53
indicating a more severe heat stress response.igBamts cultivar differences across
measurement levels and environments indicate thedt 3 has relatively higher

thermotolerance compared with Sicala 45. This nileltel approach provides a
comprehensive knowledge base as to the contribdéiotprs to heat tolerance from a
single gene to a whole crop level and highlightsitiple opportunities for the

development of screening methods to enable theifidation of heat tolerant cultivars.

In conclusion, this study has identified consistaritivar differences in heat tolerance at a
crop, whole plant, leaf, cell and molecular levdl arganisation, thus providing a
foundation for the development of a multi-level eggrh for identification of heat

tolerance in cotton cultivars.
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Table 1 Relative expression of stress genes up-réatied for cultivars Sicot 53 and Sicala 45 under dpmal (32 °C) and high (42°C) temperatures in the growth

7

cabinet
Pathway Public ID Relative Adjusted P Arabidopsis hit Arabidopsis hit description E-Value
expression value
Biotic stress DN804462 1.327 4.00E-02 At1g33970.1 xpressed protein 8.24E-41
Biotic stress DW236162.1 1.351 2.25E-02 At4g05440.1 D123 -related protein protein D123 1.00E-130
Biotic stress DT463926 1.459 2.30E-03 At5g51700.1 ARR disease resistance protein 8.33E-74
Biotic stress DT053436 1.504 2.77E-03 At4g37000.1 ccekerated cell death 2 (ACD2) 4.87E-48
Biotic stress DwW507678.1 1.562 3.10E-02 At1g64140.1 expressed protein 4.14E-151
Biotic stress Al726851 2.418 8.34E-04 At5g47120.1 ax Bhhibitor-1 (BI-1) 1.14E-89
Cold stress DT048302 2.664 3.33E-02 - - -
Drought/salt stress C0127394 1.389 2.61E-02 At2803¢4 dehydration-induced protein-related 2.77E-132
Drought/salt stress DVv849352 1.515 3.61E-02 At5300P drought-induced protein 8.97E-43
Drought/salt stress DT455898 1.643 1.33E-02 At4§06B chloroplastic RNA-binding protein P67, putativ 2.15E-140
Drought/salt stress DT468710 1.999 2.23E-02 At2803u dehydration-induced protein-related 1.03E-89
Heat stress DT467391 1.353 2.74E-02 At4g10250.1 oraedhbrane-localized small heat shock protein 103E-
Heat stress CO070759 1.37 2.42E-02 At5g56030.1 gtk protein 81-2 (HSP81-2) 2.89E-60
Heat stress DR462570 1.394 4.23E-02 At5g18750.1 Jdpanain-containing protein 5.53E-08
Heat stress CO075693 1.399 4.61E-02 At3g44110.1 JPratein AtJ3 2.62E-104
Heat stress DN758088 1.404 1.08E-02 At3g44110.1 Jpnatein AtJ3 3.72E-146
Heat stress DT465440 1.488 4.65E-02 At4g11660.1 t diemck factor protein 7 (HSF7) 4.33E-34
Heat stress DW516953.1 1.489 2.03E-03 At2g35795.1 naJ@omain-containing protein 1.05E-42
Heat stress DW516183.1 1.509 3.37E-02 At5g56030.1 eat $hock protein 81-2 (HSP81-2) 1.40E-34
Heat stress DW516183.1 1.509 3.37E-02 At5g56030.1 eat $hock protein 81-2 (HSP81-2) 1.40E-34




6T

Pathway Public ID Relative Adjusted P Arabidopsis hit Arabidopsis hit description E-Value
expression value
Heat stress DR456019 1.567 4.01E-02 - - -
Heat stress DR456432 1.623 4.89E-02 At4g24280.1 t gk protein cpHsc70-1 heat shock 70 protein 0H-26
Heat stress DT560821 1.672 4.85E-02 At5g56030.1 t diexck protein 81-2 (HSP81-2) 0
Heat stress DT560821 1.672 4.85E-02 At5g56030.1 t dfemxk protein 81-2 (HSP81-2) 0
Heat stress DT048776 1.681 2.88E-02 At3g44110.1 Jpnatein AtJ3 2.52E-111
Heat stress DN761905 1.695 1.40E-02 At5g09590.1 t dierck protein mtHsc70-2 (Hsc70-5) 2.45E-24
Heat stress DT460619 1.705 4.87E-02 At2g32120.2 t dfeack protein hsp70t-2 2.26E-53
Heat stress C0O070151 1.77 1.46E-02 At5¢g62020.1 dheatk transcription factor 6 (HSF6) 1.16E-75
Heat stress C0125371 1.805 2.31E-02 At4g24280.1 t sheak protein cpHsc70-1 2.63E-107
Heat stress DW496653.1 1.963 2.33E-02 At3g14200.1 naJprotein family 6.09E-06
Heat stress DT460963 2.102 6.83E-03 At2g32120.2 t dieck protein hsp70t-2 6.89E-45
Heat stress CA993412 2.312 2.02E-02 - - -
Heat stress DT051231 2.389 8.64E-04 At4g24190.1 ptere (SHD) 3.48E-44
Heat stress C0108164 2.545 1.88E-02 At5g56030.1 t sheek protein 81-2 (HSP81-2) 5.03E-127
Heat stress C0108164 2.545 1.88E-02 At5g56030.1 t sheak protein 81-2 (HSP81-2) 5.03E-127
Heat stress AW186892 2.635 2.71E-03 At4924190.1 phedrel (SHD) 1.14E-107
Heat stress DR457102 2.643 1.41E-04 - - -
Heat stress CA992849 2.956 1.28E-03 At3g44110.1 Jpnatein AtJ3 1.54E-170
Heat stress C0092638 2.956 1.21E-02 At3g23990.1 pechain (CPN60/HSP60)] 5.37E-72
Heat stress DT457869 3.406 8.96E-04 At2g29500.1 Il $rmat shock protein 2.54E-45
Heat stress DT545357 3.428 3.47E-04 At4g25200.1 oaidtndrion-localized small heat shock protein E82
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Pathway Public ID Relative Adjusted P Arabidopsis hit Arabidopsis hit description E-Value
expression value
Heat stress Dw237876.1 3.473 3.66E-02 At5g59720.1 eat $hock protein family 1.48E-43
Heat stress DT046481 3.559 4.55E-03 At5g56030.1 t diexck protein 81-2 (HSP81-2) 0
Heat stress DT046481 3.559 4.55E-03 At5g56030.1 t dieck protein 81-2 (HSP81-2) 0
Heat stress DwW487642.1 3.813 1.26E-02 At3g23990.1 haperonin (CPN60/HSP60) 5.39E-90
Heat stress DT047459 3.994 1.06E-04 At5g62020.1 t dfexck transcription factor 6 (HSF6) 2.88E-09
Heat stress DwW496991.1 4.792 6.07E-03 At1g54050.1 eat $hock hsp20 protein family 2.77E-33
Heat stress C0132723 4.901 1.25E-05 At4g11660.1 t sheak factor protein 7 (HSF7) 1.05E-57
Heat stress DT050385 4,981 6.49E-06 At3g23990.1 parioain (CPN60/HSP60) 1.35E-10
Heat stress DwW505128.1 6.712 3.08E-04 At4g27670.1 malldeat shock protein, chloroplast precursor(HSP2 1.96E-25
Heat stress CA992712 7.539 7.06E-04 At5g52640.1 t diemk protein 81-1 (HSP81-1/heat shock proteiti8®83) 8.99E-66
Heat stress DT456116 8.919 5.54E-04 At2g26150.1 t diexck transcription factor family 2.66E-72
Heat stress DT049115 9.451 2.65E-04 At2g29500.1 Il $rmat shock protein 3.03E-56
Heat stress DT467180 9.761 2.25E-05 At5g12020.1 ssdleheat shock protein 1.12E-35
Heat stress Dw230150.1 10.084 4.11E-04 At5g52640.heat shock protein 81-1 (HSP81-1/heat shock pr&&HSP83) 1.12E-54
Heat stress DR455939 10.441 7.24E-04 At5g12020.1 assdl heat shock protein 3.71E-31
Heat stress DwW513189.1 15.343 1.80E-04 At4g25200.1 mitochondrion-localized small heat shock protein ATE-59
Heat stress DN760566 15.345 3.66E-04 At5¢g52640.1 at steock protein 81-1 (HSP81-1/heat shock prot8iRl8P83) 7.11E-76
Heat stress DN757824 17.311 2.53E-04 At5g37670.1 at steock protein family 2.20E-38
Heat stress DT527234 18.079 2.89E-03 At5g59720.1 at steock protein family 4.55E-36
Heat stress CA993514 18.212 5.77E-04 At2g29500.1 all$raat shock protein 9.90E-55
Heat stress DT465978 20.649 3.94E-05 At2g29500.1 alléraat shock protein 1.39E-56




