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Abstract While canopy temperature (CT) shows a strong

and reliable association with yield under drought and heat

stress and is used in wheat breeding to select for yield, little

is known of its genetic control. The objective of this study

was to determine the gene action controlling CT in five

wheat populations grown in diverse environments (heat,

drought, and well-irrigated conditions). CT showed nega-

tive phenotypic correlations with grain yield under drought

and well-irrigated environments. Additive 9 additive

effects were most prevalent and significant for all crosses

and environments. Dominance and dominance 9 dominance

gene actions were also found, though the significance and

direction was specific for each environment and genotypic

cross. The use of CT as a selection criterion to improve

tolerance to drought was supported by its significant associ-

ation with grain yield and the genotype differences observed

between cultivars. Our results indicated that genetic gains for

CT in wheat could be achieved through conventional breed-

ing. However, given some dominance and epistatic effects, it

would be necessary to delay the selection process until the

frequency of heterozygous loci within families is reduced.

Introduction

Wheat (Triticum aestivum L) is commonly grown in

regions where yields are limited by low seasonal rainfall.

Under water-limited conditions, the efficiency in the

selection of drought-tolerant genotypes based on empirical

selection for yields per se is restricted by the low herita-

bility of yield as well as by a large genotype by environ-

ment interaction (Trethowan et al. 2002). In addition, yield

evaluation in early generations is difficult because yield per

plant may not be related to crop yield. Progress through

plant breeding has been achieved by using physiological

traits in the selection process to complement conventional

breeding for yield (Araus 1996, 2003; Condon et al. 2002;

Richards 1996; Richards et al. 2002; Reynolds et al. 2009).

The physiological trait preferred for breeding for high-

yield following an indirect approach must reveal genetic

variability in different populations, as well as high genetic

correlations with yield and heritability large enough to

permit genetic gains based on selection (Araus et al. 2002;

Richards et al. 2002). Screening techniques for those traits

must be rapid, accurate, easy to operate, preferably non-

destructive, repeatable, and with reasonable costs (Araus

1996), to complement the breeder eye. New screening tools

are necessary to be tested in terms of their ability to express

the genetic variation in the population, with minimum

environmental influence and low genotype by environment

interactions (Condon and Richards 1992).

Canopy temperature (CT) has been used as a screening

tool for predicting high wheat yield in rainfed environments

(Araus et al. 2002, 2003; Blum et al. 1989; Condon and

Richards 1992; Olivares-Villegas et al. 2007). Since leaf

temperature is depressed below air temperature when water

evaporates, CT is an indirect measure of the (instantaneous)

transpiration at the whole-crop level (Reynolds et al. 2001)

and plant water status (Araus et al. 2003). Drought-sus-

ceptible genotypes showed warmer canopies than water-

stress tolerant cultivars (Reynolds et al. 2001). The potential

of CT for screening wheat genotypes under moisture-stress

conditions (Rashid et al. 1999) is based on its significant
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correlations with grain yield (Reynolds et al. 2001) and the

genotype differences observed between cultivars (Amani

et al. 1996; Araus et al. 2003; Reynolds et al. 1994). The

analysis is cheap, fast, non-destructive, and easy to use for

monitoring of whole-plant response to water stress. How-

ever, CT reliability was questioned when evaluated in dif-

ferent environments (Royo et al. 2002; Sojka et al. 1981).

It is expected that new drought-tolerant varieties will

both increase and stabilize yields from year to year. Grain

yield is largely determined by the amount of water the crop

extracts from the soil and the efficiency of water use during

biomass accumulation and grain development. A cultivar

able to use more water during its growth would have lower

CT, mainly as a result of more open stomata. Genotypic

variation has been reported for CT in wheat (Amani et al.

1996; Ayeneh et al. 2002; Blum et al. 1989; Fischer et al.

1998; Rashid et al. 1999; Reynolds et al. 1994), although

little is known about gene action for CT in bread wheat.

The objective of this study was to determine the gene

action for CT in five bread wheat populations grown under

diverse environments (heat, drought, and well-irrigated

conditions). Progenies derived from crosses between high

and low CT genotypes were used in a generation mean-

based mating design. Understanding gene action for CT

would increase the efficiency and rate of progress through

plant breeding for water-limited environments by helping

in the selection of strategies for efficient breeding.

Materials and methods

Genotypes

Genotypes came from CIMMYT’s spring bread wheat

(Triticum aestivum L) breeding program for dry areas

(Trethowan and Reynolds 2007). The wheat populations

used for this study were obtained by crossing SW89.5193/

Attila (Cross 1), Weebill4//Gim/Lira (Cross 2), Weebill4/

SW89.5193 (Cross 3), SW89.5193/Prinia (Cross 4) and

Weebill4/Prinia (Cross 5). Parents (P1 and P2) for each

cross were chosen according to their contrasting CT.

Weebill4 is a Babax-derived spring bread wheat generated

by CIMMYT which combines high-yield performance and

good adaptation. This cultivar was selected as the low CT

parent. Both Prinia and Attila showed intermediate values

for CT. High CT parents, SW89.5193 and Gim/Lira, are

both well-adapted high-yielding spring bread cultivars.

