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Abstract: Greater early vigour has potential for increasing biomass and grain yields of wheat
crops in Mediterranean-type environments. Embryo size is an important determinant of early
vigour in barley and likely to contribute to greater vigour in wheat. Little is known of the
underlying genetic control for embryo size, or its genetic association with early vigour in
wheat. Over 150 doubled-haploid lines in each of three unrelated wheat populations varying
for embryo size and early vigour were phenotyped across multiple controlled environments.
The Quantitative Trait Locus (QTL) mapping was then undertaken to understand genetic
control and chromosomal location of these characteristics. Genotypic variance was large and
repeatable for embryo and leaf size (width and length) but not specific leaf area or coleoptile
tiller size. Genetic correlations for embryo size with leaf width and area were moderate to
strong in size while repeatabilities for embryo size and early vigour were high on a
line-mean basis. Multiple genomic regions were identified of commonly small genetic effect
for each trait with many of these regions being common across populations. Further,
collocation of regions for many traits inferred a common genetic basis for many of these
traits. Chromosomes 1B, 5B, 7A and 7D, and the RA#-Blb and Rht-DI1b-containing
chromosomes 4B and 4D contained QTL for embryo size and leaf width. These studies
indicate that while early vigour is a genetically complex trait, the selection of larger embryo
progeny can be readily achieved in a wheat breeding program targeting development of high
vigour lines.
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1. Introduction

Early vigour has been widely reported to provide improved productivity of wheat in semi-arid
environments, and particularly those environments in which rainfall patterns are Mediterranean in
nature [1-4]. Large areas of the Australian wheat production environment, particularly in the southern
and western cropping regions, are of a Mediterranean nature. Early vigour has been shown to increase
wheat productivity through increased biomass [2—5], and similar increases have been reported in other
crops such as barley [6-8]. Early vigour has the potential to increase crop water-use efficiency in
moisture-limited environments [9,10].

Breeding opportunities for increased water-use efficiency have been previously defined [11] as:
(1) increased crop use of available water; (2) increased biomass per unit of water utilised by the crop;
and (3) increased harvested product. The effect of greater biomass in the early growth of the crop is
likely to increase soil shading thereby reducing soil moisture evaporation and retaining more moisture
for crop growth [12]. The increased radiation interception is likely also important for improving the
ability of the crop to compete with weeds [13,14]. This potential has also been observed in other crops
such as barley [8] and rice [15]. There is also potential for high vigour wheats in maintaining biomass
and grain yield with late sowing.

Embryo size is correlated with seed size in wheat [6,16—19]. Seed size has also been reported to
influence early vigour and seedling characteristics in wheat [6,20-22] and other species including
barley [23], rice [24], durum wheat [25], triticale [26] and maize [27]. The close relationship between
seed size and early vigour characteristics highlights the importance of accounting for such effects when
attempting genetic analyses of early vigour traits. Further, it has been previously reported [28] that the
correlation of seed size to early vigour performance might be more pronounced under conditions of
moisture stress than in well-watered conditions.

Genomic regions and underlying genetic loci associated with early vigour have been reported for
wheat by several sources [29—33]. However, to date there have been no published reports describing
genes or Quantitative Trait Locus (QTL) for embryo size in wheat. That aside, genetic studies of embryo
size were reported in other cereal species and particularly rice (e.g., [24,34]).

This paper aims to characterise embryo size and early vigour for three doubled-haploid wheat
populations in order to assess genetic variation and covariation, and inheritance for these characteristics.
QTL analyses and mapping was then conducted to establish chromosomal regions of importance and
their robustness for these traits across populations.

2. Results

Assessment of embryo size and early vigour will be reported on a population basis. The QTL analyses
on the Sunco/Tasman and Cranbrook/Halberd populations will then be discussed separately.
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2.1. Phenotypic Characterisation
2.1.1. Sunco/Tasman Population

The Sunco/Tasman DH population contained significant genotypic variation for embryo
characteristics width, length and derived-area (Table 1 and Figure 1). The range in genotype means was
72%, 90% and 134% for embryo length, width and area, respectively. The population mean for embryo
width (1.37 mm) was approximately equal and not statistically different (p > 0.05) to the mid-parent
value (1.35 mm). Similarly, the mid-parent and population means were not statistically different for
embryo length (2.31 vs. 2.32 mm) and embryo area (2.27 vs. 2.31 mm?). Frequency distributions for
embryo traits in the Sunco/Tasman population are illustrated in Figure 1 with progeny means considered
to be normally distributed for all three traits. Although the population means were relatively similar to
the mid-parent value for each trait, many lines produced values considerably in excess or less than the
parent values suggesting transgressive segregation. The observed transgressive segregation could also
reflect non-random sampling of genotypes or alleles (disequilibrium) although this is unlikely in these
larger populations.

Frequency distributions for early vigour (above-ground plant) traits are given in Figure 2. Genotypic
differences were significant for all traits except primary tiller length (Table 1). For all traits genotype
means were assumed to be normally distributed with the exception of coleoptile tiller length (size). For
coleoptile tiller size, many lines did not produce a coleoptile tiller for one of two reasons: (1) lacked
genotypic potential; or (2) timing of the vigour harvest did not allow for tiller late expression.
Interestingly for this population this phenomenon was not exhibited for primary tiller length with many
of the DH lines producing a primary tiller prior to the early vigour harvest. For most early vigour traits
the population mean was found to be approximately equivalent to the mid-parent mean. The exception
here was primary tiller length where the population mean was similar in size to the high-parent mean
and not the mid-parent value. Considerable transgressive segregation was evident for all early vigour
traits in this population.

Variance components from the analysis of embryo traits are given in Table 1. Seed weight was found
to be a significant covariate for all traits and so was included in the combined analysis. Increases in seed
size were commonly associated linearly with increases in trait value (data not shown).
Genotypic variance was large and statistically significant for embryo width, length and area.
Genotypic x environment interactions were found to be significant but relatively small in size for all
three embryo traits. Narrow-sense heritabilities were greatest on a line-mean basis for embryo length
(78%) and smallest for embryo width (59%). Heritabilities were also moderate in size for embryo traits
on a single-seed basis (Table 1).
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Table 1. Variance components (o> £ standard errors) and narrow-sense heritability (on a line-mean and single-plant basis; +standard error) for
multi-environment assessment of early vigour parameters for the Sunco/Tasman doubled-haploid bread wheat population. The statistical
significance of seed weight as a covariate for each trait analysis is also given.

Embryo Embryo Embryo Leaf 1 Leaf1+2 Total Leaf Specific Total Dry Primary Coleoptile
Parameter Leaf 1 Length
Width 4 Length 4 Area A Width 4 Area Area A Leaf Area Weight Tiller Length  Tiller Length
o% 0.255+£0.05**  1.29+0.18** 242+0.35** 2.12+0.39 ** 133+£32*%  3347+600 ** 1252+ 19.7 ** 49 £ 15 ** 48 £ 18 ** 22+ 16 ns 401 +£ 117 **
076 <k 0.011£0.07*  0.05+£0.01** 0.12£0.05% 027+032%F  69+33%  1110£473 %  246+12.8* 32+17* 69 % 24 ** 61£24%% 472+ 128 **
CPresicual 0.349+£0.04 **  0.61+£0.06 ** 1.54+0.19** 4.83+036** 40.6+£29**  5444+393 ** [523+11.4%** 218 £ 16 ** 225+ 18 ** 264 £21 ** 1380 + 102 **
Pinemean  0.59£0.10 %% 0.78£0.09**  0.73+£0.10** 0.78£0.08**  0.56£0.08** 0.70£0.09** 0.77£0.10 %%  048£0.07** 040£0.08**  023+0.11* 0.46+0.08 **
F2single-plant 0.42+£0.06 **  0.66+0.07 ** 0.59+0.10** 044+£0.06** 022+0.04** 034+0.05** 0.41+£0.4 ** 0.16 +0.05 * 0.14+£0.04*  0.06+£0.04ns 0.18+0.05 **
Seed Welght * kk kk kk * kk kk * ns ns skk

* ** Indicates statistical significance at p = 0.05
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Figure 1. Frequency distributions of embryo characteristics for the Sunco/Tasman doubled-haploid population. Traits shown are (A) embryo

width; (B) embryo length; and (C) embryo area. Population and parental means are given beneath chart.
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Figure 2. Frequency distributions of various early vigour traits for the Sunco/Tasman
doubled-haploid bread wheat population. Traits shown are (A) Leaf 1 width; (B) Leaf 1
length; (C) Leaf 1+2 area; (D) Total leaf area; (E) Specific Leaf Area (SLA); (F) Total dry
weight; (G) Primary tiller length; and (H) Coleoptile tiller length. Population and parental

0

24

30 36 43 49 5.5
Leaf 1 width (mm)
Population mean = 4.1 mm

Sunco = 3.7 mm
Tasman = 4.7 mm

305 604 903 1201 1500 1799

Total leaf area (mm?)