Pathway Public ID Relative Adjusted P Arabidopsis hit Arabidopsis hit description E-Value
expression value
Heat stress DT457869 21.789 2.38E-04 At2g29500.1 all$raat shock protein -related 2.54E-45
Heat stress DT049773 22.439 1.38E-05 At2g32120.2 at gteock protein hsp70t-2 6.89E-45
Heat stress DwW234293.1 23.818 5.77E-04 At2g29500.1 small heat shock protein 4.32E-46
Heat stress DwW503063.1 28.87 1.17E-04 At5g52640.1eat $hock protein 81-1 (HSP81-1/heat shock pr&@InSP83) 2.42E-112
Heat stress DwW503063.1 28.87 1.17E-04 At5g52640.1eat $hock protein 81-1 (HSP81-1/heat shock pr&@InSP83) 2.42E-112
Heat stress DR455451 30.145 2.24E-03 At4g27670.1 all émat shock protein, chloroplast precursor(H§P21  8.71E-64
Heat stress DwW517704.1 35.33 1.84E-04 At4g10250.1 ndomembrane-localized small heat shock protein 219
Heat stress CA992719 38.989 1.19E-04 At4g10250.1 dormembrane-localized small heat shock protein 33PE
Heat stress DW503697.1 83.99 7.78E-07 Atlg07400.1 eat $hock protein, putative 1.40E-49
Light stress DW505008.1 1.817 2.22E-02 At5¢g11580.1 expressed protein rjs protein 8.90E-80
Touch/wounding DR456264 1.368 3.39E-02 At3g07230.1 wound-induced basic protein 1.79E-13
Touch/wounding BF272159 1.532 4.02E-02 At3g07230.1 wound-induced basic protein 6.52E-15
Unspecified stress M19379.1 1.248 4.92E-02 - - -
Unspecified stress Al055725 1.68 4.39E-02 At1g28290 prolin-rich protein 1.44E-33
Unspecified stress DT571171 1.7 1.13E-02 At1g11360. expressed protein 1.75E-65
Unspecified stress AJ513421 1.738 1.39E-03 Atlg0om7 expressed protein 8.98E-16
Unspecified stress DN801667 4.432 2.85E-02 Atlg04r6 expressed protein 1.18E-19
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Table 2 Relative expression of stress genes up-réaied for cultivars Sicot 53 and Sicala 45 under dpmal (32 °C) and high (42°C) temperatures in the growth

cabinet
Pathway Public ID Relative Adjusted P Arabidopsis Arabidopsis hit description E-Value
expression value hit
Biotic stress DW509680.1 0.405 2.81E-02 At1g58170.1 disease resistance response protein-relatedédiryotein-related 9.89E-57
Biotic stress DT465458 0.493 1.92E-02 At3g54420.1 lycapyl hydrolase family 19 (class IV chitinase) 48E-70
Biotic stress Dw488405.1 0.575 1.09E-02 At2g21340.Enhanced disease susceptibility 5 (salicylic auidiction deficient 1) 7.20E-140
Biotic stress DVv849720 0.622 6.29E-03 At5g61240.1 eucline rich repeat protein family 6.29E-110
Biotic stress AY040533.1 0.673 2.10E-02 At5g61240.1 leucine rich repeat protein family 9.56E-106
Biotic stress DT050959 0.769 4.39E-02 At5g17680.1 iseake resistance protein (TIR-NBS-LRR class) 1-PDFE
Biotic stress DT050959 0.769 4.39E-02 At5g17680.1 iseake resistance protein (TIR-NBS-LRR class) 1-PZFE
Cold stress DT465699 0.653 1.40E-02 At4g13850.1 cigdyrich RNA-binding protein (AtGRP2) 6.61E-19
Cold stress DW511523.1 0.665 1.11E-02 At4g13850.2 lycire-rich RNA-binding protein (AtGRP2) 5.29E-32
Drought/salt stress AY641991.1 0.457 3.50E-02 ABD.1 dehydration-induced protein RD22 5.78E-35
Drought/salt stress C0091414 0.459 3.61E-02 At58056 dehydration-induced protein RD22 1.63E-80
Drought/salt stress AY641990.1 0.468 4.16E-02 ABD.1 dehydration-induced protein RD22 4.71E-48
Drought/salt stress Al731201 0.474 4.15E-02 At5d766 dehydration-induced protein RD22 1.32E-61
Drought/salt stress DT054238 0.515 2.53E-02 At3GP3B dehydration-induced protein-related 4.93E-95
Drought/salt stress DW520205.1 0.635 8.33E-03 AB08D.1 dehydration-induced protein family 2.26E-80
Drought/salt stress Dw224875.1 0.665 4.45E-02 AMBGD.1 dehydration-induced protein 1.08E-146
Drought/salt stress DT462193 0.757 2.02E-02 At5§64D dehydration-induced protein-related 4.39E-75
Heat stress C0O086335 0.694 1.56E-02 Atlg76700.1 J Pratein family 4.14E-82
Heat stress DT466906 0.763 4.29E-02 At1g67970.1 t dfemck transcription factor 5 (HSF5) 5.37E-28
Unspecified stress DT467978 0.567 2.98E-02 At2gR162 auxin-regulated protein 1.30E-66
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Table 3 Relative expression of metabolism genes,-o@gulated under high (42°C) and compared to optimal (32°C) temperatures in the growth cabinet for cultivars

Sicot 53 and Sicala 45.

Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Carbohydrate metabolism DT465672 4.67 2.75E-02 23830.1 trehalose phosphatase family 3.79E-35
Carbohydrate metabolism DT464481 1.361 1.18E-02 g@6690.1 aldo/keto reductase family 3.24E-20
Carbohydrate metabolism DT462221 2.061 3.84E-03 - - -
Carbohydrate metabolism AY628139.1 3.007 4.44E-02t1g2A3870.1 trehalose phosphatase family 0
Carbohydrate metabolism DT050177 1.775 1.25E-02 - - -
Carbohydrate metabolism DT050909 1.442 4.21E-02 - - -
Carbohydrate metabolism DT049671 1.294 3.63E-02 @g28800.1 proline-rich protein family 2.57E-22
Carbohydrate metabolism Dw238688.1 5.903 4.13E-02t2g4v180.1 galactinol synthase, putative 2.29E-126
Carbohydrate metabolism DR463306 1.871 2.09E-02 g¥9330.1 pectinesterase family 4.23E-95
Carbohydrate metabolism DR462102 1.624 2.75E-02 g@2800.1 transferase - related 2.75E-13
Carbohydrate metabolism Al726514 1.857 3.34E-03 ¢gAP210.1 predicted GPl-anchored protein 0
Carbohydrate metabolism AW186880 2.417 1.16E-02 gAiB70.1 polygalacturonase, putative 6.02E-40
Carbohydrate metabolism DT456785 2.079 4.77E-02 - - -
Carbohydrate metabolism DwW227981.1 2.936 4.29E-02t5g86730.1 xyloglucan endotransglycosylase, pwgativ 2.46E-105
Carbohydrate metabolism C0122431 3.178 3.18E-02 g3800.1 xyloglucan endotransglycosylase, putative 5.40E-47
Electron flow / ATP DN800322 2.237 1.20E-02 At1§86.1 photosystem Il oxygen-evolving complex 23 G2B) 5.11E-85
Electron flow / ATP DT051416 1.599 2.29E-02 Atlgov® ascorbate peroxidase, putative (APX) 2.26E-101
Electron flow / ATP DR458096 2.003 4.73E-04 At2g@80d RuBisCO subunit binding-protein alpha subunit/ 0
Electron flow / ATP DV849478 3.338 2.27E-04 At2gP80L RuBisCO subunit binding-protein alpha subunit 8.87E-23
Electron flow / ATP Dw508175.1 1.742 6.83E-03  At5870.1 dehydroascorbate reductase 1.75E-32
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Electron flow / ATP DwW497212.1 1.798 3.46E-02 AtB§00.1 photosystem Il protein family 2.14E-43
Electron flow / ATP DW509246.1 1.241 4.12E-02  AtBg60.1 glutathione peroxidase 7.62E-70
Electron flow / ATP DN817738 1.4 4. 75E-02  At4g201B0 expressed protein 4.62E-49
Electron flow / ATP DN817738 1.4 4.75E-02  At4g201B0 expressed protein 4.62E-49
Electron flow / ATP C0O072814 2.449 3.50E-03 At2g28d RuBisCO subunit binding-protein alpha subunit 1.67E-154
Electron flow / ATP C0O121719 2.455 1.37E-02  At2¢g284 RuBisCO subunit binding-protein alpha subunit 3.75E-107
Electron flow / ATP DwW226042.1 1.543 9.27E-03  At8§90.1 isocitrate dehydrogenase [NADP+] 2.94E-33
Lipid metabolism DT047253 1.289 4.84E-02  Atlg54380acyl carrier protein (ACP), chloroplast 4.38E-23
Lipid metabolism CA993580 1.479 1.18E-02 At4g33Q30UDP-sulfoquinovose synthase 1.69E-33
Lipid metabolism CA993580 1.818 2.30E-03  At4g33030UDP-sulfoquinovose synthase 1.69E-33
Lipid metabolism DT466441 1.975 9.08E-04  At2g19450diacylglycerol O-acyltransferase 1.15E-56
Lipid metabolism AY138250.1 1.32 2.29E-02  At2g4210 phospholipase D (PLDbeta) 0
Lipid metabolism DR452394 1.486 1.59E-02 Atl1g01710acyl CoA thioesterase -related 8.86E-65
Lipid metabolism Dw508235.1 1.578 4.23E-03  At5g8394 3-hydroxyisobutyryl-coenzyme A 3.18E-144
Protein metabolism DR454255 3.276 5.79E-04  Atlg8016 glyoxalase family 1.02E-63
Protein metabolism DT052636 1.642 1.02E-02 - - -
Protein metabolism DT050254 1.482 3.15E-02  Atlg43¥1 histidine decarboxylase -related 2.83E-102
Protein metabolism DT049512 1.729 2.55E-02 At4gD621 enoyl-CoA hydratase/isomerase family 2.67E-89
Protein metabolism DT049512 1.729 2.55E-02 At4gD6P1 enoyl-CoA hydratase/isomerase family 2.67E-89
Protein metabolism DT459731 1.551 2.22E-02 - - -
Protein metabolism DT463796 1.616 5.56E-03  At5gdrZ2 acetyl-CoA C-acetyltransferase 9.-96E-81
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Protein metabolism DW513900.1 1.442 4.84E-03 AtE§EBl glyoxalase Il, putative (hydroxyacylglutatéochydrolase) 3.25E-55
Protein metabolism DwW508235.1 1.578 4.23E-03 At®gE61 3-hydroxyisobutyryl-coenzyme A hydrolase 8k1144
Protein metabolism DwW508235.1 1.578 4.23E-03 At®gE61 3-hydroxyisobutyryl-coenzyme A hydrolase 8k1144
Protein metabolism C0O125254 1.735 2.95E-02  At4g84D3 3-methylcrotonyl-CoA carboxylase non-biotingl@dtsubunit 0
Protein metabolism DT463182 2.11 1.33E-02  At3g593F60Mitochondria cysteine synthase 1.65E-16
Protein metabolism Dw228504.1 1.534 3.65E-02 AtB&DI1 diaminopimelate decarboxylase 0
Protein metabolism C0123242 1.623 3.89E-02  At3g87B4 glutamine-dependent asparagine synthetase BF1E
Protein metabolism C0086852 1.919 1.18E-02  Atlgb5B8 pyridoxal-5&apos;-phosphate-dependent enzyeta, family 1.63E-136
Protein metabolism DR458982 1.586 1.06E-02 AtlgB1B6 phosphoribosyl-ATP pyrophosphohydrolase (At-1E) 1.57E-16
Protein metabolism DT049512 1.729 2.55E-02 At4gD621 enoyl-CoA hydratase/isomerase family 2.67E-89
Protein metabolism DT050039 9.65 2.24E-04  Atlg64860methionine/cystathionine gamma lyase -related .14H-69
Protein metabolism Al728424 1.3 1.87E-02  At2g44%20UDbiA prenyltransferase family 2.19E-124
Protein metabolism DT050567 1.295 4.50E-02 Atlg®0P7 oxidoreductase, 20G-Fe(ll) oxygenase family 9E-006
Protein metabolism DT463796 1.616 5.56E-03  At5g4rZ2 acetyl-CoA C-acetyltransferase 9.96E-81
Protein metabolism DwW508235.1 1.578 4.23E-03 At®gE61 3-hydroxyisobutyryl-coenzyme A hydrolase 8k1144
Protein metabolism C0085474 1.579 6.59E-04  At5gBR 2 spermidine synthase 3.66E-12
Protein metabolism DR457948 1.446 3.66E-02  At4g83b1 2-dehydro-3-deoxyphosphoheptonate aldolase A)HS 7.43E-22
Protein metabolism CA993771 1.717 8.79E-03  At3g®6D0 shikimate kinase family 5.00E-12
Protein metabolism CK640599 1.817 8.69E-03  At3gP6D0 shikimate kinase family 5.00E-12
Protein metabolism Dw224301.1 1.307 1.46E-02 At2921 dihydropyrimidinase 7.03E-118
Secondary metabolism DT468970 1.672 3.93E-03 At3802 isopentenyl-diphosphate delta-isomerasé>PZ) 1.56E-102
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit
Secondary metabolism DT463796 1.616 5.56E-03 At33@2 acetyl-CoA C-acetyltransferase 9.96E-81
Secondary metabolism DwW489433.1 1.504 1.37E-02 @8660.1 short-chain dehydrogenase/reductase famotgin 2.81E-80
Secondary metabolism DVv849305 1.35 4.79E-03  At1865D hypothetical protein 2.41E-08
Secondary metabolism DW508496.1 1.493 2.83E-02 23380.1 cinnamoyl-CoA reductase family 8.57E-67
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Table 4 Relative expression of metabolism genes,wio-regulated under high (42°C) and compared to optimal (32°C) temperatures in the growth cabinet for