Crosses were made during 2003–2004 at Ciudad Obre-

gon, Mexico. F1s along with parents were grown under

screenhouse conditions in El Batan, Mexico, and self

pollinated to produce F2 seed. The F1 plants were also

back-crossed to P1 and P2 to produce back-crossed popu-

lations BC1P1 and BC1P2, respectively. F2 seeds were

harvested from F1 plants, and planted as individual plants in

screenhouse conditions in El Batan, Mexico (Cross 1, 2, and

3) and in field conditions in Ciudad Obregon, Mexico

(Cross 4 and 5). Seeds from each F2 plant were bulked and

planted in small plots, resulting in 142, 82, 105, 139, and

155 F2 derived groups for crosses 1–5, respectively. Each

F2 derived group was self pollinated, as indicated in

Table 1.

Table 1 shows a description of cross pedigrees, cycles,

locations, generations, and activities performed for the five

populations created to evaluate gene action for canopy

temperature.

Growth conditions

Plants of the parental lines, F1, backcrosses, and F2 derived

groups were grown at the CIMMYT Experimental Station

near Ciudad Obregon, NW Mexico (27 20� N, 109 54� W,

38 m asl) during three wheat cycles (2005–2006, 2006, and

2006–2007) under three different environments (well-irri-

gated, drought, and heat stress) (Table 1). The site is a

temperate, high radiation, irrigated environment. Meteo-

rological data are summarized in Table 2.

Well-irrigated and drought experiments were grown dur-

ing the spring wheat season (late November sowing and April

harvest) and delayed sowing (late February sowing and June

harvest) was used for the heat stressed experiments. Seed

were planted as plots of 2 m long and 0.75 m wide consisting

of one raised bed with 2 rows/bed and 15 cm between rows

(Limón-Ortega et al. 2000). Average sowing density was

83 kg ha-1. Planting rates of 10–15 g of seed per plot were

used to achieve at least 250 plants per plot.

The experiment followed an a-lattice design (Falconer

1989) with two replicates. Fertilization was applied to

avoid yield limitations. Weed, disease, and pest control

were applied as necessary. Plants in well-irrigated plots

used an estimated 600 mm of water during the complete

growing cycle. Under drought, approximate total moisture

available was 200 mm. Available soil water was gravi-

metrically estimated using samples from adjacent plots. For

the well-irrigated treatment, plots were irrigated when

approximately 50% of available soil moisture was depleted

according to gravimetric determinations. The well-irrigated

plots received a total of five irrigations during both 2005–

2006 and 2006–2007. Drought treatment consisted of four

irrigation events in 2005–2006 and three irrigation events

in the 2006–2007 cycle. For the heat stress environment, a

total of five irrigations were applied during the 2006 cycle.

Agronomic and physiological measurements

Canopy temperature measurements were taken during vege-

tative/boot stage using a hand-held infrared thermometer
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(Mikron Infrared, USA). The thermometer averaged the

temperature readings observed while running the instrument

along the plot at a moderate speed (3–5 s per plot). Field

measurements were taken not earlier than 11 am and not later

than 3 pm (Reynolds et al. 1994), to avoid dew and to evaluate

the plants when air water demand is maximum. Windy and

cloudy days were avoided (Reynolds et al. 2001). For each

population, CT was evaluated several times (1–6) during the

vegetative stage. The number of times CT was registered was

limited by the irrigation schedule, pesticides applications, and

inappropriate weather conditions. When physiological matu-

rity was reached, plots were harvested by combines and their

grain yields weighed.

Statistical analysis

Analysis of variance was conducted using the mixed linear

model procedure MIXED (SAS 2004). Genotypes, envi-

ronments (well-irrigated, drought, and heat stress), years,

and the interaction between main factors were considered

as fixed effects while replicates, incomplete blocks within

replicates, and incomplete blocks within replicates and

environments were considered as random effects. Tests of

significance of fixed effects were accomplished by using

appropriate mean squares (Steel et al. 1997).

Quantitative genetic analysis of phenotypic data for five

populations consisting of six generations (P1, P2, F1, F2-

derived, BC1P1 and BC1P2) was performed using SASQuant

computer program in SAS (Gusmini et al. 2007). Generation

means and variances were combined to estimate the gene

effects (Mather and Jinks 1971; Foolad and Lin 2001).

Additive, dominance, and the various epistatic effects were

partitioned according to Hayman’s generation mean analysis

procedure (Gamble 1962; Hayman 1958). Main genetic

components consisted of additive variance [a] and dominance

variance [d]. Interaction components (epistasis) were descri-

bed as additive 9 additive [aa], additive 9 dominance [ad],

and dominance 9 dominance [dd].

The estimated parameters were used to test the

goodness of fit of different genetic models (Rowe and

Table 1 Cross pedigrees, cycles, locations, generations, and activities performed for the five populations created to evaluate gene action for

canopy temperature

Pedigree Cycle Location Generation Activities

Cross 1 (SW89.5193/Attila) 2003–2004 Cd. Obregon Field Cross Plant crosses

2004 El Batan Screenhouse F1 Generation advancement

2004 El Batan Screenhouse F2 Generation advancement

2004–2005 Cd. Obregon Field F2:3 Preliminary evaluations

2005–2006 Cd. Obregon Field F2:4 Evaluation under drought and well-irrigated conditions

2006 Cd. Obregon Field F2:4 Evaluation under heat environment

2006–2007 Cd. Obregon Field F2:5 Evaluation under drought and well-irrigated conditions

Cross 2 (Weebill4//Gim/Lira) 2003–2004 Cd. Obregon Field Cross Plant crosses

2004 El Batan Screenhouse F1 Generation advancement

2004 El Batan Screenhouse F2 Generation advancement

2004–2005 Cd. Obregon Field F2:3 Preliminary evaluations

2005–2006 Cd. Obregon Field F2:4 Evaluation under drought and well-irrigated conditions

