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Abstract: Forty wheat samples of ten wheat varieties harvested from optimal or late sowings in
2019 and 2020 were evaluated for nutrient composition. This included crude protein (CP), starch,
amino acids, minerals, phytate-phosphorus (phytate-P) and non-starch polysaccharides (NSPs). The
objective was to investigate the impact of high temperature on wheat grain quality as a feedstuff
for broiler chickens. Growth performance and economic impact of such changes were predicted
by the Emmans, Fisher and Gous broiler growth model. On average, 2019 was 1 ◦C hotter than
2020 during the growing season (Narrabri, NSW 2390, Australia). The wheat harvested in 2019
had higher concentrations of CP, phytate-P, total P and calcium. In 2019, late sowing increased
average protein concentrations from 166.6 to 190.2 g/kg, decreased starch concentration from 726 to
708 g/kg and increased total NSPs from 693 to 73.9 g/kg. Unlike the 2019 harvest, the late sowing
in 2020 had no impact on CP concentrations in almost all wheat varieties. The 2019 varieties had
higher concentrations of 16 assessed amino acids (p < 0.001) compared to the 2020 harvest. The
largest difference was in lysine (19.2%), and the smallest difference was in proline (11.1%). It was
predicted that broiler diets formulated from 2019 wheat varieties would have better efficiency of feed
conversion with an advantage of 2.53% (1.539 versus 1.579) than 2020 varieties to 35 days post-hatch.
This would translate to a cost saving of approximately AUD 16.45 per tonne of feed, much of which
would represent additional profit.

Keywords: heat stress; wheat; starch; protein; climate; non-starch polysaccharides; phytate; broiler;
time of sowing

1. Introduction

Wheat is the dominant feed grain in Australia for chicken meat production. Locally,
the apparent metabolisable energy (AME) of wheat ranges from 10.35 to 15.9 MJ/kg for
broiler chickens [1,2], and the protein content varies from 103 to 205 g/kg [3,4]. Typical
wheat–soybean-meal-based broiler diets contain 550-650 g/kg wheat, which provides
approximately one-third of dietary protein and two-thirds of dietary energy [3]. However,
variations in wheat characteristics influence the nutritional value of wheat as a feedstuff
for broiler chickens. Climate-related factors including drought, heat and elevated carbon
dioxide levels may further increase variations in the yield and quality parameters in wheat
grains [5–7]. The impacted quality parameters include grain size, grain number and weight
along with many other factors such as mineral contents, protein and starch quantity and
quality [4,7–9].
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Ben Mariem et al. [5] concluded that heat stress may reduce starch synthesis by short-
ening both the duration of photosynthetic tissue and the grain growth period, thus reducing
final grain weight; similarly, drought is expected to limit starch synthesis by reducing the
production of photoassimilates and decreasing enzyme activity during starch synthesis in
the endosperm. Consequently, protein content and certain mineral concentrations in grains
are expected to increase as a percentage of the total grain dry mass [5]. Interestingly, heat
stress and drought increase phytate concentrations, in contrast to the impact of increased
CO2 levels [10]. Soluble non-starch polysaccharides (SNSPs) are an important anti-nutritive
factor in wheat [11], and phytate is ubiquitous in all feed ingredients [12,13]. Presently,
NSPs and phytate-degrading enzymes are routinely included in wheat-based poultry diets.
However, published information on how heat stress influences NSP content in wheat and
their economic consequences is limited. Therefore, the primary purpose of this study was to
evaluate changes in nutrient composition in ten wheat varieties, sampled from two sowing
times in 2019 and 2020. Typically, late-sown wheat is exposed to warmer temperatures in
mid to late spring. The hypothesis is that year of harvest, sowing time and variety will all
impact on the nutrient composition in wheat, and the impact of sowing time in 2019 would
be greater than 2020 due to the hotter and drier weather experienced in 2019.

2. Materials and Methods
2.1. Wheat Sample Selection

The grain of 10 wheat varieties from the optimal (May) and late (June) sowing of the
Plant Breeding Institute at the University of Sydney (Narrabri, NSW 2390, Australia) in
both 2019 and 2020 (40 samples in total) was used for this study. Irrigation was applied
to limit the confounding effects of moisture stress and to achieve as close to the long-term
average for the location as possible. This eliminated the drought-stress factor so that only
the high-temperature treatment is in effect. Minimum tillage was used to maintain soil
integrity. Soil deficiencies or nutrient imbalances were not evident from annual soil nutrient
testing. The experimental sites were fallowed over the summer months and rotated with
a legume crop (chickpea) during alternate years to minimise disease outbreaks and to
maintain soil integrity. Seasonal pests and diseases were rigorously controlled based on
NSW Department of Primary Industries recommendations. The predominant soil type at
the experimental site was a black Vertosol cracking clay with high water retention. The
crops were adequately fertilised with urea [46% N] at 100 kg/ha and Cotton Sustain [5% N,
10% P, 21% K, 1% Z] at 80 kg/ha pre-planting. The details of crop management for heat-
tolerant wheats are described in Ullah et al. [14]. The crop field experiment was an alpha
lattice design (or simplified as a randomised complete block design) with two replicates.
Table 1 summarises the 10 varieties and their heat tolerance rating, while Figure 1 shows
the seasonal temperatures in different years and harvests.

Table 1. The summary of wheat variety, thousand kernel weight (TKW), pollen viability and heat
tolerance rating [15].

Variety Field Yield Chamber Yield Thousand Kernel
Weight (TKW) Screenings Pollen

Viability
Heat Tolerance

Rating

Borlaug High No data High Moderate No data Medium
Coolah High Moderate Low Moderate Low Medium
Cutlass Moderate Low Moderate Low High Medium

Dart High Moderate Moderate Low Moderate Tolerant
EGA-Gregory Moderate No data High Moderate No data Medium

Lancer Low Moderate Moderate Low Moderate Medium
Livingston Moderate No data Moderate Low No data Medium

Mitch Moderate No data High Moderate No data Medium
Trojan Moderate Moderate Moderate High Low Sensitive

Zanzibar Low High Low High High Sensitive
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Figure 1. Temperatures and time of sowing (TOS) for Narrabri in 2019 and 2020. TOS1: third week of
May 2019 and 2020; TOS2: second and third week of July 2019 and 2020.

2.2. Physico-Chemical Analyses

All wheat grains used for analysis were milled to a fine flour using a cyclone sample
mill (UD Corporation, Boulder, CO, USA) and sieved through a 0.5 mm screen.

The Cielab L*, a* and b* values for the colour of the wheat grain were determined using
a Minolta CR-310 Colorimeter (Minolta Co., Ltd., Osaka, Japan), and measurements were
expressed as Commission Internationale de l’Eclairage L*, a* and b* (CIELAB) values [16].

The L* value is indicative of white as opposed to black, the a* value is indicative of
red as opposed to green and the b* value is indicative of yellow as opposed to blue. The
CIELAB colour test was completed in triplicate.