cultivars Sicot 53 and Sicala 45.

Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Carbohydrate metabolism AJB864707.1 0.622 2.68E-02t4g@2500.1 transferase - related 0
Carbohydrate metabolism C0091591 0.52 2.66E-02 (02380.1 reversibly glycosylated polypeptide-1 6. 2010
Carbohydrate metabolism C0091591 0.52 2.66E-02 (02380.1 reversibly glycosylated polypeptide-1 &E209
Carbohydrate metabolism DVv849226 0.643 2.04E-02 @gB®920.1 phytochelatin synthetase 1.64E-162
Carbohydrate metabolism Al730691 0.423 1.39E-02 gB14690.1 glycosyltransferase family 2 8.59E-157
Carbohydrate metabolism C0124872 0.548 4.25E-03 g@#0920.1 phytochelatin synthetase 1.67E-156
Carbohydrate metabolism C0074429 0.71 2.42E-02 2g0.1 aldo/keto reductase family 3.34E-120
Carbohydrate metabolism DwW493894.1 0.491 1.26E-02t5933580.1 aldo/keto reductase family 5.76E-113
Carbohydrate metabolism C0090978 0.543 4.65E-02 g#t890.1 glycosyltransferase family 2 2.52E-108
Carbohydrate metabolism DT560269 0.339 2.86E-03 gmE650.1 reversibly glycosylated polypeptide-3 £E3®7
Carbohydrate metabolism C0085470 0.673 4.55E-03 g@M320.1 transferase - related 2.19E-101
Carbohydrate metabolism Dw515371.1 0.635 9.94E-03t39g33520.2 NAD-dependent epimerase/dehydratasdyfami 8.04E-101
Carbohydrate metabolism Al727768 0.703 3.30E-02 ¢gB™50.1 pfkB type carbohydrate kinase protein fiami 7.54E-93
Carbohydrate metabolism DT467596 0.629 2.72E-02 g31330.1 aldose l-epimerase family 1.27E-90
Carbohydrate metabolism DW230406.1 0.348 2.73E-02t3g20030.1 expansin, putative (EXP5) 3.87E-90
Carbohydrate metabolism DW230406.1 0.309 1.18E-02t3g20030.1 expansin, putative (EXP5) 3.87E-90
Carbohydrate metabolism C0123503 0.496 2.62E-03 g78320.2 NAD-dependent epimerase/dehydratase family 3.59E-89
Carbohydrate metabolism Al730914 0.555 3.99E-02 ¢g2A1250.1 mannose 6-phosphate reductase (NADPH-depgn 7.52E-81
Carbohydrate metabolism Dw487656.1 0.514 2.29E-02t1gA4910.2 ADP-glucose pyrophosphorylase family 7231
Carbohydrate metabolism Dw502713.1 0.734 2.09E-02t2g26850.1 callose synthase (1,3-beta-glucan sgejtiamily 3.44E-66
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Carbohydrate metabolism C0101937 0.675 2.66E-02 g78840.1 pectinesterase family 3.71E-62
Carbohydrate metabolism DW515687.1 0.572 2.17E-02t4g@3550.1 callose synthase (1,3-beta-glucan syejtfamily 1.58E-61
Carbohydrate metabolism C0O121156 0.569 8.20E-03 g¥a230.1 glycosyl hydrolase family 35 (beta-galaittase) 1.65E-61
Carbohydrate metabolism C0O072739 0.619 1.70E-02 g24480.1 polysaccharide lyase family 1 (pectatedya 1.04E-60
Carbohydrate metabolism DT047184 0.492 2.68E-02 (g%9480.1 fructokinase 1.84E-58
Carbohydrate metabolism AW187367 0.672 2.78E-02 @gB1F60.1 inositol polyphosphate 6-/3-/5-kinase IPiK2b) 3.46E-58
Carbohydrate metabolism DT461699 0.589 4.92E-02 @gB1970.1 L-iditol 2-dehydrogenase (sorbitol dehgemase) 1.07E-56
Carbohydrate metabolism C0123504 0.729 2.43E-02 g78320.2 NAD-dependent epimerase/dehydratase family 3.75E-49
Carbohydrate metabolism DW502455.1 0.66 1.16E-02 3gAI810.1 calcineurin-like phosphoesterase family .06E-43
Carbohydrate metabolism Al729695 0.531 3.34E-02 ¢gB®60.1 glycosyltransferase family 2 6.08E-41
Carbohydrate metabolism DT048325 0.65 3.44E-02 @i330.3 inositol polyphosphate 6-/3-/5-kinase Z&K@a) 7.61E-30
Carbohydrate metabolism Al727392 0.692 4.13E-02 gB8210.1 glucose-1-phosphate adenylyltransferasge subunit 3 1.43E-26
Carbohydrate metabolism DW496260.1 0.28 2.62E-04 2g4®835.1 4-alpha-glucanotransferase -related E138
Carbohydrate metabolism DT048308 0.346 3.08E-04 g#@340.1 glycosyl hydrolase family 77 (4-alpha-glootransferase) 2.73E-20
Carbohydrate metabolism DT467597 0.767 2.98E-02 ¢31330.1 aldose l-epimerase family 7.14E-20
Carbohydrate metabolism DT462436 0.505 1.63E-02 gPB8650.1 reversibly glycosylated polypeptide-3 €O
Electron flow / ATP DW520074.1 0.431 2.05E-02 At%3¢R5.1 L-ascorbate oxidase 0
Electron flow / ATP Al727260 0.508 1.41E-02 Atlg@®9l isocitrate dehydrogenase [NADP+] 0
Electron flow / ATP DT570696 0.565 7.93E-03  At3g9Q9l pyruvate kinase 0