Population mean = 1199 mm?

Sunco = 1061 mm?
Tasman = 1417 mm?

45 90 136 181 226
Primary tiller length (mm)

Population mean =105 mm

Sunco =105 mm
Tasman =103 mm

means are also given.

350 -

300 -

250 -

200 +

150 -

100 -

50

400 +
350 -
300 +
250 -
200 +
150
100 -
50 4

27.00 413 557 70.0 843 987

Leaf 1 length (mm)

Population mean =70 mm
Sunco =65 mm
Tamsan =75 mm

209 257 305 353 401 449

SLA mm?g"’

Population mean = 326 mm?2 g~'

0

Sunco = 327 mm?g~’
Tasman =329 mm? g~!

38 77 115 154 192
Coleoptile tiller length (mm)
Population mean = 41 mm

Sunco =34 mm
Tasman = 44 mm

250 -

200 +

150 -

100 -

50 4

350 +

300 +

250 4

200 -

150

100 -

50 -

205

357 509 661 813 966
Leaf 1+2 area (mnv)

Population mean = 650 mm?

Sunco = 559 mm?
Tasman = 773 mm?

50 89 128 166 205
Total dry weight (g)
Population mean =83 g

Sunco=73¢g
Tasman=92¢g

156

Variance components for early vigour traits in the Sunco/Tasman population are given in Table 1.

Seed weights were found to be significant in the analysis of most traits and were treated as covariates as

required. In all traits with the exception of primary tiller length, genetic variances were large and

statistically significant. No significant genetic variance was observed for primary tiller number in this

population. The magnitude of genotypic x environment interactions were variable across traits with

those for specific leaf area, total plant dry weight, primary tiller and coleoptile tiller lengths being large

and statistically significant. This was reflected in the narrow-sense heritabilities (line-mean) for these
traits being small (23%-48%). Leaf one width and total leaf area exhibited the largest line-mean
narrow-sense heritabilities of 78 and 77%, respectively.
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Genetic correlations for embryo dimensions with early vigour traits are listed for the Sunco/Tasman
population in Table 2. In all covariance analyses seed size was included in the full statistical model.
There was a strong and significant correlation of embryo area with both embryo width (rg = 0.88 **) and
length (g = 0.84 **). The genetic relationship of embryo length with width was also significant and
positive albeit the correlation was smaller (Table 2). The relationship for embryo traits with genotypic
variation in early vigour were found to be largely positive although for some traits were not statistically
different from zero. The largest genetic correlations with embryo traits were for embryo length and
specific leaf area (g = 0.58 **); embryo area and total dry weight (rg = 0.47 **); and embryo width and
leaf 1 width (rg = 0.44 **).

Generally, the relationships for embryo size with leaf 1 and coleoptile tiller length were not
significant, or small. The relationship for embryo size with primary tiller length was evident as embryo
width and length were not in themselves significant correlated with tiller length whereas embryo area
was correlated with tiller length. The genetic correlation for leaf 1 width and total leaf area was strong
and significant (rg = 0.83 **) while total leaf area and plant dry weight were themselves strongly
correlated (rg = 0.92 **) (data not shown).

Table 2. Genetic correlations (rg) for the embryo characteristics and early vigour parameters
of the Sunco/Tasman doubled-haploid bread wheat population.

Total Specific Total Primary Coleoptile
Embryo Embryo Embryo Leafl Leaf 1 Leaf 1+

rg Leaf Leaf Dry Tiller Tiller
Width Length Area Width  Length 2 Area
Area Area Weight Length Length
Embryo
0.56 ** 0.88**  0.44**  0.09 ns 0.26 ** 0.34 **  0.26 ** 0.27 ** —0.13 ns 0.19 *
width
Embryo
0.84 ** 033 **  0.09ns 0.25 ** 0.33 ** (.58 ** 0.32 ** 0.03 ns 0.21*
length
Embryo
0.36**  0.12ns 0.34 ** 0.41 **  0.36 ** 0.47 ** 0.26 ** 0.15ns

arca

* ** Indicates statistical significance at p = 0.05 and 0.01, respectively; ns: non-significant at p = 0.05.
2.1.2. Cranbrook/Halberd Population

As was the case for the Sunco/Tasman population, the Cranbrook/Halberd population exhibited large
and statistically significant range in progeny means for embryo width, length and area (Figure 3). The
range was smaller for embryo width (0.9 mm) and length (1.3 mm) than for embryo area
(2.11 mm?). For embryo width, the population mean (1.43 mm) was consistent with the large width
parent Halberd (1.42 mm), and was statistically larger than the mid-parent value of 1.41mm. Embryo
area was similar to embryo width in this respect, as the population mean (2.51 mm?) was statistically
larger than the mid-parent value (2.46 mm?) and larger than the mean for the larger embryo area parent
Halberd (2.49 mm?). Both parents shared similar estimates for embryo length (2.41 mm), and these were
similar in size to the population mean of 2.44 mm.
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Figure 3. Frequency distributions of embryo characteristics for the Cranbrook/Halberd
doubled-haploid bread wheat population. Traits shown are (A) Embryo width; (B) Embryo
length; and (C) Embryo area. Population and parental means are also given.

Frequency distributions for progeny means for the embryo size traits are given in Figure 3. Progeny
distributions for all three embryo traits was assumed to be Gaussian in nature, and as for the
Sunco/Tasman population, genotypic variation exceeding either parent was observed for each embryo
trait in the Cranbrook/Halberd population. Early vigour frequency distributions for Cranbrook/Halberd
are given in Figure 4. As was the case with Sunco/Tasman, each of the Cranbrook/Halberd traits was
found to be normally distributed except for coleoptile tiller length. The population mean for leaf one
width was consistent in size with the low parent (Cranbrook) whereas for specific leaf area, the
population mean exceeded both mid-parent and parental means. For all other traits, the population mean
was approximately equal in size with the mid-parent mean. Considerable transgressive segregation
among progeny means was evident for all early vigour traits for this population.

The variance components for embryo traits are given in Table 3. Variation in seed weight was found to
be statistically significant for all three dimension traits and was included in the analysis as a covariate.
Genotypic variances were found to be large and statistically significant for all traits whereas
genotype x environment interactions although significant were commonly relatively small in size. This is
reflected in the very high narrow-sense heritabilities (line-mean) observed for this population, with
embryo width estimated at 87%, and both embryo length and embryo area estimated at 90%. The high
heritabilities for embryo traits were the highest recorded for any population in this study (cf. Table 1).
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Figure 4. Frequency distributions of various early vigour traits for the Cranbrook/Halberd
doubled-haploid bread wheat population. Traits shown are (A) Leaf 1 width; (B) Leaf 1
length; (C) Leaf 1 + 2 area; (D) Total leaf area; (E) Specific Leaf Area (SLA); (F) Total dry
weight; (G) Primary tiller length; and (H) Coleoptile tiller length. Population and parental
means are also given.