Chemical analyses were completed in duplicate except for analyses of NSPs and amino
acids; all results are reported on a dry-matter basis.

Nitrogen in feed was determined by combustion analysis of an approximate 0.5 g sam-
ple in a combustion analyser (Leco model FP-2000 N Analyzer, Leco Corp., St. Joseph, MI,
USA) using EDTA as a calibration standard, and CP content was calculated by multiplying
nitrogen concentration by 6.25. The total starch content of the samples was analysed by
using a method derived from Megazyme (Megazyme International Ireland Ltd., Wicklow,
Ireland) and described in Mahasukhonthachat et al. [17]. Total fibre content was determined
using a Megazyme test kit [18]. Phytate was analysed by the ferric chloride precipitation
method as described in Miller et al. [19].

Minerals were analysed using inductively coupled plasma optical emission spectrom-
etry (ICP-OES). Approx. 0.5 g of the sample was accurately weighed into a clean Teflon
microwave digestion vessel. Then, 5 mL of concentrated analytical-grade nitric acid was
added, and the sample was allowed to sit for 10 min. The vessel was then sealed, and the
mixture was digested using a MAR S6 microwave digestion unit (CEM Co, Charlotte, NC,
USA). The sample was heated to 180 ◦C for 20 min. After cooling to ambient temperature,
the vessel was opened carefully and the contents washed into a 50 mL volumetric flask and
made up to volume. This solution was then analysed by ICP-OES.
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Amino acid concentrations in wheat were determined via 24 h liquid hydrolysis at
110 ◦C in 6 M HCl followed by analysis of 16 amino acids using the Waters AccQ•Tag Ultra
Column on a Waters Acquity ultra-performance liquid chromatograph (UPLC; Waters
Corporation, Milford, MA, USA).

The NSP composition was determined by gas chromatography (GC; Varian analytical
instrument, Palo Alto, CA, USA) according to the method described by Englyst and
Cummings [20] and reported on a dry-matter basis.

Starch-pasting profiles were determined by rapid visco-analysis (RVA) using an RVA-4
analyser (Newport Scientific, Warriewood, Australia) in a manner similar to that described
by Beta and Corke [21]. Ground wheat grain (4.2 g) was mixed with deionised water
(23.8 g) in a programmed heating and cooling cycle of 13 min. The slurry was held at a
temperature of 50 ◦C for 1 min and then heated to 95 ◦C and held for 2.5 min prior to
cooling the slurry to 50 ◦C and holding that temperature for 2 min. The speed of the mixing
paddle was 960 rpm for 10 s and then 160 rpm for the remainder of the cycle. Peak viscosity,
holding viscosity, final viscosity, breakdown viscosity (peak-holding) and setback viscosity
(final-peak) were recorded as well as peak time and pasting temperature.

The Emmans, Fisher and Gous (EFG) broiler growth model (version 5.1, Stellenbosch,
South Africa) was used to predict the growth performance of birds offered diets based
on either 2019- or 2020-harvested wheats and formulated to meet 2022 Aviagen nutrient
specifications for Ross 308 broiler chickens [22,23].

2.3. Statistical Analyses

The experimental data were analysed by two-way analysis of variance using the JMP®

Pro 14.0 software package (SAS Institute Inc., JMP Software. Cary, NC, USA). The data
were analysed using two-way analysis of variance (ANOVA) for each year. Variety and
sowing time were considered as independent variables for the analysis of CP, crude fibre,
starch, phytate-P, minerals and RVA-pasting properties. Two-way ANOVA was then used
to analyse the combined dataset, where variety and year of harvest were considered as
independent variables, to investigate differences among wheat colours and amino acid
concentrations. One-way ANOVA was conducted using 2019 data, where both variety
and year of harvest were considered independent variables separately, to study the differ-
ence in NSPs. Pearson correlations were then determined between colour and chemical
compositions, and significance was considered at 5% by Tukey’s HSD test.

3. Results

The impacts of variety and year on wheat colour scores are reported in Table 2. There
were significant differences between varieties (p < 0.001) for all three CIELAB colour scores.
The 2020 wheats had lower a* (2.55 versus 2.33; p < 0.001) and b* (14.00 versus 13.66;
p = 0.026) scores than 2019 wheat, but there was no difference in L* scores. Interaction
between variety and year was not observed. Zanzibar wheat had the lowest L* (81.67) and
highest a* (3.20) value compared to all other wheat varieties (p < 0.001). Coolah, Cutlass,
EGA-Gregory, Trojan and Zanzibar had statistically higher b* than Borlaug, Livingston and
Mitch (p < 0.001).

Table 3 shows the impacts of cultivar and sowing time on CP, crude fibre, starch,
phytate-P and concentrations of nine minerals in 2019-harvested wheats. Overall, con-
centrations of CP, crude fibre, starch and phytate-P averaged 178.4 g/kg (151.4 to 195.1),
15.0 g/kg (10.8 to 17.9), 716.9 g/kg (659.3 to 774.6) and 4.0 g/kg (2.7 to 4.6), respectively, with
the ranges shown in parentheses. Significant interactions between cultivar and sowing time
were observed for all parameters determined, other than starch and copper concentrations.

Significant differences in CP between optimal and late sowings were detected in all
varieties except Zanzibar. On average, late sowing significantly increased CP concen-
trations by 23.6 g/kg (190.2 versus 166.6 g/kg), with the largest increase of 43.1 g/kg
(194.5 versus 151.4 g/kg) observed in EGA-Gregory.
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Significant increases in crude fibre contents under late sowing were observed in EGA-
Gregory (12.0 versus 14.1 g/kg), Lancer (11.9 versus 13.3 g/kg) and Mitch (16.0 versus 17.9 g/kg).

Table 2. The effect of variety and year on wheat colour (L*, a* and b*).

Variety Year L* a* b*

Borlaug 2019 85.77 2.36 13.21
Borlaug 2020 85.60 2.11 12.96
Coolah 2019 84.85 2.89 14.60
Coolah 2020 85.55 2.40 13.87
Cutlass 2019 84.66 2.64 15.09
Cutlass 2020 84.07 2.39 14.95

Dart 2019 85.88 2.35 14.12
Dart 2020 86.11 2.01 13.14

EGA-Gregory 2019 85.47 2.64 14.78
EGA-Gregory 2020 84.75 2.43 14.91

Lancer 2019 86.25 2.23 13.52
Lancer 2020 85.27 2.41 13.78

Livingston 2019 85.59 2.39 13.15
Livingston 2020 86.53 2.09 11.76

Mitch 2019 85.91 2.44 12.91
Mitch 2020 86.08 2.19 12.42
Trojan 2019 85.44 2.23 14.40
Trojan 2020 84.66 2.31 14.93

Zanzibar 2019 81.26 3.39 14.17
Zanzibar 2020 82.08 3.00 13.86

Standard Error
of the Mean

(SEM)
0.386 0.125 0.334

Main effect
(variety)
Borlaug 85.69 a 2.24 c 13.09 cde

Coolah 85.20 ab 2.64 b 14.24 ab

Cutlass 84.37 b 2.51 bc 15.02 a

Dart 85.99 a 2.18 b 13.63 bcd

EGA-Gregory 85.11 ab 2.53 bc 14.85 a

Lancer 85.76 a 2.32 bc 13.65 bcd

Livingston 86.06 a 2.24 bc 12.46 e

Mitch 86.00 a 2.31 bc 12.67 de

Trojan 85.05 ab 2.27 bc 14.66 ab

Zanzibar 81.67 c 3.20 a 14.02 abc

Year
2019 85.11 2.55 a 14.00 a

2020 85.07 2.33 b 13.66 b

p-Value
Variety <0.001 <0.001 <0.001

Year 0.823 <0.001 0.026
Variety × Year 0.097 0.227 0.146

Twenty treatments = 10 varieties × 2 years of harvest; number of replications = 4. Means followed by the same
letter within a column are not significantly different at p = 0.05.