Electron flow / ATP C0O079284 0.813 4.76E-02  Atlg8B4 isocitrate dehydrogenase [NADP+] 0
Electron flow / ATP Al729460 0.644 6.68E-03  At5g5631 pyruvate kinase 1.34E-180
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Electron flow / ATP DN758099 0.731 3.86E-02 At5g3B3L malate dehydrogenase, cytosolic 3.27E-157
Electron flow / ATP DR460112 0.67 4.62E-02 At3g0@35 6-phosphogluconate dehydrogenase -related 8.63E
Electron flow / ATP CA992949 0.546 1.08E-02 At2gR@5L mitochondrial carrier protein family 3.32E311
Electron flow / ATP CD486706 0.528 1.06E-02  At4gB862 isocitrate dehydrogenase [NAD+] subunit 1 58308
Electron flow / ATP Dw482562.1 0.555 2.53E-02 AtB§a0.2 monodehydroascorbate reductase 9.39E-103
Electron flow / ATP Al731438 0.475 1.89E-03 At5g5891 uncoupling protein (AtUCP2) 1.58E-101
Electron flow / ATP DN779701 0.55 5.39E-04  At3g1P2B tetrahydrofolate dehydrogenase/cyclohydrolase .826B:81
Electron flow / ATP C0122289 0.648 2.33E-02 Atlg3@2A expressed protein 5.45E-77
Electron flow / ATP C0121880 0.701 4.73E-02  At5gBB4 folylpolyglutamate synthase (fpgs2) 1.54E-62
Electron flow / ATP DR457529 0.576 2.44E-02  At4g202. gamma-glutamyltransferase 5.58E-58
Electron flow / ATP DW233286.1 0.747 4.73E-02  At3330.1 uncoupling protein (ucp/PUMP) 8.49E-58
Electron flow / ATP DR452595 0.694 4.08E-02 At5g284. transaldolase 2.85E-54
Electron flow / ATP DT049717 0.614 6.12E-03  At5g563L pyruvate kinase 3.35E-25
Electron flow / ATP DT462190 0.595 2.83E-02 Atlg263L cytochrome b5, putative 4.70E-25
Electron flow / ATP DW516468.1 0.692 2.25E-02 At6830.1 hydroxymethyltransferase -related 4.32E-23
Electron flow / ATP DW516468.1 0.692 2.25E-02 At6830.1 hydroxymethyltransferase -related 4.32E-23
Electron flow / ATP DW516487.1 0.614 1.51E-03 At3g90.1 tetrahydrofolate dehydrogenase/cyclohydeolas 8.63E-18
Electron flow / ATP DN804599 0.776 3.05E-02 At2g@65L expressed protein 3.76E-12
Electron flow / ATP Dw502424.1 0.559 1.26E-02 AtR§30.2 photosystem Il reaction center 6.1KD protein 7.97E-10
Lipid Metabolism C0088408 0.743 4.88E-02  At5g053800mega-3 fatty acid desaturase, chloroplast psec{FADS8) 3.96E-82
Lipid Metabolism Dw483924.1 0.702 4.25E-03  At4g3837 CDP-diacylglycerol--inositol 3-phosphatidyltsd@rase 5.43E-81
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit
Lipid Metabolism DW497734.1 0.624 2.64E-03  At5g4680 mitochondrial carrier protein 3.89E-73
Lipid Metabolism DW512425.1 0.637 7.43E-03  At2g2090 diacylglycerol kinase -related 5.07E-59
Lipid Metabolism CA993116 0.407 9.27E-03  Atlg54380.acyl carrier protein (ACP), chloroplast 1.12E-25
Not assigned/ Miscellaneous CD485841 0.587 4.39E-0Rt5g17380.1 2-hydroxyphytanoyl-CoA lyase-relatedtpin 5.71E-79
Not assigned/ Miscellaneous DT048493 0.723 3.55E-0Rt5917380.1 2-hydroxyphytanoyl-CoA lyase-relatedtpin 9.60E-44
Protein metabolism C0125029 0.64 1.26E-02  Atbgllb2@spartate aminotransferase, chloroplast (trainsam A/Asp3) 0
Protein metabolism DR457196 0.489 1.96E-02 Atl1g0250 s-adenosylmethionine synthetase 0
Protein metabolism C0121832 0.543 1.17E-02  At5g07B2 5-methyltetrahydropteroyltriglutamate--homoeyst S- 0
methyltransferase
Protein metabolism CO085576 0.514 1.85E-02  At5g07B2 5-methyltetrahydropteroyltriglutamate--homoeyst S- 0
methyltransferase
Protein metabolism DT051155 0.425 3.34E-02  At4gD3D4 adenosylhomocysteinase 0
Protein metabolism CD486388 0.498 3.38E-02  At4g03bB4 adenosylhomocysteinase 0
Protein metabolism DT047727 0.694 4.61E-03  At3g®4#7 UMP synthase 0
Protein metabolism Al726035 0.533 1.21E-02 Atlg4B85 chorismate synthase 0
Protein metabolism DT463094 0.508 2.25E-02  At5g®3%6 glutamate synthase [NADH], chloroplast 2.05B-16
Protein metabolism C0O125856 0.646 2.64E-02  At5g0744 glutamate dehydrogenase 2 3.26E-169
Protein metabolism C0109339 0.655 2.06E-02  Atlg@9r3 mercaptopyruvate sulfurtransferase (Mstl/Rdh1) 1.50E-158
Protein metabolism DT567362 0.495 4.87E-02  At2g0201 glutamate decarboxylase 4.22E-147
Protein metabolism DT046700 0.68 4.36E-02  At5g17D205-methyltetrahydropteroyltriglutamate-homocystes- 1.02E-142