Variance components for the early vigour assessments in the Cranbrook/Halberd population are
presented in Table 3. Seed weight accounted for significant variation in both leaf width and leaf area
traits but was not significant for all other traits. All genetic variance components were significantly
different from zero but several traits had large genotype x environment interaction variances, and this
was reflected in the large range of reported narrow-sense heritabilities (line-mean basis). The highest
line-mean heritabilities in this population were estimated for leaf 1 width and the leaf area traits
(67% to 77%) while the smallest estimates were those for total dry weight, primary tiller length and
coleoptile tiller length (33% to 47%).

As with the Sunco/Tasman population, the genetic correlations (Table 4) of embryo area with embryo
width and length in the Cranbrook/Halberd population were large and positive (rg = 0.88 ** and
0.89 ** respectively) while the correlation for length and width was moderate in size. Embryo trait
correlations with early vigour in this population were commonly positive with the exception of leaf one
length. The strongest association with embryo size was for leaf one and two combined area
(r¢=0.44 ** t0 0.48 **). Another notable relationship was observed for coleoptile tiller length and both
embryo length (rg = 0.47 **) and embryo area (rg = 0.43 **). The genetic correlation for leaf 1 width
and total leaf area was large and significant (rg = 0.83 **) (data not shown).
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Table 3. Variance components (o> £ standard errors) and narrow-sense heritability (on a line-mean and single-plant basis; +standard error) for
multi-environment assessment of early vigour parameters for the Cranbrook/Halberd doubled-haploid bread wheat population. The statistical
significance of seed weight as a covariate for each trait analysis is also given.

Embryo Embryo Embryo Leaf 1 Leaf1+2 Total Leaf Specific Leaf Total Dry Primary Coleoptile
Parameter Leaf 1 Width A
Width 4 Length A Area A Length Area Area A Area Weight Tiller Length  Tiller Length
o% 0.47+£0.07** 143+025**% 4.01+0.66** 4.43+09] ** 14.1 £3.6 ** 4710 £ 894 **  230.7 +38.6 ** 197 +97 * 252+ 119 ** 140 £47 ** 844 +270 **
%G <E 001+£001ns 0.01£0.02%F 0.12+£0.02%F 060+£030ns  881+£34%* 1601 +£602**  728+£21.1%F  73+£12%F 8224141 %%  268+£48%F  §13+£303 **
OPresidual 0.38£0.05** 0.93+0.14** 2.05+£0.30** 11.1+0.80 ** 354+£3.1 ** 6414 £ 554 **  187.8+16.3 ** 569 +90 ** 610+ 57 ** 230 £22 ** 3288 £251 **
Plinemen  0.87£0.11%%  090£0.06** 090+£0.06%*  0.67+0.09**  0.58+0.09**  0.72+0.07**  0.77£0.07**  0.61£0.07** 033£007* 045+£0.06**F 047 £0.07 **
Hingleplant~ 0.55+£0.04 %% 0.61+£0.05**  0.67+0.06**  027+£0.05** 024+£0.05%*  0.37+0.04 ** 0.47 £0.06 ** 023+£0.06* 0.15+£0.04* 022+0.04** 0.17+0.03 **
Seed weight * *E *k * * * * ns ns ns ns

* ** [ndicates statistical significance at p = 0.05 and 0.01, respectively; ns: non-significant at p = 0.05; * variance component x 100.

Table 4. Genetic correlations (7g) for the embryo characteristics and early vigour parameters of the Cranbrook/Halberd doubled-haploid bread

wheat population.

Embryo Embryo Embryo Leaf1 Leaf1 Leaf1+2 Total Leaf Specific  Total Dry Primary Coleoptile
& Width Length Area Width Length Area Area Leaf Area  Weight  Tiller Length Tiller Length
Embryo width - 0.51 ** 0.88 ** 036 **  —0.12ns 0.48 ** 0.29 * 0.19 * 0.29 ** 027 * 0.28 *
Embryo length - 0.89 ** 031** —-0.11ns 0.44 ** 0.27 * 0.21 * 0.25 ** 0.24 * 0.47 **
Embryo area - - 0.35**  —0.08 ns 0.45 ** 0.22 * 0.21 * 0.21 * 0.18 * 0.43 **

* ** Indicates statistical significance at p = 0.05 and 0.01, respectively; ns: non-significant at p = 0.05.
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2.1.3. Vigour18/Chuan-Mai 18 Population

Large and statistically significant variation was observed for embryo size in the Vigour18/Chuan-Mai
18 DH population (Figure 5). This population produced the largest observed range in embryo widths
(ca. 1.00 mm). The population range for embryo length (1.20 mm) was similar to that observed for the
Cranbrook/Halberd population (1.21 mm) while embryo area (2.10 mm?) was similar to the
Cranbrook/Halberd (2.11 mm?) but greater than for Sunco/Tasman (1.91 mm?) populations. The population
mean for embryo width (1.39 mm) was not statistically different to the mid-parent value (1.40 mm)
whereas embryo length (2.21 mm) and embryo area (2.21 mm?) population means were larger but not
statistically different to their mid-parent means (2.17 mm and 2.18 mm?, respectively).
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Figure 5. Frequency distributions of embryo characteristics for the Vigour18/Chuan-Mai 18
doubled-haploid bread wheat population. Traits shown are (A) Embryo width; (B) Embryo
length; and (C) Embryo area. Population and parental means are also given.

Frequency distributions for genotype means for embryo traits are given in Figure 5. As for the two
previous populations, there appears to be considerable transgressive segregation in this population for
embryo width, length and area, and distributions were Gaussian in nature. Early vigour distributions for
Vigour18/Chuan-Mai 18 progeny are given in Figure 6. Progeny means were normally distributed for
most traits with the exception of primary and coleoptile tiller length. This contrasts significantly with
the findings of both the Sunco/Tasman and Cranbrook/Halberd populations in that although each of
these populations had many lines which did not produce a coleoptile tiller both populations contained
many lines producing a primary tiller. The Vigour18/Chuan-Mai 18 population contained many lines
which did not produce either a primary or coleoptile tiller. To determine if the same plants not producing
a primary tiller were also those plants not producing a coleoptile tiller, the tiller length data was binarised
(converted to “1” or “0”’) where “0” tiller length was scored a “0”, and any tiller length greater than zero
was scored “1”. Pearson’s correlation coefficient was estimated and the resulting correlation was 0.15
(p > 0.05). This would suggest there was no relationship between a plant’s ability to produce a primary
or coleoptile tiller.
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Figure 6. Frequency distributions of various early vigour traits for the Vigour18/Chuan-Mai
18 doubled-haploid bread wheat population. Traits shown are (A) Leaf 1 width; (B) Leaf 1
length; (C) Leaf 1+2 area; (D) Total leaf area; (E) Specific Leaf Area (SLA); (F) Total dry
weight; (G) Primary tiller length; and (H) Coleoptile tiller length. Population and parental
means are also given.

In the Vigour18/Chuan-Mai 18 population most trait means approximated the mid-parent mean.
An exception to this was leaf 1 width which was closer in mean to that of the high leaf width parent
(Vigour18), and specific leaf area where the population mean was similar to that of the low specific leaf
area parent (Chuan-Mai 18). Considerable transgressive segregation was evident for all discussed traits
measured on this population.
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The genotypic variances for embryo traits in the Vigour18/Chuan-Mai 18 population were large and
statistically different from zero (Table 5). The genotype x environment interaction variances were also
significant but relatively small in size. Narrow-sense heritabilities (line-mean) for embryo length (83%)
and embryo area (78%) were high and the estimate for embryo width somewhat smaller (68%). Seed
weight was a significant covariate for embryo length and area but not for embryo width.