There was no treatment interaction for starch content; however, late sowing significantly
decreased starch concentrations from 725.8 to 708.0 g/kg. Regardless of sowing time, Coolah
generated the highest starch content (761.1 g/kg), and Lancer the lowest (677.2 g/kg).

Late sowing significantly increased phytate-P concentrations only in Coolah (2.7 ver-
sus 3.9 g/kg,) and Livingston (3.3 versus 4.2 g/kg). Late sowing significantly increased total
P concentrations in Cutlass, Dart, EGA-Gregory, Lancer, Livingston, Mitch and Zanzibar.
The largest increase in total P concentrations (3.65 versus 4.72 g/kg) from late sowing was
observed in Livingston.
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Late sowing significantly increased calcium (Ca) concentrations in all wheat varieties
except Coolah, Lancer and Zanzibar, where late sowing decreased Ca concentrations in
Coolah (0.815 versus 0.724 g/kg) but did not influence Ca concentrations in Lancer and
Zanzibar. The largest increase (0.584 versus 0.745 g/kg) in Ca concentration under late
sowing was detected in Borlaug.

Late sowing decreased ferrous (Fe) concentrations in Coolah wheat and increased
Fe concentrations in Cutlass, EGA-Gregory and Zanzibar wheats. Late sowing increased
potassium (K) concentrations in all wheat varieties except Coolah, Mitch and Zanzibar,
and the largest increase was observed in Dart (2.47 versus 3.30 g/kg). Similarly, late
sowing significantly increased magnesium (Mg) concentrations in all wheat varieties
except Coolah, Lancer and Mitch. Late sowing increased manganese (Mn) concentrations
in all varieties except Coolah, with the largest increase (27.0%) observed for Zanzibar
(0.055 versus 0.070 g/kg).

Late sowing consistently increased sodium (Na) concentrations in all wheat vari-
eties except Coolah, Cutlass and Lancer, to significant extents, and the largest increase
(0.132 versus 0.213 g/kg) was observed for Livingston.

Late sowing decreased zinc (Zn) concentrations in Coolah (0.027 versus 0.020 g/kg)
but increased Zn in all other varieties (p < 0.001).

There was no treatment interaction for copper (Cu) concentrations, but wheat variety
significantly influenced Cu concentration. Borlaug had the highest Cu concentration
(0.010 g/kg), and Trojan and Livingstone had the lowest (0.006 g/kg).

Table 4 summarises the impact of variety and sowing period on crude protein, crude
fibre, starch, phytate and mineral concentrations of samples harvested in 2020.

Significant treatment interactions were observed for all parameters assessed other
than starch. Cooler temperature prevailed in 2020 in comparison to 2019. The time of
sowing did not influence CP concentrations in all wheat varieties other than Zanzibar,
where late sowing significantly decreased CP content from (170.5 versus 141.2 g/kg). Late
sowing significantly increased fibre content in Coolah, EGA-Gregory and Lancer but did
not influence phytate and starch content in any of the varieties.

In 2020, late sowing significantly reduced Ca concentrations in Borlaug (0.613 ver-
sus 0.508 g/kg), Coolah (0.824 versus 0.636 mg/kg), Mitch (0.665 versus 0.531 g/kg)
and Zanzibar (0.650 versus 0.514 g/kg) but did not influence Ca concentrations in other
wheats. Late sowing significantly reduced the concentrations of Fe, Na, P and Zn in Coolah
(p < 0.001). However, late sowing significantly increased Fe concentrations in Borlaug, EGA-
Gregory, Lancer, Trojan and Zanzibar; K concentrations in Borlaug, EGA-Gregory, Lancer
and Trojan; Mg concentrations in EGA-Gregory, Livingston and Trojan; Mn concentrations
in EGA-Gregory and Livingston; Na concentrations in Cutlass, Dart, Trojan and Zanzibar;
and P concentrations in Dart, EGA-Gregory, Lancer, Livingston, and Trojan (p < 0.001).
Late sowing significantly increased Zn concentrations in all wheats except Coolah, Dart
and Mitch.

The effects of variety and sowing time on RVA starch-pasting properties are presented
in Table 5. Again, significant treatment interactions between variety and sowing time
were observed for all RVA starch-pasting parameters in both years. In 2019, late sowing
significantly reduced pasting temperature in Borlaug. Late sowing significantly increased
peak viscosities in Coolah and Mitch, but decreases were observed in Cutlass, EGA-Gregory
and Trojan. Late sowing significantly increased final viscosities in Dart, EGA-Gregory,
Livingston and Trojan.

In 2020, late sowing significantly increased pasting temperatures in Cutlass and
Zanzibar, but a decrease was observed in Dart. Peak viscosities were significantly elevated
by late sowing in Borlaug, Dart and Mitch but were decreased in Coolah, EGA-Gregory
and Livingston. Late sowing significantly increased final viscosities in Borlaug, Coolah,
Lancer, Mitch and Trojan wheats, but decreases were observed in Dart and Livingston.
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The impact of variety and sowing period on NSP and sugar concentrations in 2019-
harvested wheats is shown in Table 6. Wheat variety significantly influenced all assessed
parameters with the exceptions of total galactose and soluble xylose. In contrast, significant
effects of sowing period were confined to total NSPs, arabinose and xylose concentrations.

Soluble NSP (SNSP) concentrations were lowest in Livingstone (9.2 g/kg) and Borlaug
(9.9 g/kg), and both Coolah (13.8 g/kg) and Dart (13.9 g/kg) were significantly higher.
The remaining wheats contained intermediate amounts of SNSPs. Dart had the highest
total NSP concentration (77.6 g/kg) and Trojan the lowest (65.2 g/kg). Compared to early
sowing, late sowing significantly increased total NSPs (69.3 versus 73.9 g/kg) but did not
influence total SNSP content (p > 0.75).