2006–2007 Cd. Obregon Field F2:5 Evaluation under drought and well-irrigated conditions

Cross 3 (Weebill4/SW89.5193) 2003–2004 Cd. Obregon Field Cross Plant crosses

2004 El Batan Screenhouse F1 Generation advancement

2004 El Batan Screenhouse F2 Generation advancement

2005–2006 Cd. Obregon Field F2:3 Evaluation under drought and well-irrigated conditions

2006–2007 Cd. Obregon Field F2:4 Evaluation under well-irrigated conditions

Cross 4 (SW89.5193/Prinia) 2003–2004 Cd. Obregon Field Cross Plant crosses

2004 El Batan Screenhouse F1 Generation advancement

2004–2005 Cd. Obregon Field F2 Generation advancement

2005–2006 Cd. Obregon Field F2:3 Evaluation under drought and well-irrigated conditions

2006–2007 Cd. Obregon Field F2:4 Evaluation under drought

Cross 5 (Weebill4/Prinia) 2003–2004 Cd. Obregon Field Cross Plant crosses

2004 El Batan Screenhouse F1 Generation advancement

2004–2005 Cd. Obregon Field F2 Generation advancement

2005–2006 Cd. Obregon Field F2:3 Evaluation under drought and well-irrigated conditions
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Alexander 1980). We tested nine genetic models, with

the general mean [m], [a], [d], and a maximum of two

interaction components to retain at least one degree of

freedom. We accepted the models that fitted the data

(chi-square [ 0.05). Thus, models with interaction compo-

nents (epistatic effects) were considered if the chi-square-test

was significant at P \ 0.05.

Significance of each individual genetic component was

tested using Student’s t test. Genetic components with t test

\0.05 were considered different from zero and significant

to the model.

Results

Relationship between CT and grain yield

There was a negative correlation between CT and grain

yield (well-irrigated 2005–2006: r = -0.16, P = 0.015;

drought 2005–2006: r = -0.34, P \ 0.0001; 2006–2007:

r = -0.75, P \ 0.001, Fig. 1). The relationship found

between CT and grain yield was proved to be repeatable

across diverse environments and years (Fig. 1) which agree

with the results of previous studies on the robustness of the
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Fig. 1 Relation between canopy temperature and grain yield mea-

sured on six generations (parents, F1, F2 derived groups, and

backcrosses) for wheat crosses growing in drought and well-irrigated

environments during the wheat cycle 2005–2006 and 2006–2007 in

Ciudad Obregon, Mexico

Table 2 Meteorological data for the wheat trials grown from late November to April (well-irrigated and drought experiments) and from late

February to June (heat stressed experiments) in Ciudad Obregon, Mexico, 2005–2007

Daily temperature Relative humidity Radiation (MJ/m2) Rain (mm)

Max (�C) Min (�C) Max (%) Min (%)

2005–2006

November 31.20 11.71 79.43 19.50 18.29 0.0

December 26.65 7.72 86.74 23.23 15.63 1.0

January 25.79 5.69 89.19 23.00 15.99 0.0

February 26.58 8.38 92.50 32.50 18.80 0.2

March 26.99 8.66 89.87 28.35 22.34 1.0

April 32.09 10.77 86.30 18.47 24.24 0.0

May 35.21 14.97 83.68 16.61 28.18 0.0

June 38.13 22.53 78.97 25.57 26.06 31.6

2006–2007

November 31.61 13.02 88.30 24.17 17.07 0.0

December 24.65 7.70 86.97 27.13 13.60 4.4

January 21.73 6.23 88.00 33.55 14.16 19.0

February 25.19 7.35 92.00 31.61 19.65 0.4

March 28.60 8.31 91.20 26.57 23.62 0.0

April 29.33 10.82 91.53 25.20 25.08 0.2

Year Environment Average air temperature (�C)

when evaluations were taken

(11 am–3 pm)

2005–2006 Drought 27.5

Well-irrigated 27.7

2006–2007 Drought 30.7

Well-irrigated 30.3

2006 Heat 31.9
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association between this physiological character and grain

yield (Balota et al. 2007; Blum et al. 1989; Olivares-

Villegas et al. 2007).

Results from ANOVA

Significant phenotypic variation for CT was observed in the

populations derived from crosses between parents of con-

trasting CT values grown in diverse environments. The

analyses of variance performed for each population over

environments and years are indicated in Table 3. The mag-

nitude of the main effects and interactions varied between the

five crosses. Genotype by environment interactions were

significant for three out of five populations (Table 3). Mean

values for CT of parents, F1, BC1P1, BC1P2 and F2 derived

groups for each environment and for the two seasons

2005–2006 and 2006–2007 are presented in Table 4.

The mean values of F1s were similar to calculated mid-

parent values in most of the cases, although both positive and

negative deviations for some F1s were observed. Those

deviations suggested heterosis and the presence of some non-

additive/epistatic gene action for CT. As expected, in most of

the situations the backcrosses increased the frequency of

alleles from the recurrent parent resulting in a change of the

CT values in the direction of that recurrent parent.

Weebill4, the cultivar selected as the low CT parent, had

the lowest CT when averaged over all environments and

years. SW89.5193 on the contrary, had the highest CT,

which corresponded with the criteria used for its selection

as high CT-high-yielding parent. These differences in CT

of the parents resulted in differences among progeny

generations.