In the early vigour analysis of the Vigour18/Chuan-Mai 18 population (Table 5), seed weight was
found only to be significant for the traits of leaf 1 width and coleoptile tiller length. Genotypic variances
were significant for all traits with the exception of coleoptile tiller length. Leaf 1 width and leaf area
traits had large genotypic variances while other traits (e.g., total dry weight and coleoptile tiller length)
had comparatively large genotype x environment interactions and/or residual variances contributing to
smaller narrow-sense heritabilities (line-mean). Heritabilities were highest for leaf width and areas (76%
to 85%), and smallest for total dry weight (40%) and coleoptile tiller length (17%).

Genetic correlations for embryo dimension and vigour traits are listed for the Vigour18/Chuan-Mai
18 population in Table 6. As for the previously described populations, the genetic correlation of embryo
width and length with embryo area was large and positive. When compared with Sunco/Tasman
(r¢ = 0.56 **) and Cranbrook/Halberd (rg = 0.51 **), the relationship of embryo width with embryo
length was smaller in this population (¢ = 0.33 **). Leaf area and leaf width was well correlated with
embryo size although not as strongly as for total dry weight and coleoptile tiller length. This population
also produced small albeit significant negative correlations for specific leaf area and embryo width and
area, and primary tiller length and embryo width (data not shown).
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Table 5. Variance components (c? £ standard errors) and narrow-sense heritability (on a line-mean and single-plant basis; +standard error) for

multi-environment assessment of early vigour parameters for the Vigour 18/Chuan-mai 18 doubled-haploid bread wheat population.

The statistical significance of seed weight as a covariate for each trait analysis is also given.

Embryo Embryo Embryo . Leaf 1 Leaf1+2 Total Leaf Specific Leaf Total D Prima Coleoptile
Parameter Widtll.lyA Lengtrl}:A Are:}‘; Leaf 1 Width * Length Area Area A ’ Area Weighlt~y Tiller Le:éth Tiller Ll;ngth
o’ 021£0.04** 0914013 ** 1.78£0.27**  721+£1.13**  205+£498** 5459+ 788 ** 436.1 +59.4 ** 67.4+258 ** 223+ 121 * 1058 £290 ** 37+41ns
%G xE 0.06+0.02** 0.09+£0.03 ** 038+0.11**  059+037* 29+1.7%* 324+ 161 * 150+£8.0* 6.6+£12.5ns 393 + 155 ** 644 +£277 * 152 +£50 **
OPresidual 0.04+0.02** 0.81£0.04** 1.82+0.10*% 11.85+0.66**  79.1£4.2%*  7211+£394**% 411.5+£227** 651 +36** 1916 £ 114 **  3785+224 **  632+£37 **
HPiine mean 0.68£0.09 **  0.83+0.10** 0.78+£0.10**  0.76+0.09 **  0.56+0.07 ** 0.80+£0.09** 0.85+0.10** 037+£0.05** 040+£0.05** 0.53+£0.08** 0.17+0.06 *
F2single-plant 031+0.05* 0.50+£0.07** 045+0.07** 0.37+0.05** 022+0.05** 042+0.05** 051+0.06** 0.09+0.05ns 0.14+0.05* 0.19+0.05*  0.05+0.05ns
Seed weight ns ok *oK ok ns ns ns ns ns ns ok

* ** [ndicates statistical significance at p = 0.05 and 0.01, respectively; ns: non-significant at p = 0.05; * variance component x 100.

Table 6. Genetic correlations (7¢) for the embryo characteristics and early vigour parameters of the Vigour18/Chuan-Mai 18 doubled-haploid

bread wheat population.

Leaf 1 Leaf 1 Leaf1+2 Total Leaf Specific Leaf Total Dry Primary Tiller Coleoptile Tiller
rg Embryo Width  Embryo Length Embryo Area
Width Length Area Area Area Weight Length Length
Embryo width - 0.33 ** 0.78 ** 0.40 ** 0.26 * 0.34 ** 032* -0.27 * 0.42 ** -0.20 * 0.25*
Embryo length - - 0.85 ** 0.32* 0.26 * 0.28 * 0.20 * —0.07 ns 0.43 ** 0.23 * 0.47 **
Embryo area - - - 0.41 ** 0.29 * 0.37 ** 0.30 * -0.21* 0.47 ** 0.10 ns 0.43 **

* ** Indicates statistical significance at p = 0.05 and 0.01, respectively; ns: non-significant at p = 0.05.
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2.2. OQTL Analyses

The chromosomal locations identified from the QTL analysis of embryo size and early vigour traits
are shown for the Sunco/Tasman and Cranbrook/Halberd populations in Figures 7 and 8, respectively.
Allelic effects and chromosomal location are given in Tables 7-9. It is important to note that although
several publications have reported QTL for traits related to early vigour (e.g., [29-33]), to date there
have been no QTL reported for embryo size in wheat. The QTL shown in green indicate the first parent
(e.g., Sunco or Cranbrook) contributes a positive allele (e.g., increased embryo width) while a
red QTL indicates the first parent contributes a negative allele (e.g., reduced embryo width) at the
designated QTL.

Numerous QTL were identified for embryo size and early vigour in the Sunco/Tasman population
(Figure 7). For example, Sunco contributes positive alleles for embryo size QTL on chromosomes 1B,
4D, 5A, 5D, 6B and 7D. Positive genetic effects for embryo area were located on chromosomes 1B, 5A,
5D and 7D (Table 9). Embryo size QTL with negative Sunco genetic effects (i.e., positive genetic effects
from Tasman) were identified on chromosomes 1A, 2A, 2B, 3B, 4A, 4B and 7B, and embryo area on
chromosomes 2B and 4A. Key alleles for early vigour (total leaf area) with positive effect contributed
by Sunco were located on chromosomes 1B, 3B, 4D, 5A and 7D. Alleles of significant positive effect
contributed by the Tasman parent were identified on chromosomes 1A, 2B, 4B, 5B and 6B. A number
of the embryo area QTL co-located with component measures of embryo width and/or length
(Figure 7). These were most obvious on chromosome 1B, 2B and 7D.

In the Cranbrook/Halberd population, the embryo size QTL of positive genetic effect from parent
Cranbrook were identified on chromosomes 1B, 2B, 2D, 4D, 6D, 7A and 7D (Figure 8), and embryo
area on chromosomes 1B, 4D, 6D, 7A and 7D (Table 9). The QTL of negative genetic effect
(positive effects from Halberd) were located on chromosomes 1A, 3B, 4B, 5B and 7D, and embryo area
on 3B, 4B and 5B (Table 9). Cranbrook alleles of positive genetic effect for early vigour were identified
on chromosomes 1B, 2D, 4D, 5D, 6B, 6D and 7A (Table 7). Important positive alleles contributed by
Halberd in this population were identified on chromosomes 2B, 4A, 4B, 5A, 5B and 6A. As for the
Sunco/Tasman population above, embryo width and length QTL co-located with genomic regions for
embryo area on chromosomes 1B, 4B, 5B, 7A and 7D (Figure 8).

In many cases, positive QTL for total leaf area were co-located with increased embryo and leaf width
(cf- Tables 7-9). This was evident for chromosome 1B and 7D where the Sunco parent contributed alleles
for increased leaf area and both larger embryo and leaf one width. Equally, for Cranbrook on
chromosomes 4B and 5B, and Halberd on chromosomes 4D and 7A. The Tasman allele co-locating leaf
area, embryo size and leaf one width on chromosome 2B in the Sunco/Tasman population represents a
T. timopheevi translocation inherited from Sunco.

It is noteworthy that common chromosomal regions were apparent across populations for total leaf
area (chromosome 1B, 2B, 4B and 6B), leaf one width (3A, 4B, 5B and 6B) and embryo dimensions
(1B, 2B, 4B and 7D) (Figures 7 and 8).
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Table 7. Estimated additive (a) genetic effect, percent phenotypic variance, and

chromosomal location of QTL for total leaf area measured on random doubled-haploid

progenies from the Sunco/Tasman and Cranbrook/Halberd bread wheat populations

evaluated across multiple sowings in favourable conditions. Positive additive effects indicate

that the first parent allele (e.g., Cranbrook or Sunco) increases the value of the trait.