The overall impact of the year of harvest on the composition and RVA profiles of
wheat is shown in Table 7. Overall, 2019 was a much hotter year than 2020, and 2019
wheats had higher concentrations of CP (178.4 versus 150.2 g/kg, p < 0.001), phytate-P
(3.9 versus 3.7 g/kg, p = 0.033), Ca (0.722 versus 0.650 g/kg, p < 0.001), Fe (0.045 ver-
sus 0.041 g/kg, p = 0.020), Mg (1.45 versus 1.36 g/kg), Na (0.153 versus 0.145 g/kg,
p = 0.036), P (4.37 versus 4.15 g/kg, p = 0.023), Zn (0.032 versus 0.026 mg/kg, p < 0.001) and
Cu (0.0074 versus 0.0066 g/kg, p < 0.001). In contrast, 2020-harvested wheats contained
higher concentrations of starch content (742.4 versus 716.9 g/kg, p < 0.001), K (3.27 ver-
sus 3.04 g/kg; p = 0.012) and Mn (0.054 versus 0.051 g/kg, p = 0.033) than 2019 wheats.
Significant differences in RVA profiles were confined to final viscosity, where 2020 wheats
were higher (1860 versus 1778 cP; p = 0.040), and peak time, where 2020 wheats had shorter
peak times (5.27 versus 5.32 min; p = 0.039).

The influence of variety and year on essential amino acid concentrations is shown
in Table 8, where variety had no statistical effects and treatment interactions were not
observed. Predictably, the 2019-harvested wheats had higher concentrations of essential
amino acids than 2020 (p < 0.001). In descending order, the 2019 wheats contained 20.7%
more phenylalanine, 18.8% isoleucine, 17.9% leucine, 16.5% threonine, 16.3% valine, 15.8%
histidine, 15.0% arginine, 14.5% methionine and 12.3% lysine than 2020 wheats.
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Table 3. The impacts of variety and sowing period on crude fibre, protein, starch, phytate and minerals from the 2019 wheat harvest.

Variety Sowing g/kg

Crude
Protein

Crude
Fiber Starch Phytate-P Ca Fe K Mg Mn Na P Zn Cu

Borlaug Early 167.9 fg 15.6 efg 715.4 4.0 abcde 0.584 i 0.051 bc 2.37 h 1.33 fg 0.044 hi 0.124 i 4.08 ghi 0.029 g 0.010
Borlaug Late 192.1 abc 16.4 bcde 673.3 3.5 ef 0.745 cde 0.054 b 3.04 defg 1.54 bcd 0.055 cd 0.145 efgh 4.64 cde 0.038 bc 0.009
Coolah Early 152.0 h 15.7 defg 747.6 2.7 g 0.815 abc 0.040 fgh 3.16 cdefg 1.49 cde 0.050 efg 0.135 ghi 3.95 hi 0.027 ghi 0.008
Coolah Late 185.2 abcd 15.3 fg 774.6 3.9 bcdef 0.724 def 0.035 i 3.23 cde 1.26 g 0.047 gh 0.133 ghi 4.00 ghi 0.020 k 0.007
Cutlass Early 160.8 gh 15.7 defg 746.1 3.8 bcdef 0.744 de 0.043 ef 2.92 g 1.38 efg 0.051 def 0.133 ghi 4.25 fg 0.034 ef 0.008
Cutlass Late 183.2 bcde 16.6 bcd 739.0 3.9 bcde 0.816 ab 0.049 c 3.34 c 1.56 bcd 0.061 b 0.143 fgh 4.85 bc 0.040 ab 0.008

Dart Early 167.1 fg 14.7 gh 772.4 3.8 cdef 0.776 bcd 0.042 efg 2.47 h 1.31 g 0.045 hi 0.148 efg 3.95 hi 0.029 g 0.008
Dart Late 190.4 abcd 15.6 defg 734.1 4.4 abc 0.854 a 0.045 de 3.30 cd 1.60 bc 0.052 cde 0.170 bcd 4.55 de 0.033 f 0.008
EGA-

Gregory Early 151.4 h 12.0 j 726.1 3.8 cdef 0.646 ghi 0.035 i 2.49 h 1.27 g 0.043 i 0.144 fgh 3.83 ij 0.025 hij 0.007

EGA-
Gregory Late 194.5 b 14.1 hi 719.6 4.2 abcd 0.778 bcd 0.042 efg 3.20 cdef 1.58 bcd 0.053 cde 0.165 bcd 4.65 cde 0.035 def 0.008

Lancer Early 179.8 de 11.9 j 695.2 4.0 abcde 0.622 ghi 0.047 cd 2.64 h 1.54 bcd 0.053 cde 0.160 cde 4.39 ef 0.028 gh 0.007
Lancer Late 195.1 a 13.3 i 659.3 4.5 ab 0.688 efg 0.050 bc 2.94 fg 1.66 ab 0.064 b 0.157 def 5.03 b 0.041 a 0.007

Livingston Early 172.7 ef 16.1 cdef 715.3 3.3 fg 0.664 fgh 0.037 hi 2.55 h 1.28 g 0.048 fgh 0.132 hi 3.65 j 0.024 j 0.006
Livingston Late 193.8 ab 16.8 bc 702.2 4.2 abcd 0.833 ab 0.039 fghi 3.29 cd 1.54 bcd 0.056 c 0.213 a 4.72 cd 0.041 a 0.007

Mitch Early 163.1 fg 16.0 cdef 737.7 3.9 bcdef 0.681 efgh 0.038 ghi 2.95 fg 1.25 g 0.036 j 0.142 fgh 3.93 hij 0.025 ij 0.007
Mitch Late 193.4 ab 17.9 a 685.4 4.5 ab 0.771 bcd 0.042 efg 3.20 cdef 1.35 fg 0.047 gh 0.180 b 4.55 de 0.033 ef 0.008
Trojan Early 164.5 fg 10.8 k 721.1 3.7 def 0.672 fgh 0.042 efg 2.98 efg 1.25 g 0.043 i 0.138 ghi 3.89 hij 0.026 hij 0.006
Trojan Late 182.5 cde 11.7 jk 712.8 3.9 bcdef 0.780 bcd 0.045 de 3.8 a 1.45 def 0.051 efg 0.167 bcd 4.14 fgh 0.036 cde 0.006

Zanzibar Early 187.2 abcd 16.7 bc 680.7 4.3 abcd 0.626 ghi 0.051 bc 3.37 bc 1.51 cde 0.055 cd 0.158 def 4.77 bcd 0.037 cd 0.007
Zanzibar Late 192.1 abc 17.3 ab 679.2 4.6 a 0.612 hi 0.063 a 3.64 ab 1.78 a 0.070 a 0.176 bc 5.54 a 0.040 ab 0.008
Standard
Error of

the Mean
(SEM)

0.173 0.0189 1.483 0.012 12.32 0.766 47.9 24.7 0.713 2.73 50.6 0.456 0.380

Main effect (variety)
Borlaug 180.0 16.0 694.4 bc 3.7 0.665 0.052 2.71 1.44 0.049 0.135 4.36 0.034 0.009 a