Considering Cross 1 (SW89.5193/Attila), there was a

significant effect for genotype, year, and genotype by

Table 3 Analysis of variance for canopy temperature measured on plants derived from five wheat crosses grown in diverse environments

(drought, well-irrigated, and heat) in Ciudad Obregon, Mexico, 2005–2007

Cross Source of Variation DF-numerator DF-denominator F value Pr [ F

SW89.5193/Attila Genotype (G) 146 146 2 \0.0001

Environment (E) 2 27 2.64 0.090

Year (Y) 1 27 9.46 0.005

G 9 E 292 146 1.37 0.017

G 9 Y 146 146 1.19 0.152

Y 9 E 1 27 0.07 0.790

Weebill4//Gim/Lira Genotype (G) 86 633 1.56 0.0017

Environment (E) 1 10 0.36 0.562

Year (Y) 1 10 11.2 0.007

G 9 E 86 633 1.27 0.060

G 9 Y 86 633 1.41 0.013

Y 9 E 1 10 6.97 0.025

Weebill4/SW89.5193 Genotype (G) 109 839 2.37 \0.0001

Environment (E) 1 9 2.71 0.13

Year (Y) 1 9 37.37 0.0002

G 9 E 109 839 1.32 0.02

G 9 Y 109 839 1.71 \0.0001

Y 9 E – – – –

SW89.5193/Prinia Genotype (G) 143 361 1.31 0.022

Environment (E) 1 3 12.56 0.038

Year (Y) 1 3 0.18 0.697

G 9 E 143 361 1.06 0.329

G 9 Y 143 361 1.62 0.0002

Y 9 E – – – –

Weebill4/Prinia Genotype (G) 159 288 0.86 0.86

Environment (E) 1 2 11.76 0.076

Year (Y) – – – –

G 9 E 159 288 1.52 0.001

G 9 Y – – – –

Y 9 E – – – –
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environment interaction. Comparing the parent CTs,

SW89.5193 had equal or higher CT than Attila in all three

environments. CTs of the F1s were close to mid-parent

values for the heat environment and both the well-irrigated

and drought 2006–2007, while deviations towards the high

CT parent were observed under drought 2005–2006. The

evidence of F1 mid-parent deviation under drought sug-

gested some dominance or epistatic gene action under this

environment. Backcross CTs tended to approach the mean

of the recurrent parent, except in drought 2005–2006.

The main effect of genotype and year, as well as all the

interactions including year, were significant for CTs from

Cross 2 (Weebill4//Gim/Lira). Weebill4 showed equal CT

than Gim/Lira. CTs for F1 were close to mid-parent values.

CTs for BC1P1, and BC1P2 tended to approach the low CT

parent.

In Cross 3 (Weebill4/SW89.5193), genotype and year

effects, as well as genotype by environment and genotype

by year interaction were significant. Significant differences

between generations were observed in the CTs in this cross.

Deviations from the mid-parent value were observed for F1

CTs under both drought and well-irrigated environments.

The direction of this deviation was different across years

and environments. Backcross CT values tended to

approach the mean of the recurrent parent.

In Cross 4 (SW89.5193/Prinia), genotype and environ-

ment main effects and genotype by year interaction were

significant. Opposite deviations from the mid-parent value

were observed for F1s under well-irrigated and drought

conditions in 2005–2006. Under well-irrigated environ-

ments CT for the F1 tended to be lower than the mid-parent

value, while it was higher under drought. Deviations were

also observed for the backcross CTs, which did not cor-

respond with the mean of the recurrent parent in this spe-

cific cross.

In Cross 5 (Weebill4/Prinia), genotype main effect was

not significant. The genotype by environment interaction

was significant in this cross as generation groups changed

their relative performance under well-irrigated and drought

conditions. F1 CTs were close to mid-parent value under

drought and close to highest parent under well-irrigated

conditions. Under drought, backcross CTs tended to be

Table 4 Mean, standard errors, and least significant difference (LSD)

for canopy temperature (�C) of six generations (P1, P2: parents, F1,

BC1P1: F1 9 P1, BC1P2: F1 9 P2: and F2 derived groups) for five

wheat crosses growing in diverse environments during two cycles

(2005–2006 and 2006–2007)

Cross pedigree Environment P1 P2 F1 BC1P1 BC1P2 F2 derived groups LSD

Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE

2005–2006

Cross 1

(SW89.5193/Attila)

Drought 24.10 ± 0.10 25.05 ± 0.35 25.90 ± 1.60 25.25 ± 0.85 25.20 ± 0.20 25.33 ± 0.07 2.01

Well-irrigated 21.90 ± 0.10 21.80 ± 0.10 21.65 ± 0.35 21.85 ± 0.15 21.30 ± 0.40 22.19 ± 0.05 1.38

Heat 27.28 ± 0.18 25.92 ± 0.15 26.57 ± 0.07 26.57 ± 0.03 26.28 ± 0.28 26.80 ± 0.03 0.97

Cross 2

(Weebill4//Gim/Lira)

Drought 26.20 ± 1.20 25.25 ± 0.35 26.15 ± 0.95 25.85 ± 0.15 25.75 ± 0.75 25.24 ± 0.10 2.22

Well-irrigated 20.90 ± 0.20 21.15 ± 0.15 21.10 ± 0.30 20.75 ± 0.05 20.60 ± 0.10 21.15 ± 0.04 0.84