methyltransferase
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Protein metabolism DR458557 0.534 7.24E-03  At5g08P8 apyrase 2.03E-141
Protein metabolism DT561935 0.611 2.55E-02  At4g®420 D-3-phosphoglycerate dehydrogenase (3-PGDH) 6EB126
Protein metabolism DT046719 0.727 1.22E-02 At5g08B0 oxidoreductase, 20G-Fe(ll) oxygenase family 7TEAQ25
Protein metabolism C0091894 0.618 2.06E-02  At3g05P9 3-hydroxybutyryl-CoA dehydrogenase 1.81E-119
Protein metabolism C0092415 0.514 3.33E-02  At3gB3b2 inorganic pyrophosphatase 2.53E-108
Protein metabolism DN760012 0.629 1.51E-02 Atlg®6B9 inorganic pyrophosphatase -related 4.84E-104
Protein metabolism Dw477912.1 0.547 4.14E-02 At3gD/1 glutamate decarboxylase 2.60E-102
Protein metabolism C0091240 0.558 4.76E-02  At2g0763 phosphoserine aminotransferase -related 2.92E-1
Protein metabolism AF009568.1 0.478 4.64E-03 AtB§IBLl inorganic pyrophosphatase -related 5.26E-97
Protein metabolism C0497384 0.513 1.61E-02  At3gR3B8 ribonucleoside-diphosphate reductase smalhchai 3.91E-95
Protein metabolism AI055377 0.49 3.33E-02  Atbgllh20aspartate aminotransferase, chloroplast (transasm A/Asp3) 2.45E-91
Protein metabolism DT456038 0.446 5.90E-03  At5gD116 adenine phosphoribosyltransferase 2.39E-85
Protein metabolism DwW229616.1 0.627 2.54E-02 AtH@D61 arginine decarboxylase 9.80E-84
Protein metabolism Al727870 0.7 3.58E-02  At5gl19%50aspartate aminotransferase, cytoplasmic isozyme 1 9.80E-79
Protein metabolism DwW227402.1 0.209 1.34E-02 At3§221 ATP sulfurylase -related 4.73E-78
Protein metabolism DW509152.1 0.426 8.88E-04  At®PBBL inorganic pyrophosphatase -related protein 9077
Protein metabolism C0086679 0.616 8.79E-03  Atlg05b9 inorganic pyrophosphatase 2.79E-68
Protein metabolism DT527501 0.539 4.46E-02  At3g4694 dUTP pyrophosphatase-related protein 9.01E-65
Protein metabolism DwW502728.1 0.551 2.20E-03 AtB@DO1 sulfate adenylyltransferase 3.04E-62
Protein metabolism DT543331 0.772 2.11E-02  Atlg22%1 2-dehydro-3-deoxyphosphoheptonate aldolase 8ES5h
Protein metabolism Dw510782.1 0.565 2.31E-02 At29®41 D-3-phosphoglycerate dehydrogenase (3-PGDH) .22B654
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Protein metabolism Al728979 0.704 3.22E-02  At5gID33 histidinol-phosphate aminotransferase 6.69E-51
Protein metabolism Al728979 0.704 3.22E-02  At5gID33 histidinol-phosphate aminotransferase 6.69E-51
Protein metabolism DT560839 0.439 1.68E-02 AtlgDoP2 sulfate adenylyltransferase 1.19E-45
Protein metabolism DT463008 0.197 1.52E-02  At3g22B9 ATP sulfurylase -related 3.97E-37
Protein metabolism Al731024 0.452 2.51E-03 At5gMl16 adenine phosphoribosyltransferase 3.63E-36
Protein metabolism DT051246 0.525 2.60E-02 At2g8688 s-adenosylmethionine synthetase -related A3IPE-
Protein metabolism Dw498800.1 0.232 8.23E-04  At¥dThl expressed protein (Aspartate-glutamate rase faanily) 5.52E-36
Protein metabolism Dw498800.1 0.232 8.23E-04  AtHUJTBl expressed protein (Aspartate-glutamate rasefaanily) 5.52E-36
Protein metabolism C0126813 0.687 4.48E-02  At2g@3r5 cysteine synthase, chloroplast 1.83E-34
Protein metabolism C0091929 0.469 4.96E-02  At4g03B4 adenosylhomocysteinase 4.04E-30
Protein metabolism DW516468.1 0.692 2.25E-02 AtBJ®61 hydroxymethyltransferase -related 4.32E-23
Protein metabolism DT049585 0.59 2.82E-02  At1g09Y795AtATP-PRT2 mRNA for ATP phosphoribosyl transfeza 6.29E-11
Protein metabolism CA993525 0.367 3.61E-03 - - -
Protein metabolism CA993525 0.367 3.61E-03 - - -
Protein metabolism DVv849287 0.179 1.13E-02 - - -
Protein metabolism DVv849287 0.179 1.13E-02 - - -
Secondary metabolism C0090127 0.718 4.65E-02 AB@3®A very-long-chain fatty acid condensing enzy@eT1) 0
Secondary metabolism C0O125011 0.766 2.06E-02 A#4@84 chlorophyll a oxygenase (chlorophyll b syst)a 1.01E-145
Secondary metabolism C0091962 0.465 5.81E-05 A#342Q FAD-linked oxidoreductase 6.77E-144
Secondary metabolism BQ404875 0.376 4.79E-02 ABBQA strictosidine synthase 6.91E-141
Secondary metabolism Al728347 0.617 5.92E-03 At24B0L NADPH-ferrihemoprotein reductase 8.60E-127
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Major pathway Public ID Relative Adjusted  Arabidopsis Arabidopsis hit description E-value
expression P value hit

Secondary metabolism DR455920 0.641 6.09E-03 A8084 CERL1 protein 6.26E-122
Secondary metabolism C0496470 0.697 2.49E-02 Afi3®7A short chain dehydrogenase/reductase fanotgior 3.47E-113
Secondary metabolism CD486444 0.528 3.14E-02 At2@gB83a mevalonate diphosphate decarboxylase 9.66E-75
Secondary metabolism C0O126046 0.657 1.08E-02 AtSHB3 long-chain-alcohol O-fatty-acyltransferasaXwynthase) 9.56E-74
Secondary metabolism DR463129 0.566 2.31E-02 ABH64 glycosyltransferase family 1.60E-68
Secondary metabolism Al729300 0.244 3.35E-03 At1§021 CER1 protein 6.14E-67
Secondary metabolism DT547279 0.709 2.26E-02 At6g@7 aminotransferase family 1.40E-66
Secondary metabolism C0083496 0.676 4.04E-02 ARt23 cinnamoyl-CoA reductase-related 2.22E-64
Secondary metabolism C0084738 0.504 3.62E-02 A133AA cytochrome P450 family 5.32E-63
Secondary metabolism Al730798 0.312 2.32E-02  AtBgR2l strictosidine synthase family 1.33E-62
Secondary metabolism C0O123007 0.262 458E-02 ABEA4 cinnamoyl-CoA reductase-related 3.46E-61
Secondary metabolism Al728058 0.371 4.23E-03 AtB§071 glycosyltransferase family 3.02E-50
Secondary metabolism DR452522 0.697 2.29E-02 A@2823 cinnamoyl-CoA reductase-related 5.89E-47
Secondary metabolism DT049270 0.264 4.04E-02 At2687L CER1 protein 3.20E-28
Secondary metabolism Al054687 0.281 455E-02 At3g08L strictosidine synthase-related 3.92E-18
Secondary metabolism DT052242 0.483 2.54E-02 - - -




Table 5 Relative expression (>2 fold) of genes assied with mitochondrial electron transport for cultivars Sicot 53 and Sicala 45 plants grown underigh (42°C)
temperatures, compared to optimal (32C) temperatures in the growth cabinet.