Coolah 168.6 15.5 761.1 a 3.3 0.769 0.037 3.20 1.38 0.048 0.134 3.98 0.024 0.007 bc

Cutlass 172.0 16.1 742.6 ab 3.9 0.780 0.046 3.13 1.47 0.056 0.138 4.55 0.037 0.008 ab

Dart 178.7 15.2 753.2 a 4.1 0.815 0.043 2.89 1.45 0.049 0.159 4.25 0.031 0.008 b

EGA-
Gregory 173.0 13.1 722.8 abc 4.0 0.712 0.039 2.85 1.42 0.048 0.155 4.24 0.030 0.008 bc

Lancer 187.5 12.6 677.2 c 4.2 0.655 0.049 2.79 1.60 0.059 0.158 4.71 0.034 0.007 bc

Livingston 183.2 16.4 708.8 abc 3.7 0.748 0.038 2.92 1.41 0.052 0.172 4.18 0.033 0.007 bc

Mitch 178.2 16.9 711.5 abc 4.2 0.726 0.040 3.07 1.30 0.042 0.161 4.24 0.029 0.007 bc

Trojan 173.5 11.3 717.0 abc 3.8 0.726 0.044 3.39 1.35 0.047 0.152 4.02 0.031 0.006 c

Zanzibar 189.6 17.0 679.9 c 4.5 0.619 0.057 3.50 1.65 0.062 0.167 5.15 0.039 0.008 bc
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Table 3. Cont.

Variety Sowing g/kg

Crude
Protein

Crude
Fiber Starch Phytate-P Ca Fe K Mg Mn Na P Zn Cu

Sowing
period
Early 166.6 14.5 725.8 a 3.7 0.683 0.043 2.79 1.36 0.047 0.141 4.07 0.029 0.007
Late 190.2 15.5 708.0 b 4.2 0.760 0.046 3.30 1.53 0.055 0.165 4.67 0.036 0.007

p-Value
Variety <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sowing
period <0.001 <0.001 0.014 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.679

Variety ×
Year <0.001 <0.001 0.297 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.178

Twenty treatments = 10 varieties × 2 sowings; number of replications = 2. Means followed by the same letter within a column are not significantly different at p = 0.05.

Table 4. The impact of variety and sowing period on crude fibre, protein, starch, phytate and minerals from the 2020 wheat harvest.

Variety Sowing g/kg

Crude
Protein

Crude
Fibre Starch Phytate Ca Fe K Mg Mn Na P Zn Cu

Borlaug Early 153.8 bcd 16.00 abc 734.9 3.5 cdef 0.613 ghi 0.046 cd 2.47 i 1.23 ghij 0.052 def 0.126 i 3.91 gh 0.027 efg 0.007 abcd

Borlaug Late 151.8 bcde 16.10 abc 743.8 3.8 abcdef 0.508 k 0.052 a 2.96 h 1.36 defg 0.057 abcd 0.126 i 4.11 efgh 0.030 bc 0.007 abc

Coolah Early 146.8 def 14.25 ef 703.7 3.6 bcdef 0.824 a 0.041 fgh 2.97 h 1.32 efgh 0.050 efg 0141 efg 4.24 def 0.03 3a 0.007 abcd

Coolah Late 146.5 def 15.98 abc 722.5 3.6 abcdef 0.636 fgh 0.032 k 3.06 fgh 1.26 fghi 0.051 ef 0.131 hi 3.59 ij 0.017 k 0.006 abcde

Cutlass Early 144.4 efg 15.45 bcde 751.9 4.0 abc 0.774 abc 0.041 fgh 3.51 bcde 1.41 bcde 0.057 bcd 0.135 gh 4.3 cdef 0.029 cde 0.007 abcd

Cutlass Late 152.1 bcde 15.35 cde 778.9 3.6 abcdef 0.793 ab 0.042 defg 3.41 cdef 1.42 bcde 0.062 ab 0.160 bc 4.55 abcd 0.025 fgh 0.007 abcd

Dart Early 151.6 bcde 16.04 abc 762.1 4.1 ab 0.739 bcd 0.046 cde 2.91 h 1.49 abcd 0.055 cde 0.129 i 4.31 cdef 0.030 cd 0.008 ab

Dart Late 160.3 b 16.79 a 747.1 3.9 abcde 0.726 bcde 0.043 def 2.96 h 1.60 a 0.058 abc 0.137 fgh 4.71 a 0.029 cde 0.008 a

EGA-
Gregory Early 146.0 def 12.85 gh 715.2 3.6 abcdef 0.681 defg 0.032 k 3.06 gh 1.32 efgh 0.047 fgh 0.158 cd 3.92 gh 0.024 hi 0.006 abcde

EGA-
Gregory Late 148.6 cdef 14.50 def 686.1 3.4 ef 0.703 cdef 0.039 ghi 3.49 bcde 1.51 abc 0.055 cde 0.152 d 4.37 bcde 0.027 def 0.007 abc

Lancer Early 159.7 b 10.41 j 710.6 4.0 abcd 0.550 ijk 0.044 def 2.99 h 1.42 bcde 0.060 ab 0.146 e 4.22 efg 0.025 gh 0.007 abcde

Lancer Late 159.4 b 13.49 fg 716.6 4.2 a 0.586 hij 0.051 ab 3.38 defg 1.51 abc 0.061 ab 0.145 e 4.69 ab 0.033 a 0.007 abcd

Livingston Early 154.2 bcd 16.05 abc 780.4 3.8 abcdef 0.553 ijk 0.036 ij 2.91 h 1.12 j 0.053 de 0.127 i 3.59 ij 0.020 j 0.006 cde

Livingston Late 156.1 bc 16.59 abc 747.4 4.0 abcde 0.620 ghi 0.039 ghi 3.20 efgh 1.55 ab 0.062 a 0.131 hi 4.58 abc 0.026 fgh 0.006 abcde

Mitch Early 135.8 g 16.65 ab 763.2 3.6 bcdef 0.665 defg 0.034 jk 3.54 bcde 1.23 ghij 0.044 h 0.164 ab 4.11 efgh 0.025 fgh 0.007 abcde

Mitch Late 139.6 fg 16.28 abc 763.5 3.4 def 0.531 jk 0.034 jk 3.26 efgh 1.17 ij 0.046 gh 0.158 bcd 3.81 hi 0.025 fgh 0.007 abcde
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Table 4. Cont.