Cross 3

(Weebill4/SW89.5193)

Drought 24.40 ± 1.60 24.25 ± 0.85 23.95 ± 0.45 23.70 ± 0.70 24.20 ± 0.80 24.35 ± 0.06 1.74

Well-irrigated 22.70 ± 0.05 23.15 ± 0.15 23.30 ± 0.10 22.53 ± 0.17 23.18 ± 0.07 23.07 ± 0.03 0.74

Cross 4

(SW89.5193/Prinia)

Drought 25.30 ± 0.30 25.55 ± 0.25 25.85 ± 0.25 24.60 ± 0.30 25.20 ± 0.10 25.87 ± 0.06 1.85

Well-irrigated 24.00 ± 0.20 23.60 ± 0.50 22.90 ± 0.20 23.10 ± 0.10 23.65 ± 0.15 23.68 ± 0.03 0.93

Cross 5

(Weebill4/Prinia)

Drought 24.7 ± 0.5 24.05 ± 0.45 24.45 ± 0.65 24.5 ± 0.3 23.7 ± 0.3 24.67 ± 0.04 1.37

Well-irrigated 21.05 ± 0.45 21.90 ± 0.20 21.90 ± 0.10 22.00 ± 0.30 21.95 ± 0.35 22.69 ± 0.06 2.01

2006–2007

Cross 1

(SW89.5193/Attila)

Drought 31.51 ± 0.26 30.00 ± 0.42 30.23 ± 0.35 31.78 ± 0.35 30.15 ± 0.35 30.16 ± 0.05 1.59

Well-irrigated 28.35 ± 0.07 27.54 ± 0.11 28.08 ± 0.10 27.95 ± 0.10 27.35 ± 0.10 27.98 ± 0.03 1.02

Heat – – – – – –

Cross 2

(Weebill4//Gim/Lira)

Drought 25.23 ± 0.22 26.40 ± 0.25 25.50 ± 0.10 25.65 ± 0.05 25.70 ± 0.30 26.19 ± 0.06 1.42

Well-irrigated 28.08 ± 0.18 29.80 ± 0.44 28.70 ± 0.40 27.87 ± 0.33 27.60 ± 0.60 28.71 ± 0.06 3.13

Cross 3

(Weebill4/SW89.5193)

Drought – – – – – –

Well-irrigated 27.40 ± 0.23 28.87 ± 0.19 26.91 ± 0.14 27.50 ± 0.27 30.18 ± 0.27 27.76 ± 0.05 1.47

Cross 4

(SW89.5193/Prinia)

Drought 30.80 ± 0.10 31.13 ± 0.13 30.48 ± 0.38 31.40 ± 0.24 31.85 ± 0.24 31.09 ± 0.05 1.50

Well-irrigated – – – – – –

Cross 5

(Weebill4/Prinia)

Drought – – – – – –

Well-irrigated – – – – – –
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Table 5 Chi-square and probability for goodness of fit test of nine genetic models for canopy temperature in five wheat crosses grown in diverse

environments in Ciudad Obregon, Mexico, 2005–2007

Cycle Genetic component Cross 1

(SW89.5193/

Attila)

Cross 2

(Weebill4//

Gim/Lira)

Cross 3

(Weebill4/

SW89.5193)

Cross 4

(SW89.5193/

Prinia)

Cross 5

(Weebill4/

Prinia)

v2 a Pb v2 P v2 P v2 P v2 P

2005–2006

Drought m[a] 22.47 \0.001 6.79 0.15 1.56 0.82 43.36 \0.001 13.88 0.01

m[d] 33.88 \0.001 3.67 0.45 0.6 0.96 40.41 \0.001 10.22 0.04

m[a][d] 18.16 \0.001 3.62 0.31 0.58 0.90 38.2 \0.001 9.96 0.02

m[a][d][aa] 0.63 0.73 0.14 0.93 0.29 0.87 20.83 \0.001 6.44 0.04

m[a][d][ad] 3.65 0.16 1.93 0.38 0.26 0.88 33.62 \0.001 6.94 0.03

m[a][d][dd] 5.96 0.05 2.74 0.25 0.58 0.75 35.63 \0.001 9.85 0.01

m[a][d][aa][ad] 0.038 0.85 0.01 0.92 0.14 0.71 18.72 \0.001 1.58 0.21

m[a][d][aa][dd] 0.35 0.55 0.14 0.71 0.17 0.68 1.63 0.20 6.23 0.01

m[a][d][ad][dd] 1.22 0.27 1.5 0.22 0.23 0.63 32.94 \0.001 6.94 0.01

Well-irrigated m[a] 24.1 \0.001 51.67 \0.001 13.69 0.01 42.86 \0.001 63.62 \0.001