Chromosome A Nearest  QTL Position a Genetic % Phenotypic
Marker (cM) Effect 2 (mm?) Variance
Sunco/Tasman
1AS bcd808 413 -17.39 4
1BL gwmll 83.2 53.4 ** 8
2BS wmce35a 54.1 —161.1 ** 18
3BS gwm566 57.3 27.2 % 4
4BS Rht-BI 14.6 -11.69 3
4DS Rht-DI 2.9 445 * 5 QE
5AS gwm443 7.4 59.1 ** 7 QF
5BS psrl67 2.8 —54.7 ** 7
6BS gwm644 11.7 —38.7 * 4
7DS gwm295 21.1 64.8 ** 9
Cranbrook/Halberd
1BL gwml8 61.3 3559 2
2BS wPt-8004 29.9 —68.7 ** 4
2DL cdo366 104.1 157.7 ** 9
4AS wg622 46.1 —59.0 * 4
4BS gwmé6 79.2 493 9 3
4DS almtl 1 21.1 532 % 3
S5AL mwg514 121.7 —133.4 *x* g Q&
5BS stm518tctg 85.4 —43.29 2 CE
5DS wPt-5505 100.4 109.5 ** 7
6AS mwg573 34.1 —134.8 ** g QF
6BS bed1426 14.3 87.4 *x* 5 QF
6DS wg933 56.4 97.1 ** 6 &
7TAL rga3s 195.4 101.5 ** 6

A Chromosomes in bold contain leaf area QTL which appear to collocate across both populations;

B

a additive effect estimated as one-half the difference in homozygotes carrying either parental allele;

q, *, ** indicates marker effect is statistically different from zero at p = 0.10, 0.05 and 0.01; QE denotes
significant QTL X environment interaction.
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Table 8. Estimated additive (a) genetic effect, percent phenotypic variance, and chromosomal
location of QTL for leaf one width measured on random doubled-haploid progenies from the
Sunco/Tasman and Cranbrook/Halberd bread wheat populations evaluated across multiple
sowings in favourable conditions. Positive additive effects indicate that the first parent allele
(e.g., Cranbrook or Sunco) increases the value of the trait.

Chromosome * Nearest QTL Position  a Genetic % Phenotypic

Marker (cM) Effect ® (mm) Variance
Sunco/Tasman
1AS glu-A1l 26.0 —0.09 ** 4
1BL gwmll 83.9 0.09 ** 5
2AS gwm588 6.9 —0.07 ** 4QF
2BS wmce3Sa 54.0 —0.32 ** 14
2DS wmcl90 64.7 —0.12 ** 6
3AL P39-M50-152 87.2 0.10 5
4AS wg232a 42.3 0.07 * 3
4BS Rht-Bl 12.0 —0.06 * 3
4DS Rht-D1 3.7 0.09 ** 5
SAL wg232c 90.1 —0.06 * 3
5BS P36-M40-1 24.2 —0.05 * 3
6BS gwmo626 12.1 —0.05 * 3
7DS gwm295 0.0 0.04 * 3
Cranbrook/Halberd
2DS gwm261 14.2 0.09 * 5
3AL rga6l.2 113.7 —0.15 ** 11 <
3DL cfd70 88.2 0.11 * g QF
4BS Rht-Bl 64.1 -0.07 4 4
4DL almtll 20.7 0.11 * 5
SBL cdo400 95.1 —0.12 ** 9
6AS mwg573 39.1 —0.18 ** 14 @
6BS cdol091b 37.1 0.12 * 9
7AL rga3s 197.3 0.17 ** 13

A Chromosomes in bold contain leaf one width QTL which appear to collocate across both populations;
B 4 additive effect estimated as one-half the difference in homozygotes carrying either parental allele;
9,*,** indicates marker effect is statistically different from zero at p = 0.10, 0.05 and 0.01; QE denotes

significant QTL x environment interaction.
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Table 9. Estimated additive (a) genetic effect, percent phenotypic variance, and chromosomal
location of QTL for embryo area measured on random doubled-haploid progenies from the
Sunco/Tasman and Cranbrook/Halberd bread wheat populations evaluated across multiple
sowings in favourable conditions. Positive additive effects indicate that the first parent allele
(e.g., Cranbrook or Sunco) increases the value of the trait.

A Nearest QTL a Genetic % Phenotypic
Chromosome e .
Marker  Position (cM) Effect ® (mm?) Variance
Sunco/Tasman
1BL gwmll 93.2 0.53 ** 8
2BS wmce35a 54.1 —1.61 ** 18
4AS gwmo610 17.3 -0.27 * 4
5AS gwm443 7.4 0.59 ** 7
5DS gwmli90 2.8 0.55 ** 7
7DS gwm295 4.7 0.39 * 4
Cranbrook/Halberd
1BL gwml8 59.7 1.10 ** 8
3BL ksug59 96.1 -0.81 * 6
4BS cdo669b 473 —0.92 ** 7
4DS wmc48b 6.7 0.51* 4
5BL wmc289 115.9 —0.90 ** 7
6DS wmc416 53.1 1.22 ** 11
7AL psri2l 173.4 0.93 ** 7
7DS wmel57 1934 0419 4

A Chromosomes in bold contain embryo area QTL which may collocate across the two populations;
B 4 additive effect estimated as one-half the difference in homozygotes carrying either parental allele;

9. *,** indicates marker effect is statistically different from zero at p = 0.10, 0.05 and 0.01.
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Figure 7. Chromosomal locations of QTL for embryo size and early vigour from the Sunco/Tasman bread wheat mapping population.
QTL are indicated to the right of the linkage group, and the coloured bars indicate significant (p = 0.01) QTL. Red and green colouring indicates
negative and positive genetic effects respectively from the Sunco parent. QTL located on the chromosomes represent total leaf area. Other traits
illustrated are: EMA = embryo area; EML = embryo length; EMW = embryo width; SLA = specific leaf area; LW1 = Leaf one width;
LL1 = Leaf one length; LFA12 =leaf 1 + 2 area; LFWT = total leaf weight; CTLN = coleoptile tiller length.
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Figure 8. Chromosomal locations of QTL for embryo size and early vigour from the Cranbrook/Halberd bread wheat mapping population. QTL
are indicated to the right of the linkage group, and the coloured bars indicate significant (p = 0.01) QTL. Red and green colouring indicates
negative and positive genetic effects respectively from the Cranbrook parent. QTL located on the chromosomes represent total leaf area. Other
traits illustrated are: EMA = embryo area; EML = embryo length; EMW = embryo width; SLA = specific leaf area; LW1 = Leaf one width;
LL1 = Leaf one length; LF12Area = leaf 1 + 2 area; LFWT = total leaf weight; CTLN = coleoptile tiller length.
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3. Discussion

Embryo size is well established to be correlated with seed size in wheat [6,16,19]. The significance
of seed weight in modifying phenotypic expression of many traits analysed in these studies highlights
the importance of standardising to a common seed size when selecting for either embryo size or early
vigour. By careful harvesting and threshing of seed from common environments, taking great care in
ensuring seed weight was restricted to within a very small range of 5Smg or less, and then careful
statistical analysis of well-designed experiments, we were able to detect small but repeatable genetic
differences and allelic effects for embryo size and early vigour traits. It could be argued that the ranges
in seed weight were not small enough and should be decreased further. However, standardising is slow
and time-consuming in large populations necessitating the fitting of covariates to increase confidence in
the robust estimation of genetic effects.