Public ID Relative Adjusted  Arabidopsis hit Arabidopsis hit description E-value

expression P value

Up-regulated genes

DT456151 1.823 2.53E-02 At2g43400.1 electron tiar®dvo protein ubiquinone oxidoreductase -related 5.68E-66
C0091076 1.558 2.83E-02 At5g17400.1 mitochondri2PAATP carrier protein 1.85E-34
Down-regulated genes
C0127818 0.4801 3.02E-02 At5g14040.1 mitochongti@lsphate transporter 1.69E-105
Al731438 0.475 1.89E-03 At5g58970.1  uncoupling protAtUCP2) 1.58E-101
CA992949 0.546 1.08E-02 At2g22500.1 mitochondréatier protein family 3.32E-113
DWwW500449.1 0.639 6.91E-02 At4910040.1 cytochroreeweral plant cytochrome c 9.94E-56
DW512717.1 0.641 6.70E-02 At2g29990.1  NADH dehyeérase family 2.88E-91
DR463298 0.569 3.19E-02 At2g22500.1 mitochondrafier protein family 5.76E-104
DT053610 0.669 3.99E-02 At4g01100.1 mitochondréatier protein family 7.09E-23
Dw233179.1 0.675 2.32E-02 At3g62650.1 expressetkiprputative mitochondrial carrier protein 9.79k-
Al726701 0.649 4.57E-02 At5g14040.1 mitochondriabgphate transporter 6.03E-98
BQ412199 0.631 9.94E-03 At5g19760.1 mitochondriak@glutarate/malate translocator 2.42E-125
Dw485545.1 0.689 3.12E-02 At2g47490.1 mitochondraatier protein family 1.46E-57
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Table 6 Relative expression (2-fold) of genes asgded with the photosynthetic pathway for Sicot 53and Sicala 45 plants grown under high (42C) temperatures

compared to optimal (32°C) temperatures in the growth cabinet.

Public ID Relative  Adjusted Arabidopsis Arabidopsis hit description E-value
expression P value hit
Up-regulated genes
DN800322 2.237 1.20E-02 At1g06680.1 Oxygen-evoldngancer protein 2; calcium ion binding 5.11E-85
C0072814 2.449 3.50E-03  At2g28000.RuBisCO subunit binding-proteim subunit, chloroplast 60 kDa chaperonin 1.67E-154
C0O121719 2.455 1.37E-02  At2g28000.RuBisCO subunit binding-proteim subunit, chloroplast 60 kDa chaperonin 3.75E-107
DR458096 2.003 4.73E-04  At2g28000.1 ATP bindingqirobinding 0
Dv849478 3.338 2.27E-05 At2¢g28000.1 RuBisCO subhiniding-protein alpha subunit/60 kDa chaperonphal 8.87E-23
Down-regulated genes
Dv848944 0.344 1.68E-01 At1g42970.1 glyceraldeh§dgsiosphate dehydrogenase B subunit 0
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Table 7 Genes for Sicot 53 that are up-regulated atown-regulated in response to heat stress in thegyvth cabinet

Pathway Public ID Relative P value  Arabidopsis Hit Description E-Value
expression Name
Up-regulated genes

Lipid metabolism DR458005 2.31 4.87E-02 - - -
Miscellaneous Al729487 3.16 4.57E-02 At5g53430.1 ithdrax 5 (TX5) 3.22E-163
Not assigned CA993412 2.47 4.57E-02 - - -
Not assigned DT465816 3.16 4.57E-02 - - -
Not assigned DW507443.1 2.98 4.69E-02 At2g19310.1 mallsheat shock protein -related 2.36E-24
Not assigned Al727913 3.31 4.87E-02 At1g70090.1 cagyltransferase family 5.08E-132
Not assigned BM358962 3.12 4.45E-02 - - -
Not assigned DR456718 3.27 4.87E-02 - - -
Not assigned DR460676 2.25 4.84E-02 - - -
Not assigned DT049773 20.35 4.45E-02 At2g32120.2 at $ieock protein hsp70t-2 6.89E-45
Not assigned DT050039 6.52 4.57E-02 At1g64660.1 himeine/cystathionine gamma lyase 1.14E-69
Not assigned DT050385 5.15 4.69E-02 At3g23990.1 petmmnin (CPN60/HSP60), mitochondrial precursor E-39
Not assigned DT458200 3.35 4.57E-02 - - -
Not assigned DT467180 9.02 4.57E-02 At5g12020.1 ssdlieheat shock protein 1.12E-35
Not assigned DW503697.1 89.07 4.45E-02 At1g07400.heat shock protein 1.40E-49
Not assigned DW520166.1 2.76 4.69E-02 At2g31080.1evense transcriptase family protein 1.57E-10
Protein metabolism DN781218 13.36 4.57E-02 At5g07B3 68412.m00774 expressed protein 2.33E-32
Protein metabolism DT456271 2.82 4.45E-02 - - -
Protein metabolism DW509391.1 5.83 4.69E-02 At3g262 68410.m02887 hypothetical protein 2.90E-08
Protein metabolism DW511109.1 4.25 4.84E-02 - - -
Stress DT046994 4.81 4.69E-02 At3g16050.1 ethyledeeible protein 5.09E-24
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Pathway Public ID Relative P value  Arabidopsis Hit Description E-Value
expression Name

Stress DT048069 2.52 4.69E-02 At2g41540.2 glyceérphosphate dehydrogenase 6.12E-19

Stress DW506829.1 3.41 4.45E-02 At5g65260.1 RNAgaition motif (RRM) 1.68E-90
Down-regulated genes

Not assigned C0076413 0.07 4.57E-02 At5g54770.1 aztihe biosynthetic enzyme precursor (ARAG) (sp Q388 2.81E-140

Protein metabolism CA993457 0.06 4.57E-02 At5g54770 thiazole biosynthetic enzyme precursor (ARA®) (838814) 3.59E-142

Stress DT054070 0.25 457E-02  At2g21660.2  glycideRNA-binding protein (AtGRP7) SP|Q03250 3.74E-38

Stress DT461768 0.26 445E-02  At2g21660.2  glycideRNA-binding protein (AtGRP7) SP|Q03250 2.52E-36




Table 8 Genes for Sicala 45 that are up-regulated down-regulated under high temperature stress intie growth cabinet

Pathways Public ID Relative P value Arabidopsis Description E-Value
expression Hit
Up-regulated genes

Carbohydrate metabolism DT465978 19.62 4.44E-02 g28300.1 small heat shock protein -related 1.38E-5
Cell & Development DN760147 2.87 1.99E-02 - - -
Lipid metabolism DR453388 5.01 4.44E-02 - - -
Not assigned DR460975 2.47 4.10E-02 - - -
Not assigned DT047239 4.25 1.99E-02 - - -
Not assigned DT050039 14.78 1.99E-02 At1g64660.1 thimaine/cystathionine gamma lyase 1.14E-69
Not assigned DT465816 3.37 4.03E-02 - - -
Not assigned DW506829.1 4,12 2.71E-02 At5g65260.1 NARecognition motif (RRM) - containing protein 6BE-90
Not assigned Al727895 2.18 4.03E-02 Atlg16210.1 (Foteins ESTs gb|T04357 and gb|AA595092 4.85E-52
Not assigned DN757824 18.36 2.26E-02 At5g37670.1 at $leock protein family 2.20E-38
Not assigned DN759807 3.03 4.10E-02 - - -
Not assigned DN760566 14.87 4.33E-02 At5g52640.1 at $tleock protein 81-1 7.11E-76
Not assigned DR455377 2.32 4.03E-02 - - -
Not assigned DR460676 2.68 3.97E-02 - - -
Not assigned DT050385 4.75 2.27E-02 At3g23990.1 petwmin (CPN60/HSP60) 1.35E-10
Not assigned DT456529 2.74 4.44E-02 At2g23090.1 resged protein 6.34E-12
Not assigned DT463334 8.43 1.54E-02 - - -
Not assigned DT463678 2.65 4.10E-02 - - -
Not assigned DT463965 11.03 3.97E-02 - - -
Not assigned DT545357 3.2 2.86E-02 At4g25200.1  chibodrion-localized small heat shock protein 489F
Not assigned DW493548.1 3.13 4.57E-02 At4g02450.1 lycirge-rich protein 1.11E-30
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Pathways Public ID Relative P value Arabidopsis Description E-Value
expression Hit