m[d] 23.18 \0.001 24.14 \0.001 34.08 \0.001 11.86 0.02 39.69 \0.001

m[a][d] 22.99 \0.001 24 \0.001 9.11 0.03 7.02 0.07 35.51 \0.001

m[a][d][aa] 1.68 0.43 10.73 0.005 7.61 0.02 6.73 0.03 0.91 0.63

m[a][d][ad] 21.36 \0.001 23.99 \0.001 9.09 0.01 0.47 0.79 34.49 \0.001

m[a][d][dd] 10.37 0.01 23.7 \0.001 8.91 0.01 5.38 0.07 18.71 \0.001

m[a][d][aa][ad] 1.37 0.24 9.02 0.003 6.93 0.01 0.006 0.94 0.11 0.74

m[a][d][aa][dd] 1.33 0.25 2.69 0.10 4.25 0.04 5.38 0.02 0.83 0.36

m[a][d][ad][dd] 8.9 0.003 23.69 \0.001 8.89 0.003 0.47 0.49 18.63 \0.001

2006–2007

Drought m[a] 16.23 0.003 39.97 \0.001 – – 16.13 0.003 – –

m[d] 45.23 \0.001 39.2 \0.001 – – 19.21 0.001 – –

m[a][d] 16.01 0.001 13.4 0.004 – – 13.49 0.004 – –

m[a][d][aa] 7.14 0.03 2.77 0.25 – – 13.46 0.001 – –

m[a][d][ad] 14.78 0.001 12.82 0.002 – – 12.82 0.002 – –

m[a][d][dd] 15.4 \0.001 9.75 0.01 – – 9.33 0.01 – –

m[a][d][aa][ad] 4.43 0.04 0.67 0.41 – – 12.79 \0.001 – –

m[a][d][aa][dd] 2.42 0.12 2.39 0.12 – – 0.71 0.40 – –

m[a][d][ad][dd] 13.86 \0.001 9.49 0.002 – – 8.57 0.003 – –

Well-irrigated m[a] 23.01 \0.001 9.74 0.05 95.62 \0.001 – – – –

m[d] 80.53 \0.001 32.61 \0.001 118.9 \0.001 – – – –

m[a][d] 22.96 \0.001 7.33 0.06 66.68 \0.001 – – – –

m[a][d][aa] 20.96 \0.001 7.31 0.03 64.33 \0.001 – – – –

m[a][d][ad] 21.28 \0.001 7.19 0.03 45 \0.001 – – – –

m[a][d][dd] 18.69 \0.001 5.77 0.06 60.94 \0.001 – – – –

m[a][d][aa][ad] 19.69 \0.001 7.18 0.01 41.78 \0.001 – – – –

m[a][d][aa][dd] 1.64 0.20 2.51 0.11 21.84 \0.001 – – – –

m[a][d][ad][dd] 16.3 \0.001 5.39 0.02 40.36 \0.001 – – – –

2006

Heat m[a] 66.29 \0.001 – – – – – – – –

m[d] 55.85 \0.001 – – – – – – – –

m[a][d] 53.6 \0.001 – – – – – – – –

m[a][d][aa] 26.05 \0.001 – – – – – – – –

m[a][d][ad] 8.63 0.01 – – – – – – – –

m[a][d][dd] 46.64 \0.001 – – – – – – – –
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closer to the performance of the recurrent parents. However,

both BC1P1 and BC1P2 did not differ in the well-irrigated

environment and were closer to the high CT parent.

Goodness of fit of genetic models

The goodness of fit of the genetic components to a total of nine

genetic models for CT were tested for each cross, year and

environment. The selected nine models represent all possible

combinations having the general mean [m], [a], [d], and a

maximum of two interaction components to retain at least one

degree of freedom. The goodness of fit chi-square values and

probabilities are showed in Table 5. The chi-square value

tested the null hypothesis that the data fit the model, thus chi-

square values with P C 0.05 denoted goodness of fit.

Under drought, the model having the [m], [a], [d], [aa] and

[ad] genetic components was selected because it had the

lowest chi-square and highest P values in four out of five

crosses in 2005–2006 and in one out of three crosses in 2006–

2007. The model explained by [m], [a], [d], [aa] and [dd] was

selected for the other crosses grown under drought.

Considering the well-irrigated environment, the model

explained by [m], [a], [d], [aa] and [dd] was selected in

three out of five crosses in 2005–2006 and in three out of

three crosses in 2006–2007. On other hand, the model

described by [m], [a], [d], [aa] and [ad] was selected for the

other crosses grown under well-irrigated conditions.

For the cross evaluated under heat, the model containing

the [m], [a], [d], [aa] and [dd] parameters showed the best

goodness of fit.

Generalizing across environments and crosses, there was a

repetitive pattern in the models with the lowest chi-square

values, namely m[a][d][aa][ad] and m[a][d][aa][dd], sug-

gesting that models containing the interaction components

[aa] and either [ad] or [dd] resulted in the best fit of the data.

Significance of individual genetic components

Significance of each individual genetic component was

tested using Student’s t test (Table 6), since not all the

components in the selected models could be significant,

even when the models were selected as having the lowest

chi-square. Genetic components with t test \0.05 were

considered different from zero and significant to the model.

The mean values for CT were highly significant in all

the situations tested. The [aa] epistatic component was

significant in 10 out of the 17 combination of crosses,

environments and years analyzed. The [dd] component was

significant in 4 out of those 17 combinations, while the [d]

component was significant in 2 combinations. Thus,

excluding the [m] value, estimates of [aa] were consistently

having the highest significance levels.

Discussion

The models described as m[a][d][aa][ad] and m[a][d][aa][dd]

consistently showed the best goodness of fit of the data. How-

ever, not all the components in the selected models were sig-

nificant. Excluding the [m] values, estimates of [aa] consistently

had the highest significance levels. Thus, considering both the

genetic model goodness of fit and the significance of each of the

genetic parameters in the model, [aa] genetic effect was iden-

tified as the single most important component of the genetic

variance for CT. Additive 9 additive epistatic effects indicate

the need to sample potentially larger populations (Lande and

Thompson 1990) in order to recover desired combinations,

even though, alleles could be pyramided for decreasing CT in a

target plant ideotype. It has been proposed that delaying

selection until lines are homozygous should reduce the need for

large population sizes (Rebetzke et al. 2006).