3.1. Embryo Size

A large range in embryo size traits was observed in all three populations with variation commonly
exceeding that of the means of the parents. This transgressive segregation likely reflects the
accumulation of favourable and unfavourable alleles from either parent to reduce or increase the
genotypic value of individual lines. Further, the high heritabilities increase confidence that extremes in
progeny values are real and likely to be repeatable. It is apparent from the QTL mapping that assessed
traits were polygenic in nature with each parent containing both positive and negative alleles for each
trait. Further, population sizes were reasonably large enough to identify unique combinations of alleles
toward contrasting genotypes.

Narrow-sense heritabilities on a line-mean basis were commonly large for embryo size traits in all
three genetic backgrounds. Genotype x environment interaction was not large although given the same
seed source was used for each environment any interaction can largely be viewed as sampling variance.
The high heritabilities are encouraging from a breeding perspective as genetic gain from selection for
embryo size is likely to be high.

In all populations the relationship of embryo width to embryo length was positive but moderate in
size unlike the stronger relationship of embryo area to width and length. There is a degree of
auto-correlation in this result as embryo area was derived from components width and length. However,
the strong relationship suggests that selection for embryo area could be used not only as a means of
increasing embryo size but also as a means of indirectly increasing embryo width and length. The smaller
relationship of embryo width to embryo length suggests that it is possible to select for these traits either
independently, or in combination.

3.2. Early Vigour

Both phenotypic and genotypic variation were large for many of the early vigour traits assessed in
the three populations. The most notable exceptions to this were coleoptile tiller length (in all three
populations), and primary tiller length in the Vigour18/Chuan-Mai 18 population. The reduced genetic
variance for these traits may reflect a genetic predisposition to the production of fewer tillers. However,
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it must also be considered that the populations may not have had adequate time to develop tillers despite
later sampling at the fourth-leaf growth stage.

As was reported for embryo traits, transgressive segregation was observed for early vigour traits in
all populations. Indeed, traits associated with leaf widths and area typically had large and significant
genetic variance components. Multi-environment assessment of early vigour in the three populations
identified that genotype x environment interactions were large and statistically significant for a number
of traits. The traits most commonly impacted by these interactions were total dry weight, primary tiller
and coleoptile tiller lengths. Residual variances for early vigour traits were generally much higher than
those for embryo traits, and although great care was taken with these experiments, may reflect noise
generated by sampling techniques or inherent to the methodologies used.

Narrow-sense heritabilities on a line mean basis were generally larger for leaf width and leaf area
traits in all populations, and are consistent with higher heritabilities reported elsewhere (e.g., [35]).
The heritabilities were typically smaller for traits associated with tiller length. Specific leaf area was
variable with almost a two-fold range in heritability between the Cranbrook/Halberd and Vigour
18/Chuan-Mai 18 populations. Heritabilities are themselves parameter estimates specific to a population
of genotypes and environments. As such, heritabilities can vary and their value in prediction of genetic
gain becomes a function of the relevance of the parents used in generating the population and the
relevance of the environments sampled [36].

Seed size has been reported to influence early vigour and seedling characteristics in wheat [16,20,25]
while few studies have examined the relationship of embryo size and early vigour. In comparisons
between barley, oats, wheat and triticale, the size of the embryo accounted for ca. 90% of the early
vigour differences among the species [6]. Similarly, studies contrasting few wheat genotypes highlighted
a modest phenotypic relationship for embryo size and early growth in durum [25] and bread [19,22]
wheats. Genetic correlations reported herein are based on variation and covariation estimated for related
genotypes and across diverse wheat populations. Herein, genetic correlations for embryo traits with early
vigour were largely positive with only few significant negative correlations identified (e.g., specific leaf
area and embryo width and area, and primary tiller length and embryo width in the Vigour
18/Chuan-Mai 18 population). The vast majority of positive correlations were small or moderate in size
with the largest identified for embryo size and both leaf one width and leaf area. In the Vigour
18/Chuan-Mai 18 population, strong correlations for embryo size with total dry weight and coleoptile
tiller length were observed yet these differed markedly for the same traits assessed in the Sunco/Tasman
and Cranbrook/Halberd populations. Genetic correlations reflect both the additive genetic variance and
covariance for traits used in estimation. All three parameters are themselves contingent on the
populations and environments sampled and so genetic correlations can vary in size and nature depending
on the experiment and the genes segregating.

3.3. QTL Analyses

Multiple loci have been identified in the Sunco/Tasman and Cranbrook/Halberd wheat populations
for embryo size and early vigour. Further, many of the loci identified for embryo traits were found to
co-locate with loci identified for early vigour traits. In the Sunco/Tasman population, chromosomes 1B,
2B and 7D appear to be important in this respect while in the Cranbrook/Halberd population
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chromosomes 1B, 4B, 4D, 5B, 6D, and 7A are of interest. The co-locating of QTL for embryo size and
early vigour could be coincidental (i.e., separate genes but closely mapped), or it is possible that some
of the QTL may reflect the same gene affecting multiple traits through pleiotropic gene action.
From this analysis, the QTL on chromosome 1B could be of further interest. Many of the genetic effects
were small accounting for small portions of the phenotypic variance. This is not surprising
and is consistent with many other reports of repeatable albeit small genetic effects in mapping
populations (e.g., [37]). However, the use of mapping here to characterize a population in trait genetic
architecture is of value in understanding genetic complexity (both for the trait in trait-trait associations),
and potential in identifying new alleles of larger effect at key loci for use in breeding.

As embryo size QTL have not been previously reported, there was no opportunity for comparisons of
the current work with findings elsewhere. That aside, QTL mapping in two separate populations revealed
that the separate and somewhat independent measures embryo width and length contribute genetically
to embryo area (and embryo mass - Chris Moore unpublished data). A number of researchers have
previously reported QTL for early vigour in wheat. For example, several early vigour QTL were reported
in the Cranbrook/Halberd population [29]. Chromosome 5BL contained a QTL for leaf 1 width, and
chromosomes 4BL, 2DL and 5AL contained QTL for leaf one length. For the QTL analysis of the
Cranbrook/Halberd population in this research, significant QTL for early vigour traits were identified
on chromosome 5B, including leaf 1 width total leaf area, and embryo dimension traits. Chromosome
4B was also found to contain a leaf one width QTL in this research together with different embryo
dimension traits. The same region was also associated with variation in leaf area and both embryo and
leaf size in the Sunco/Tasman population. The Rht-B1b (Rhtl) dwarfing allele is located in this region
and is known to affect leaf area through changes in leaf size primarily leaf length [29].

This research also identified a leaf one length QTL on chromosome 2D. Coleman et al. (2001) [13]
reported chromosome 2D having significant QTL for leaf one and two attributes in the
Cranbrook/Halberd population. This coincides with the location of QTL for the same population in this
research, as QTL for leaf one width, leaf one length and combined leaf area of leaves one and two were
also identified on this chromosome. In the Sunco/Tasman population, a QTL for leaf one width from the
Tasman parent was also identified on chromosome 2D. In field studies aimed at indirect assessment of
early vigour via canopy measures of Normalized difference vegetation index (NDVI) and ground cover,
up to 37 QTL of commonly small genetic effect were reported [33]. Many of the regions reported in
their study (e.g., 1B, 2D, 4B and 5B) were located on the same chromosome arms reported in the
Sunco/Tasman and Cranbrook/Halberd populations.