Variety Sowing g/kg

Crude
Protein

Crude
Fibre Starch Phytate Ca Fe K Mg Mn Na P Zn Cu

Trojan Early 143.4 efg 11.02 ij 750.3 3.3 f 0.662 efg 0.038 hij 3.78 b 1.18 hij 0.051 efg 0.143 ef 3.47 j 0.021 j 0.005 e

Trojan Late 142.3 fg 11.99 hi 756.6 3.3 f 0.670 defg 0.042 defg 4.16 a 1.38 cdef 0.054 cde 0.155 cd 4.03 fgh 0.026 fgh 0.006 bcde

Zanzibar Early 170.5 a 1..69 abcd 752.5 4.0 abc 0.650 fgh 0.048 bc 3.76 bc 1.41 bcde 0.059 abc 0.168 a 4.36 cde 0.033 ab 0.007 abcde

Zanzibar Late 141.2 fg 15.93 abc 760.8 4.2 a 0.514 jk 0.042 efg 3.66 bcd 1.38 cdef 0.055 cde 0.160 bc 4.13 efg 0.021 ij 0.005 de

Standard
Error of

the Mean
(SEM)

0.161 0.0226 1.673 0.010 13.07 0.643 62.7 24.7 0.904 2.14 55.1 0.458 0.300

Main effect (variety)
Borlaug 152.8 16.05 739.3 ab 3.6 0.561 0.049 2.71 1.30 0.054 0.126 4.01 0.028 0.007
Coolah 146.7 15.12 713.1 ab 3.6 0.730 0.037 3.01 1.29 0.051 0.136 3.92 0.025 0.007
Cutlass 148.2 15.40 765.4 a 3.8 0.784 0.042 3.46 1.41 0.059 0.148 4.42 0.027 0.007

Dart 156.0 16.41 754.6 ab 4.0 0.732 0.045 2.93 1.54 0.056 0.133 4.51 0.029 0.008
EGA-

Gregory 147.3 13.68 700.7 b 3.5 0.692 0.036 3.27 1.41 0.051 0.155 4.14 0.025 0.007

Lancer 159.5 11.95 713.6 ab 4.1 0.568 0.047 3.18 1.47 0.060 0.145 4.45 0.029 0.007
Livingston 155.1 16.32 763.9 a 3.9 0.586 0.038 3.05 1.33 0.057 0.129 4.09 0.023 0.006

Mitch 137.7 16.46 763.4 a 3.5 0.598 0.034 3.40 1.20 0.045 0.161 3.96 0.025 0.007
Trojan 142.8 11.51 753.4 ab 3.3 0.667 0.040 3.97 1.28 0.052 0.149 3.75 0.0235 0.006

Zanzibar 155.8 15.81 756.6 ab 4.1 0.582 0.045 3.71 1.40 0.057 0.164 4.25 0.027 0.006
Sowing
period
Early 150.6 14.44 742.5 3.8 0.671 0.041 3.189 1.31 0.053 0.144 4.04 0.027 0.007
Late 149.8 15.30 742.3 3.7 0.629 0.042 3.354 1.41 0.056 0.145 4.26 0.026 0.007

p-Value
Variety <0.001 <0.001 0.003 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sowing
period 0.267 <0.001 0.985 0.850 <0.001 0.001 <0.001 <0.001 <0.001 0.091 <0.001 0.012 0.296

Variety ×
Year <0.001 <0.001 0.710 0.039 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.033

Twenty treatments = 10 varieties × 2 sowings; number of replications = 2. Means followed by the same letter within a column are not significantly different at p = 0.05.
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Table 5. The impact of variety and sowing period on RVA starch-pasting properties from the 2019 and 2020 wheat harvests.

2019 Harvest 2020 Harvest

Pasting
Temp. Starch Viscosity (cP) Peak

Time
Pasting
Temp. Starch Viscosity (cP) Peak

Time
Variety Sowing ◦C Peak Trough Breakdown Final Setback (min) ◦C Peak Trough Breakdown Final Setback (min)

Borlaug Early 86.4 a 1075 fg 798 efgh 277 f 1735 de 937 cdef 5.29 bcd 74.3 bc 940 j 741 fg 284 hij 1459 l 863 h 4.91 d

Borlaug Late 63.0 b 1160 f 884 bcde 277 f 1824 cd 940 cdef 5.23 d 68.6 cd 1211 fg 803 ef 408 f 1762 ghij 957 cdefgh 5.29 abc

Coolah Early 81.6 ab 1465 d 911 bc 554 cd 1910 bc 999 abc 5.24 cd 84.4 ab 1665 b 862 de 803 a 1805 fghi 943 defgh 5.32 abc

Coolah Late 80.3 ab 1597 bc 911 bc 686 b 1822 cd 911 defg 5.38 abcd 84.8 ab 1450 de 914 cd 546 de 2014 abc 1051 abc 5.32 abc

Cutlass Early 75.4 ab 1510 cd 953 b 576 cd 1957 b 988 bcd 5.38 abcd 63.3 cde 1432 de 928 cd 509 e 1995 bcd 1072 ab 5.29 abc

Cutlass Late 69.8 ab 1347 e 895 bcd 452 e 1852 bcd 957 bcde 5.25 cd 84.0 ab 1459 cd 904 cd 601 cd 1924 cdef 1015 abcdef 5.25 abc

Dart Early 88.0 a 1071 fg 878 bcde 204 fghi 1837 bcd 1009 abc 5.42 abcd 87.6 a 649 k 396 h 253 ijk 1852 efgh 586 i 5.12 cd

Dart Late 86.4 a 1024 gh 770 ghi 254 fg 1638 ef 868 fgh 5.22 d 58.4 de 1151 gh 811 ef 345 fgh 1643 jk 882 gh 5.15 bc

EGA-
Gregory Early 69.5 ab 1897 a 1067 a 830 a 2099 a 1032 ab 5.51 a 84.4 ab 1868 a 1032 a 836 a 2069 ab 1037 abcd 5.42 a

EGA-
Gregory Late 74.2 ab 1471 d 853 cdefg 618 bc 1729 de 876 efgh 5.31 abcd 84.0 ab 1598 b 951 abc 648 bc 1964 bcde 1014 abcdef 5.35 ab

Lancer Early 79.5 ab 990 ghi 773 fghi 123 i 1654 ef 932 cdef 5.49 ab 88.1 a 1091 ghi 879 cde 212 jk 1873 defg 974 bcdefg 5.32 abc

Lancer Late 83.9 ab 1005 gh 840 cdefgh 218 fgh 1846 bcd 1006 abc 5.39 abcd 87.6 a 1103 ghi 897 cd 209 jk 2004 abc 1022 abcde 5.42 a

Livingston Early 86.9 a 996 ghi 786 fghi 210 fgh 1685 e 900 efgh 5.29 bcd 87.6 a 1323 ef 937 bcd 386 fg 2007 abc 1070 ab 5.37 a

Livingston Late 86.7 a 895 ij 707 i 188 ghi 1536 f 829 h 5.25 cd 86.1 ab 1022 hij 801 ef 221 jk 1722 ij 921 fgh 5.22 abc

Mitch Early 70.3 ab 822 j 698 i 125 i 1529 f 831 gh 5.29 bcd 87.3 a 930 j 748 fg 182 k 1652 jk 904 gh 5.32 abc

Mitch Late 86.4 a 1032 gh 819 defgh 223 fgh 1683 e 874 fgh 5.24 cd 84.1 ab 1197 fg 961 abc 236 jk 2085 ab 1095 a 5.29 abc