Table 5 continued

Cycle Genetic component Cross 1

(SW89.5193/

Attila)

Cross 2

(Weebill4//

Gim/Lira)

Cross 3

(Weebill4/

SW89.5193)

Cross 4

(SW89.5193/

Prinia)

Cross 5

(Weebill4/

Prinia)

v2 a Pb v2 P v2 P v2 P v2 P

m[a][d][aa][ad] 2.34 0.13 – – – – – – – –

m[a][d][aa][dd] 1.68 0.19 – – – – – – – –

m[a][d][ad][dd] 7.34 0.01 – – – – – – – –

The chi-square value tested the null hypothesis that the data fit the model, thus chi-square values with P C 0.05 denoted goodness of fit. Models

selected to be best are indicated in bold

m, Estimated mean; [a], additive component; [d], dominance component; [aa], additive 9 additive epistatic component; [ad], addi-

tive 9 dominance epistatic component; [dd], dominance 9 dominance epistatic component
a Chi-square values. Degrees of freedom for the chi-square value equal six (total number of generations used to estimate the model) minus the

number of components in the model
b Chi-square testing the null hypothesis that the data fit the model, thus chi-square values with P C 0.05 denoted goodness of fit
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The complexity in CT heredity has been suggested to be

associated with the fact that different cultivars would have

different mechanisms to adapt to particular environmental

conditions (Liu et al. 2005). The absence of a significant [a]

effect could then be the result of a complex gene pathway

for CT, involving several genes of small effect with dif-

ferent expression under diverse environments (Mathews

et al. 2008). Interactions among genes, stress adaptive

traits, and environment would contribute to reduce this

additive component. While digenic epistatic quantitative

trait loci (QTLs) were recognized to affect CT in rice, with

a total of 16 pairs of significant interactions associated with

this trait (Liu et al. 2005), efforts are now being concen-

trated in the identification of QTL for CT in wheat (Pinto

et al. 2008).

We have chosen to work with F2 derived material to be

able to assess both dominance and additive effects. But this

has also impacted on the precision of the estimation of the

Table 6 Estimates of individual genetic components, standard errors

(SE), and Student’s t significance level (P) for the models with the

best chi-square fit for canopy temperature measured on parents,

F1, F2 derived groups, and backcrosses for five wheat crosses

growing in diverse environments in Ciudad Obregon, Mexico, 2005–

2007

Cycle Genetic

component

Cross 1

(SW89.5193/

Attila

Cross 2

(Weebill4//

Gim/Lira)

Cross 3

(Weebill4/

SW89.5193)

Cross 4

(SW89.5193/

Prinia)

Cross 5

(Weebill4/

Prinia)

Mean SE P Mean SE P Mean SE P Mean SE P Mean SE P

2005–2006

Drought m 25.33 0.07 \0.001 25.24 0.10 \0.001 24.35 0.06 \0.001 25.87 0.06 \0.001 24.67 0.04 \0.001

[a] 0.05 1.05 0.97 0.10 0.90 0.93 -0.50 1.50 0.80 -0.60 0.40 0.37 -0.80 0.30 0.23

[d] 0.89 4.19 0.83 2.68 3.91 0.49 -1.96 4.93 0.69 -3.46 1.57 0.03 -2.19 1.90 0.25

[aa] -0.44 2.36 0.85 2.25 2.18 0.31 -1.58 3.26 0.63 -3.88 1.05 0.0004 -2.26 0.77 0.004

[ad] 0.53 1.28 0.75 -0.38 1.67 0.86 -0.57 2.73 0.87 -0.47 0.67 0.61 -1.13 0.78 0.38

[dd] 0.49 8.11 0.95 -1.70 7.43 0.82 2.33 9.61 0.81 6.83 2.90 0.02 3.51 3.62 0.33

Well-irrigated m 22.19 0.05 \0.001 21.15 0.04 \0.001 23.07 0.03 \0.001 23.68 0.03 \0.001 22.69 0.06 \0.001

[a] 0.55 0.55 0.50 0.15 0.15 0.50 -0.65 0.25 0.23 -0.55 0.25 0.27 0.05 0.65 0.95

[d] -2.65 1.73 0.13 -1.83 0.92 0.05 -0.51 0.81 0.54 -2.13 1.17 0.07 -2.43 1.98 0.22

[aa] -2.45 1.28 0.05 -1.90 0.45 <0.001 -0.88 0.61 0.16 -1.23 0.62 0.05 -2.85 1.55 0.07

[ad] 0.50 0.65 0.58 0.27 0.33 0.55 -0.43 0.35 0.44 -0.75 0.60 0.43 0.47 0.98 0.71

[dd] 3.15 3.28 0.34 3.45 1.70 0.05 1.93 1.51 0.21 1.13 2.22 0.61 1.70 3.70 0.65

2006–2007

Drought m 30.16 0.05 \0.001 26.19 0.06 \0.001 – – – 31.09 0.05 \0.001 – – –

[a] 1.63 0.71 0.26 -0.05 0.35 0.91 – – – -0.45 0.47 0.51 – – –

[d] 2.67 2.29 0.25 -2.39 1.28 0.06 – – – 1.63 1.63 0.32 – – –

[aa] 3.20 1.59 0.05 -2.08 0.95 0.03 – – – 2.12 1.14 0.07 – – –

[ad] 0.87 1.05 0.56 0.54 0.59 0.53 – – – -0.29 0.58 0.71 – – –

[dd] -5.09 4.40 0.25 2.00 2.32 0.39 – – – -5.75 3.06 0.06 – – –

Well-irrigated m 27.98 0.03 \0.001 28.71 0.06 \0.001 27.76 0.05 \0.001 – – – – – –