Not assigned DW501150.1 3.38 3.97E-02 At1g14980.1 0 kOa chaperonin (CPN10) 4.21E-41
Not assigned DW503063.1 34.94 4.93E-02 At5g52640.heat shock protein 81-1 2.42E-112
Not assigned DW506473.1 10.2 3.97E-02 At5g18650.1xpressed protein 3.33E-114
Protein metabolism DN780838 3.26 3.97E-02 At3g03150 expressed protein 5.74E-28
Protein metabolism DR455485 3.07 3.97E-02 At1g01B40 expressed protein 2.73E-79
Protein metabolism DT048450 2.71 4.03E-02 At2g32520 carboxymethylenebutenolidase -related 3.65E-105
Protein metabolism CA992712 7.12 3.32E-02 At5g52640 heat shock protein 81-1 8.99E-66
Protein metabolism C0087722 3.13 1.99E-02 At2g32620 carboxymethylenebutenolidase -related 3.46E-111
Protein metabolism DW503054.1 5.67 2.26E-02 - - -
Protein metabolism DW503697.1 96.75 1.54E-02 At¥gor1 heat shock protein, putative 1.40E-49
Protein metabolism DT052182 2.71 4.44E-02 At2g31D80 reverse transcriptase family protein 7.86E-06
Protein metabolism DR458062 2.28 3.32E-02 At5g27620 cyclin family similar to SP|P51946 Cyclin H BE37
Protein metabolism DT464151 2.49 3.95E-02 - - -
Protein metabolism DW520572.1 2.63 4.10E-02 - - -
Protein metabolism C0123341 2.23 4.44E-02 At1g62740 stress inducible protein (sti), putative 9.5%F-
Protein metabolism, DT048369 3.36 4.44E-02 - - -
Cell & development
Protein metabolism, C0132723 5.02 1.99E-02 At4g11660.1 heat shock faetatein 7 (HSF7) 1.05E-57
Cell & development
Secondary metabolism Al731478 5.06 1.99E-02 At5d02B  pseudo-response regulator, APRR7 6.41E-22
Secondary metabolism CA992719 56.33 3.93E-02 At2gaa endomembrane-localized small heat shockiprote 3.92E-31
Secondary metabolism DwW505128.1 6.98 4.44E-02 At8ga.1 small heat shock protein, chloroplast pHSP21) 1.96E-25
Secondary metabolism Dw514802.1 3.67 4.44E-02 - - -
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Pathways Public ID Relative P value Arabidopsis Description E-Value
expression Hit
Signaling & transport DT457280 2.94 3.97E-02 - - -
Stress DR459244 3.48 3.92E-02 - - -
Stress DT047015 3.29 3.97E-02 At5g20720.2 chlostfil@n21 protein 1.00E-45
Stress DT049773 25.71 4.23E-02 At2¢g32120.2 heatkspimtein hsp70t-2 6.89E-45
Stress DT456083 2.53 4.44E-02 - - -
Stress DT456194 2.35 4.44E-02 - - -
Stress DT458200 3.16 4.44E-02 - - -
Stress DVv850132 15.42 4.44E-02 At5g47220.1 ethylesponsive element binding factor 2 7.88E-43
Stress, Protein metabolism  DR454255 4.14 3.95E-02 t1980160.1 glyoxalase family protein 1.02E-63
Stress, Protein metabolism DW511109.1 4.35 4.44E-02 - - -
Down-regulated genes
Cell & Development Dw485677.1 0.47 4.10E-02 At23@4 ATPase 1, plasma membrane-type 0
Miscellaneous DT051905 0.26 4.44E-02 At2g01830.2 stidine kinase -related 6.46E-58
Not assigned Al727247 0.42 3.32E-02 At4g39220.1 eAR 1.76E-72
Not assigned CA993457 0.04 1.54E-02 At5g54770.1 aztile biosynthetic enzyme precursor (ARAG) 3.5@R2-1
Not assigned C0127856 0.24 1.54E-02 At5g08260.1 inesearboxypeptidase Il 4.51E-165
Not assigned DR457567 0.34 4.10E-02 At4g16370.1 4 lige protein 1.69E-151
Not assigned DW225341.1 0.24 4.44E-02 - - -
Not assigned DR455218 0.39 3.32E-02 At5g03300.1 B pybe carbohydrate kinase protein family 6.49E-82
Not assigned DT048453 0.19 4.23E-02 At2g46210.1 taeebphingolipid desaturase 4.44E-52
Not assigned DT052025 0.2 4.10E-02 - - -
Not assigned DT054070 0.2 4.44E-02 At2g21660.2  igbrich RNA-binding protein (AtGRP7) 3.74E-38
Protein metabolism Dw224339.1 0.24 4.03E-02 At5&D71 sodium proton exchanger (NHX1) 8.76E-15




Pathways Public ID Relative P value Arabidopsis Description E-Value
expression Hit

Protein metabolism DN799904 0.47 4.10E-02 At4g03230 receptor kinase -related 4.75E-101
Protein metabolism DT461573 0.48 4.10E-02 - - -
Protein metabolism DwW225422.1 0.3 4.44E-02 Atlgb/B4 auxin-induced (indole-3-acetic acid inducedjt@in 1.60E-25
Protein metabolism, DN779370 0.12 1.99E-02 At1g15060.1 expressed protei 1.88E-72
Cell & development
Secondary metabolism DWwW513352.1 0.49 4.44E-02 A4386.1 sterol delta-7 reductase (7-dehydrocholelsteductase) 2.93E-45
Secondary metabolism C0091962 0.43 4.44E-02 At44208 FAD-linked oxidoreductase family 6.77E-144
Secondary metabolism DW503233.1 0.47 4.03E-02 A3§0.1 protein phosphatase 2C (PP2C) 2.62E-114
Signaling & transport DT048308 0.29 4.33E-02 At2840.1 glycosyl hydrolase family 77 2.73E-20
Stress C0076413 0.04 1.99E-02 At5g54770.1 thiazolgynthetic enzyme precursor (ARAG) 2.81E-140
Stress DT461768 0.23 4.05E-02 At2g21660.2 glycice-RNA-binding protein (AtGRP7) 2.52E-36
Stress DW510614.1 0.37 3.92E-02 At2g17610.1 revessscriptase family protein 1.91E-12
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