4. Experimental Section

Phenotypic and genetic analyses were conducted on three wheat (7riticum aestivum L.)
doubled-haploid (DH) populations. Benefits of doubled-haploids (DH) for genetic studies are numerous.
However, in this study, the homozygous individuals constituting the tested populations enabled
assessment of additive (and potentially additive x additive) genetic variance in backgrounds free of
dominance gene action [36]. Multiple environments were also employed to assess the impact of
genotype X environment interactions, and the extent to which differential genotype response could affect
narrow-sense heritability for the traits assessed.
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The three DH populations sampled were: (1) Sunco/Tasman; (2) Cranbrook/Halberd; and
(3) Vigour18/Chuan-Mai 18. The first two populations were designed and developed for the Australian
Wheat Molecular Marker Program for the expressed purpose of marker development and trait (primarily
grain quality) genetic dissection. Many markers have been publically developed and mapped in these
populations for this purpose. Details of the development of the populations is as described
previously [38].The third population (Vigourl8/Chuan-Mai 18) was developed to better understand the
relationship of early vigour and weed competitiveness. This population was not genotyped and so no
QTL mapping was undertaken for this population. Embryo size and early vigour characteristics were
assessed in all three populations.

4.1. Embryo Size and Early Vigour Assessment

Seed for all experiments were obtained from a common glasshouse sowing where parents and progeny
were grown under favourable conditions, and then harvested and carefully hand-threshed to avoid any
damage to seed. Owing to the relationship between seed and embryo size, and also the potential
relationship for seed size and early vigour [39], all seed were standardised on the basis of seed weight
prior to embryo assessment to a common range. The numbers of DH lines sampled for each population
were 151 (Vigour 18/Chuan-mai 18), 155 (Cranbrook/Halberd) and 202 (Sunco/Tasman). Embryo sizes
in this experiment were obtained using the microscope-based characterisation method described
previously [39]. Maximal embryo width and maximal embryo length data was obtained (Plate 1), and
an estimate for embryo area defined calculated as embryo width x embryo length x 0.72 after [39]. The
same seed source for embryo sizing was used for early vigour assessments and care was taken to ensure
seeds assessed for embryo size were linked directly to the same plant grown and assessed to produce the
early vigour data.

Plate 1. Embryo length and width.

The method for phenotyping early vigour was based on a modified version of the non-destructive
system described in [40]. Seedling tray studies were conducted outdoors under well-watered conditions
in Canberra with sowing dates in June of consecutive years (2000 and 2001) with a third environment
for the Vigour18/Chuan-Mai 18 in June 2003. Owing to the numbers of lines in each population, each
replicate of the DH lines, parents and controls were sown across two trays within a replicate. Each tray
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consisted of a soil comprising a 50:50 proportion of compost to vermiculite, and was a paper-lined
wooden box approximately 600 x 300 x 110 mm containing 105 plants.

Seed of each genotype used in the seedling trays was of known weight. Seed of each genotype used
in the seedling trays was of known embryo dimensions. A row-column, alpha-lattice experimental design
was used to allocate entries within each tray. For all populations, two replicates of each doubled-haploid
line were grown in environment one and three replicates per line were used in environment two and three
(Vigour18/Chuan-Mai 18 population only). To balance the sowing design within each environment and
populations split across seedling trays, multiple repeated parent and other controls were used. Plants
were grown under favourable conditions and harvested at the 3.5 leaf stage. Detailed measures were
made at harvest of numbers of leaves, leaf width and length of all leaves, mainstem and coleoptile tiller
numbers and size after [40]. Leaf area was calculated as the product of maximal leaf width and length,
and a shape correction factor of 0.80 [40]. Despite many more detailed measurements being taken, for
the purposes of clarity only eight traits representative of early vigour assessment have been included for
reporting (e.g., Table 1 and Figures 1 and 2).

4.2. Statistical and QTL Mapping Analyses

Variance components and their standard errors were estimated using the method of restricted
maximum likelihood and mixed linear models in the SAS procedure MIXED [41]. Narrow-sense
heritabilities (4?) and their standard errors were calculated on a single-seed or plant, and line-mean basis
after [42]. Full models included random effects for environment, genotype and their interaction.
Replicates within environments were considered random effects. Data for key embryo and early vigour
traits were analysed for QTL mapping in the populations Sunco/Tasman and Cranbrook/Halberd. The
genotyping was undertaken and maps carefully curated to develop robust maps as described in [43] with
each map containing between 400 and 800 SSR and other markers. Adjusted means for embryo size and
early vigour characteristics were analysed in MultiQTL® using multiple interval mapping techniques.
Probability into and out of the model was 0.05 and window size set at 10 cM. Significant thresholds for
QTL detection were calculated for each dataset using 1000 permutations [44]. Locations of genetic effects
for QTL were identified from maps using MapChart 2.1 [45]. Unless indicated all statistical significance
is reported for an alpha of 0.05.

5. Conclusions

These studies have highlighted the power in coupling quantitative genetic and QTL mapping in early
vigour dissection and trait identification. High narrow-sense heritabilities for all embryo traits in each
population confirms both the robustness of the methodologies used, and the confidence with which
selection could be made for embryo size given the consistency in heritability across the different
populations. That aside, multi-environment assessment of early vigour highlighted that higher
heritabilities for some traits (e.g., leaf width) indicate greater opportunity for genetic gain than other less
heritable traits (e.g., specific leaf area and coleoptile tiller length). Genetic correlations for embryo size
and early vigour were generally positive but low to moderate in size and not always consistent across
populations. Many of the QTL and genomic regions for early vigour were repeatable across
environments and the different genetic backgrounds, and similar to those reported in other populations
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in other studies. These studies highlight the genetic complexity of early vigour and the value of selection

for greater embryo and leaf size in genetic gain for early leaf area.

Author Contributions

Chris Moore conducted experiments, collated and interpreted all data and wrote manuscript.

Greg Rebetzke sourced populations, provided guidance and assisted in statistical and genetic analysis.

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

12.

Siddique, K.H.M.; Tennant, D.; Perry, M.W.; Belford, R.K. Water use and water use efficiency of
old and modern wheat cultivars in a Mediterranean-type environment. Aust. J. Agric. Res. 1990, 41,
431-447.

Whan, B.R.; Carlton, G.P.; Anderson, W.K. Potential for increasing early vigour and total biomass
in spring wheat. 1. Identification of genetic improvements. Aust. J. Agric. Res. 1991, 42, 347-361.
Regan, K.L.; Siddique, K.H.M.; Turner, N.C.; Whan, B.R. Potential for increasing early vigor and
total biomass in spring wheat. II. Characteristics associated with early vigor. Aust. J. Agric. Res.
1992, 43, 541-553.

Botwright, T.L.; Condon, A.G.; Rebetzke, G.J.; Richards, R.A. Field evaluation of early vigour for
genetic improvement of grain yield in wheat. Aust. J. Agric. Res. 2002, 53, 1137-1145.

Royo, C.; Ramdani, A.; Moragues, M.; Villegas, D. Durum wheat under Mediterranean conditions
as affected by seed size. J. Agron. Crop Sci. 2006, 192, 257-266.

Lopez-Castaneda, C.; Richards, R.A.; Farquhar, G.D.; Williamson, R.E. Seed and seedling
characteristics contributing to variation in early vigor among temperate cereals. Crop Sci. 1996, 36,
1257-1266.

Bort, J.; Araus, J.L.; Hazzam, H.; Grando, S.; Ceccarelli, S. Relationships between early vigour,
grain yield, leaf structure and stable isotope composition in field grown barley. Plant Physiol.
Biochem. 1998, 36, 889—897.

Bertholdsson, N.O. Early vigour and allelopathy two useful traits for enhanced barley and wheat
competitiveness against weeds. Weed Res. 2005, 45, 94-102.

Richards, R.A.; Townley-Smith, T.F. Variation in leaf-area development and its effect on
water-use, yield and harvest index of droughted wheat. Aust. J. Agric. Res. 1987, 38, 983-992.
Lopez-Castaneda, C.; Richards, R.A. Variation in temperate cereals in rainfed environments I11.
Water use and water-use efficiency. Field Crops Res. 1994, 39, 85-98.

Condon, A.G.; Richards, R.A.; Rebetzke, G.J.; Farquhar, G.D. Breeding for high water-use
efficiency. J. Exp. Bot. 2004, 55, 2447-2460.