[a] 0.60 0.19 0.20 0.27 0.93 0.82 -2.68 0.55 0.13 – – – – – –

[d] -1.18 0.71 0.10 -4.15 2.83 0.14 3.08 1.66 0.06 – – – – – –

[aa] -1.31 0.52 0.01 -3.91 2.12 0.07 4.30 1.31 0.002 – – – – – –

[ad] 0.19 0.28 0.62 1.13 1.25 0.53 -1.94 0.76 0.24 – – – – – –

[dd] 2.75 1.28 0.03 8.26 5.41 0.13 -9.56 3.10 0.003 – – – – – –

2006

Heat m 26.80 0.03 \0.001 – – – – – – – – – – – –

[a] 0.28 0.32 0.54 – – – – – – – – – – – –

[d] -1.53 0.99 0.12 – – – – – – – – – – – –

[aa] -1.50 0.76 0.05 – – – – – – – – – – – –

[ad] -0.40 0.48 0.56 – – – – – – – – – – – –

[dd] 2.13 1.86 0.26 – – – – – – – – – – – –

Genetic components with t test \0.05 (indicated in bold) were considered different from zero and significant to the model
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various genetic components. Because loci are heterozygous

at F2, phenotypic variation is quite compressed compared

to what it is at a more fixed level, in the absence of strong

dominance effects. Populations derived from F4 or F5

plants would have contained more homozygous lines at a

given loci or at combinations of loci and therefore would

have allowed a more precise estimation of additive and

additive 9 additive effects. Therefore, results could have

been different with more homozygous populations.

The negative sign of the [aa] values and the significance

of models explained by [a], [d] and [aa] epistasis has also

been demonstrated by Rebetzke et al. (2003) for the

expression of leaf conductance measured prior to anthesis

on irrigated plants from different generations of three

wheat crosses. Additionally, a negative sign on the additive

gene effect was also reported for carbon isotope discrimi-

nation (CID), a variable correlated with transpiration effi-

ciency (Rebetzke et al. 2006). They concluded that additive

alleles for reduced CID could have been mainly transmitted

for single and interacting loci from the low CID parent.

The similarities observed between the level and signif-

icance of epistatic effects found when comparing the

results of the CT study with those on both leaf conductance

and CID would suggest that these traits are under oligo-

genic or polygenic control, thus, the substitution for desired

alleles would depend on the average effects of specific

alleles at interacting loci. The gene action patterns reported

for traits related with water uptake and transpiration effi-

ciency suggested that additive alleles may be largely

transmitted by single and interacting loci from the parents

expressing high water-use efficiency. That would support

the crossing strategy proposed by Reynolds et al. (2009)

where parents with potentially complementary traits are

selected to ensure continued genetic gains in breeding for

drought and heat stressed environments.

Both additive and non-additive gene action were important

in controlling expression of CT in the different crosses and

environments evaluated. As explained by Milus and Line

(1986), the lack of fit observed in some of the models may be

explained by more complex genetic control, linkage of

interacting loci, or a large environmental variance. For

example, dominance and dominance 9 dominance effects

were significant in some of the situations tested but not in a

repetitive pattern. Presence of dominance genetic effects

would indicate that selection for CT should be delayed until

after inbreeding is obtained and the frequency of heterozygous

loci within families has decreased. However, dominance

effects could be exploited in the development of F1 hybrids.

Reynolds et al. (2007) reported theoretical yield gains

associated with CT under diverse environments and dem-

onstrated by principal component analysis and regression

analysis that traits associated with water use were making

the strongest contribution to yield. Canopy temperature has

been identified as the single most drought-adaptive trait

contributing to a higher performance in a Seri–Babax RIL

wheat population grown under different water regimes and

environments (Olivares-Villegas et al. 2007). In this pop-

ulation, low canopy temperatures and higher grain yields

were associated with specific linkage groups by QTL

analyses (Pinto et al. 2008). Further genomic and tran-

scriptomic studies would be necessary to permit the iden-

tification of parents to introduce in the breeding program

and the detection of proper allelic combinations by marker-

assisted selection. However, complex traits—such as CT—

could result from the interaction of diverse genetic path-

ways which would make difficult the identification of

QTLs, especially under diverse environments and stresses

(Mathews et al. 2008).

Conclusions

Our results confirmed the suitability of CT as a selection

criterion to improve tolerance to stress, based on the

associations between CT and grain yield in addition to the

genotype differences observed between cultivars. Addi-

tive 9 additive and dominance 9 dominance interactions

were greater than their corresponding additive and domi-

nance components in all crosses and environments indi-

cating that epistasis was a significant contributor to genetic

variances. The presence of epistatic gene action indicates

that the expression of a gene at one locus could be masked

by a gene at another locus, though the finding of significant

additive effects indicates that improvement can be made by

conventional breeding. The partitioning of total epistasis

revealed that additive 9 additive gene effects were highly

significant for CT. The dominance and epistatic gene

action effects for CT suggest that the selection may be

delayed until having low heterozygous loci within families

in order to increase the efficiency in the selection methods

for yield improvement through CT.
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