Trojan Early 87.1 a 1634 b 1070 a 564 cd 2145 a 1075 a 5.25 cd 83.0 ab 1590 bc 942 bcd 648 bc 1939 cde 1057 ab 5.25 abc

Trojan Late 85.2 ab 1342 e 861 cdef 531 de 1742 de 881 efgh 5.22 d 55.6 e 1687 b 1015 ab 692 b 2128 a 1083 a 5.22 abc

Zanzibar Early 88.0 a 957 hi 811 defgh 161 hi 1724 de 914 def 5.45 abc 51.5 e 1018 ij 687 g 319 ghi 1571 hij 878 gh 5.27 abc

Zanzibar Late 69.0 ab 1022 gh 760 hi 258 fg 1627 ef 888 efgh 5.35 abcd 86.1 ab 1058 hij 803 ef 249 ijk 1732 ij 937 efgh 5.35 ab

Standard
Error of

the Mean
(SEM)

3.96 18.6 15.6 14.9 22.6 14.3 0.038 2.23 23.1 15.0 13.9 21.9 17.1 0.037

Main effect (variety)
Borlaug 74.7 1117 841 277 1779 939 5.26 71.4 1075 772 346 1610 910 5.10
Coolah 81.0 1531 911 620 1866 955 5.31 84.6 1557 888 675 1909 997 5.32
Cutlass 72.6 1428 924 514 1904 972 5.32 73.6 1445 916 555 1959 1043 5.27

Dart 87.2 1048 824 229 1737 938 5.32 73.0 900 604 299 1748 734 5.14
EGA-

Gregory 71.8 1684 960 724 1914 954 5.41 84.2 1733 991 742 2016 1025 5.38

Lancer 81.7 998 806 170 1750 969 5.44 87.8 1097 888 210 1938 998 5.37
Livingston 86.8 945 746 199 1610 864 5.27 86.9 1173 869 304 1864 995 5.29

Mitch 78.3 927 758 174 1606 852 5.26 85.7 1063 854 209 1869 999 5.30
Trojan 86.1 1488 966 548 1943 978 5.23 69.3 1638 978 670 2033 1070 5.23

Zanzibar 78.5 989 785 209 1676 901 5.40 68.8 1038 745 284 1651 907 5.31
Sowing
period
Early 81.3 1241 874 362 1827 961 5.36 79.1 1250 815 443 1822 938 5.26
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Table 5. Cont.

2019 Harvest 2020 Harvest

Pasting
Temp. Starch Viscosity (cP) Peak

Time
Pasting
Temp. Starch Viscosity (cP) Peak

Time
Variety Sowing ◦C Peak Trough Breakdown Final Setback (min) ◦C Peak Trough Breakdown Final Setback (min)

Late 78.5 1189 830 370 1730 903 5.28 77.9 1293 886 415 1898 997 5.28
p-Value
Variety 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sowing
period 0.130 <0.001 <0.001 0.237 <0.001 <0.001 <0.001 0.241 <0.001 <0.001 <0.001 <0.001 <0.001 0.120

Variety ×
Year 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 0.013 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Twenty treatments = 10 varieties × 2 sowings; number of replications = 2. Means followed by the same letter within a column are not significantly different at p = 0.05.

Table 6. The main effect of variety and sowing period on NSP and sugar concentrations from the 2019 wheat harvest (g/kg).

Total Soluble

Variety Total NSPs Total SNSPs Free Sugar Ribose Arabinose Xylose Mannose Galactose Ribose Arabinose Xylose Mannose Galactose

Borlaug 70.7 ab 9.9 b 21.1 ab 0.25 abc 23.8 ab 28.8 b 2.6 3.1 0.25 abc 3.1 c 3.2 1.3 bc 1.9 b

Coolah 73.9 ab 13.8 a 21.4 ab 0.27 ab 25.8 ab 34.3 a 2.1 3.0 0.27 abc 4.7 a 6.7 1.2 bc 1.7 bcd

Cutlass 69.9 ab 10.6 ab 20.5 b 0.16 bc 24.0 ab 30.4 ab 1.9 3.1 0.16 bc 3.7 abc 4.8 0.8 c 1.7 bcd

Dart 77.6 a 13.9 a 21.5 ab 0.28 a 26.6 a 34.2 a 2.6 2.4 0.28 ab 4.8 a 4.6 1.9 a 2.4 a

Lancer 68.2 ab 11.8 ab 26.2 a 0.33 a 25.3 ab 29.8 ab 2.0 3.0 0.33 a 4.4 ab 4.9 1.0 c 1.8 bc

Livingston 72.7 ab 9.2 b 19.8 b 0.15 c 24.9 ab 30.7 ab 2.1 3.0 0.15 c 2.9 c 3.9 0.9 c 1.4 d

Mitch 75.3 a 10.4 ab 20.4 b 0.29 a 26.8 a 31.9 ab 2.2 3.1 0.29 a 3.6 bc 3.9 1.2 bc 1.7 bcd

Trojan 65.2 b 11.1 ab 20.3 b 0.34 a 22.9 b 28.7 b 2.1 3.2 0.34 a 4.0 abc 4.2 1.1 bc 1.7 bcd

Zanzibar 70.9 ab 11.8 ab 23.2 ab 0.15 bc 24.1 ab 32.0 ab 3.0 2.9 0.15 c 3.8 abc 5.3 1.5 ab 1.5 cd

Sowing period
Early 69.3 a 11.5 21.1 0.23 24.0 a 30.1 a 2.2 2.9 0.23 3.9 4.7 1.2 1.7
Late 73.9 b 11.3 22.2 0.26 25.8 b 32.3 b 2.4 3.0 0.36 3.9 4.6 1.2 1.8

p-Value
Variety 0.019 0.006 0.028 0.035 0.011 0.009 0.376 0.215 0.035 0.002 0.099 0.003 <0.001

Sowing period 0.003 0.798 0.127 0.248 0.001 0.004 0.508 0.356 0.248 0.772 0.813 0.851 0.148

Eighteen treatments = 9 varieties × 2 sowing periods; number of replications = 2. There was not enough quantity to conduct analyses on all 10 varieties, and there is no significant
treatment interaction; hence, only main effects are shown. Means followed by the same letter within a column are not significantly different at p = 0.05.
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Table 7. The overall impact of year on chemical compositions in wheat.