Lopez-Castaneda, C.; Richards, R.A. Variation in temperate cereals in rainfed environments I.
Grain yield, biomass and agronomic characteristics. Field Crops Res. 1994, 37, 51-62.



Agronomy 2015, 5 177

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Coleman, R.D.; Gill, G.S.; Rebetzke, G.J. Identification of quantitative trait loci for traits conferring
weed competitiveness in wheat (7riticum aestivum L.). Aust. J. Agric. Res. 2001, 52, 1235-1246.
Lemerle, D.; Gill, G.S.; Murphy, C.E.; Walker, S.R.; Cousens, R.D.; Mokhtari, S.; Peltzer, S.J.;
Coleman, R.; Luckett, D.J. Genetic improvement and agronomy for enhanced wheat
competitiveness with weeds. Aust. J. Agric. Res. 2001, 52, 527-548.

Dingkuhn, M.; Johnson, D.E.; Sow, A.; Audebert, A.Y. Relationships between upland rice canopy
characteristics and weed competitiveness. Field Crops Res. 1999, 61, 79-95.

Bremner, P.M.; Eckersall, R.N.; Scott, R.K. The relative importance of embryo size and endosperm
size in causing the effects associated with seed size in wheat. J. Agric. Sci. 1963, 61, 139-145.
Evans, L.E.; Bhatt, G.M. Influence of seed size, protein content and cultivar on early seedling vigor
in wheat. Can. J. Plant Sci. 1977, 57, 929-935.

Millet, E.; Pinthus, M.J. Genotypic effects of the maternal tissues of wheat on its grain weight.
Theor. Appl. Genet. 1980, 58, 247-252.

Richards, R.A.; Lukacs, Z. Seedling vigour in wheat-sources of variation for genetic and agronomic
improvement. Aust. J. Agric. Res. 2002, 53, 41-50.

Peterson, C.M.; Klepper, B.; Rickman, R.W. Seed reserves and seedling development in winter
wheat. Agron. J. 1989, 81, 245-251.

Botwright, T.L.; Rebetzke, G.J.; Condon, A.G.; Richards, R.A. Influence of variety, seed position
and seed source on screening for coleoptile length in bread wheat (Triticum aestivum L.). Euphytica
2001 /19, 349-356.

Rebetzke, G.J.; Lopez-Casteneda, C.; Botwright-Acuna, T.; Condon, A.G.; Richards, R.A.
Inheritance of coleoptile tiller appearance and size in wheat. Aust. J. Agric. Res. 2008, 59, 863—873.
Kaufmann, M.L.; Guitard, A.A. The effect of seed size on early plant development in barley.
Can. J. Plant Sci. 1967, 47, 73-78.

Pandey, M.P.; Seshu, D.V.; Akbar, M. Genetics of embryo size and its relationship with seed and
seedling vigour in rice (Oryza sativa L.). Indian J. Genet. 1994, 54, 258-268.

Aparicio, N.; Villegas, D.; Araus, J.L.; Blanco, R.; Royo, C. Seedling development and biomass as
affected by seed size and morphology in durum wheat. J. Agric. Sci. 2002, 139, 143—150.

Ogilvie, 1.S.; Kaltsikes, P.J. The relationship between seed size, embryo size and mature plant
characters in hexaploid triticale. Z. Pflanzenzuchtg 1977, 79, 105-109.

Revilla, P.; Butron, A.; Malvar, R.A.; Ordas, A. Relationships among kernel weight, early vigor,
and growth in maize. Crop Sci. 1999, 39, 654—658.

Mian, M.A.R.; Nafziger, E.D. Seed size and water potential effects on germination and seedling
growth of winter-wheat. Crop Sci. 1994, 34, 169—-171.

Rebetzke, G.J.; Appels, R.; Morrison, A.D.; Richards, R.A.; McDonald, G.; Ellis, M.H.;
Spielmeyer, W.; Bonnett, D.G. Quantitative trait loci on chromosome 4B for coleoptile length and
early vigour in wheat (Triticum aestivum L.). Aust. J. Agric. Res. 2001, 52, 1221-1234.



Agronomy 2015, 5 178

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Spielmeyer, W.; Hyles, J.; Joaquim, P.; Azanza, F.; Bonnett, D.; Ellis, M.E.; Moore, C.;
Richards, R.A. A QTL on chromosome 6A in bread wheat (7riticum aestivum L.) is associated with
longer coleoptiles, greater seedling vigour and final plant height. Theor. Appl. Genet. 2007, 115,
59-66.

Landjeva, S.; Neumann, K.; Lohwasser, U.; Borner, A. Molecular mapping of genomic regions
associated with wheat seedling growth under osmotic stress. Biol. Plant. 2008, 52, 259-266.

Gene, Y.; Oldach, K.; Verbyla, A.P.; Lott, G.; Hassan, M.; Tester, M.; Wallwork, H.;
McDonald, G.K. Sodium exclusion QTL associated with improved seedling growth in bread wheat
under salinity stress. Theor. Appl. Genet. 2010, 121, 877-894.

Li, X.M.; Chen, X.M.; Xiao, Y.G.; Xia, X.C.; Wang, D.S.; He, Z.H.; Wang, H.J. Identification of
QTLs for seedling vigor in winter wheat. Euphytica 2014, 198, 199-209.

Dong, Y.; Tsuzuki, E.; Kamiunten, H.; Terao, H.; Lin, D. Mapping of QTL for embryo size in rice.
Crop Sci. 2003, 43, 1068—-1071.

Zhang, L.; Condon, A.G.; Liu, D.C.; Richards, R.A.; Rebetzke, G.J. Recurrent selection for wider
seedling leaves increases early leaf area development in wheat (7riticum aestivum L.). J. Exp. Bot.
2014, 66, 1215-1226.

Hallauer, A.R.; Miranda, J.B. Quantitative Genetics in Maize Breeding, 1st ed.; lowa State
University Press: Ames, lowa, 1981.

Rebetzke, G.J.; Verbyla, A.; Verbyla, K.; Morell, M.; Cavanagh, C. Use of a large multiparent
wheat mapping population for genomic dissection of coleoptile and seedling growth.
Plant Biotechnol. J. 2014, 12, 219-230.

Kammholz, S.J.; Campbell, A.W.; Sutherland, M.W.; Hollamby, G.J.; Hollamby, G.J.; Martin, P.J.;
Martin, P.J.; Eastwood; R.F.; Eastwood, R.F. Establishment and characterisation of wheat genetic
mapping populations. Aust. J. Agric. Res. 2001, 52, 1079—1088.

Moore, C.M.; Richards, R.A.; White, R.; Rebetzke, G.J. High-throughput methodologies for
rapid phenotyping of seed and embryo size in selection of greater seedling leaf area in wheat
(Triticum aestivum L.). Crop Pasture Sci. 2015, in press.

Rebetzke, G.J.; Richards, R.A. Genetic improvement of early vigour in wheat. Aust. J. Agric. Res.
1999, 50, 291-301.

SAS. SAS/STAT 9.2 Users Guide: The Mixed Procedure; SAS: Cary, NC, USA, 2008.

Holland, J.B.; Nyquist, W.E.; Cervantes-Martinez, C.T. Estimating and interpreting heritability for
plant breeding: An update. Plant Breed. Rev. 2003, 22, 9—112.

Lehmensiek, A.; Eckermann, P.J.; Verbyla, A.P.; Appels, R.; Sutherland, M.W.; Daggard, G.E.
Curation of wheat maps to improve map accuracy and QTL detection. Aust. J. Agric. Res. 2005, 56,
1347-1354.

Churchill, G.A.; Doerge, R.W. Empirical threshold values for quantitative trait mapping. Genetics
1994, 138, 963-971



Agronomy 2015, 5 179

45. Voorrips, R.E. Mapchart: Software for the graphical presentation of linkage maps and QTLs.
J. Hered. 2002, 93, 77-78.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