Year Crude Protein Crude Fibre Starch Phytate-P Ca Fe K Mg Mn Na
g/kg g/kg g/kg g/kg g/kg g/kg g/kg g/kg g/kg g/kg

2019 178.4 a 150.1 716.9 b 3.9 a 0.722 a 0.045 a 3.04 b 1.45 a 0.051 b 0.153 a

2020 150.2 b 148.7 742.4 a 3.7 b 0.650 b 0.041 b 3.27 a 1.36 b 0.054 a 0.145 b

Standard Error of
the Mean (SEM) 0.189 0.311 0.516 0.006 13.74 0.996 62.1 23.0 1.046 2.84

p-value <0.001 0.762 <0.001 0.033 <0.001 0.020 0.012 0.014 0.033 0.036

P Zn Cu Pasting Temp. Starch viscosity (cP) Peak Time

g/kg g/kg g/kg ◦C Peak Trough Breakdown Final Setback (min)

2019 4.37 a 0.032 a 0.0074 a 79.9 1215 852 366 1778 b 932 5.32 a

2020 4.15 b 0.026 b 0.0066 b 78.5 1272 850 429 1860 a 968 5.27 b

Standard Error of
the Mean (SEM) 66.7 0.861 0.132 1.68 47.5 19.3 33.3 27.5 15.1 0.017

p-value 0.023 <0.001 <0.001 0.57 0.404 0.953 0.185 0.040 0.098 0.039

Means followed by the same letter within a column are not significantly different at p = 0.05.
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Table 8. The effect of variety and year on total amino acid concentrations in wheat (g/kg).

Variety Year Histidine Isoleucine Leucine Lysine Methionine Valine Phenylalanine Threonine Arginine

Borlaug 2019 4.22 5.89 11.07 4.33 1.93 6.86 8.16 4.55 7.09
Borlaug 2020 3.66 4.97 9.45 3.84 1.75 5.90 6.79 3.94 6.19
Coolah 2019 3.88 5.31 10.02 3.99 1.68 6.21 7.10 4.08 6.53
Coolah 2020 3.47 4.66 8.84 3.70 1.51 5.57 6.13 3.69 5.83
Cutlass 2019 3.99 5.67 10.64 4.39 1.91 6.71 7.70 4.50 7.19
Cutlass 2020 3.37 4.66 8.84 3.87 1.68 5.62 6.27 3.81 6.26

Dart 2019 4.19 5.61 10.68 4.27 1.85 6.67 7.59 4.49 7.15
Dart 2020 3.78 5.04 9.59 3.94 1.67 6.03 6.76 4.04 6.29
EGA-

Gregory 2019 4.13 5.67 10.53 4.28 1.87 6.64 7.89 4.36 7.12

EGA-
Gregory 2020 3.57 4.75 8.94 3.78 1.62 5.71 6.39 3.77 6.08

Lancer 2019 4.23 6.06 11.18 4.30 2.10 6.94 8.11 4.55 7.36
Lancer 2020 3.69 5.19 9.65 3.93 1.89 6.10 6.89 4.06 6.63

Livingston 2019 4.02 5.83 11.02 4.26 1.89 6.84 7.87 4.49 7.02
Livingston 2020 3.70 5.20 9.94 3.96 1.68 6.20 6.94 4.04 6.53

Mitch 2019 4.01 5.66 10.74 4.32 1.90 6.67 7.74 4.50 7.01
Mitch 2020 3.15 4.36 8.33 3.52 1.56 5.25 5.82 3.55 5.63
Trojan 2019 4.00 5.59 10.54 4.06 1.90 6.53 7.93 4.33 6.96
Trojan 2020 3.43 4.63 8.81 3.57 1.63 5.56 6.43 3.70 5.98

Zanzibar 2019 4.42 6.18 11.79 4.60 1.95 7.17 8.71 4.61 7.70
Zanzibar 2020 3.67 4.91 9.39 3.97 1.60 5.89 6.86 3.89 6.34

SEM 0.174 0.278 0.521 0.171 0.086 0.299 0.419 0.198 0.344
Main effect (variety)
Borlaug 3.94 5.43 10.26 4.08 1.84 ab 6.38 7.47 4.25 6.64
Coolah 3.68 4.98 9.43 3.84 1.60 b 5.89 6.61 3.89 6.18
Cutlass 3.68 5.16 9.74 4.13 1.79 ab 6.17 6.98 4.15 6.73

Dart 3.98 5.32 10.13 4.10 1.76 ab 6.35 7.17 4.27 6.72
EGA-

Gregory 3.85 5.21 9.73 4.03 1.75 ab 6.18 7.14 4.07 6.60

Lancer 3.96 5.63 10.41 4.11 1.99 a 6.52 7.50 4.31 6.99
Livingston 3.86 5.51 10.48 4.11 1.78 ab 6.52 7.41 4.26 6.78

Mitch 3.58 5.01 9.54 3.92 1.73 ab 5.96 6.78 4.02 6.32
Trojan 3.72 5.11 9.68 3.81 1.76 ab 6.05 7.18 4.02 6.47

Zanzibar 4.04 5.54 10.59 4.29 1.78 ab 6.53 7.78 4.25 7.02
Year
2019 4.11 a 5.75 a 10.82 a 4.28 a 1.90 a 6.72 a 7.88 a 4.45 a 7.11 a

2020 3.55 b 4.84 b 9.18 b 3.81 b 1.66 b 5.78 b 6.53 b 3.85 b 6.18 b

p-Value
Variety 0.173 0.270 0.285 0.236 0.038 0.307 0.247 0.452 0.339

Year <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Variety ×

Year 0.909 0.920 0.910 0.900 0.972 0.923 0.927 0.945 0.959

Twenty treatments = 10 varieties × 2 years of harvest; number of replications = 4. Means followed by the same
letter within a column are not significantly different at p = 0.05.

4. Discussion

Pearson correlations of selected parameters in all wheat varieties from both harvest
years are shown in Table 9. Crude protein concentrations were positively correlated with
phytate-P (r = 0.548; p < 0.001) and total P (r = 0.605; p < 0.001) and negatively correlated
with starch (r = −0.571; p < 0.001). Starch was negatively correlated with total P (r = −0.487;
p = 0.001), and phytate-P was positively correlated with total P (r = 0.582); p < 0.001).
The inverse relationship between CP and starch is predictable. The positive relationship
between CP and phytate-P is of interest to starch. Raboy et al. [24] reported that protein
and phytate content in winter wheat were highly correlated; in contrast, Ma et al. [25]
found this was not the case in Chinese winter wheats. In the present study, the linear
regression equation was y = 1.969 + 0.0014 X CP, and the relationship between CP and
phytate-P was highly significant (p = 0.000253). One possible implication is that the
breeding of low-phytate wheat cultivars could compromise their protein contents. Again,
the positive relationship between phytate-P and total P was anticipated and has been
previously reported by Selle et al. [26]
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Table 9. The pairwise correlations between wheat physio-chemical compositions.

Crude Protein Crude Fibre Starch Phytate-P Total P

Crude protein r = 1
p =

Crude fibre r = 0.157 1
p = NS

Starch r = −0.571 0.067 1
p = <0.001 NS

Phytate-P r = 0.548 0.281 −0.294 1
p = <0.001 NS NS

Total P r = 0.605 0.294 −0.487 0.582 1
p = <0.001 NS <0.001 <0.001

Peason correlation and significance at p = 0.05. NS = non-significant; phytate-P = phytate phosphorus.

Globally, wheat is the second most commonly used feed grain for livestock and poul-
try, and in Australia, wheat is dominant in chicken meat production. Thus, differences in
protein and amino acid contents in wheat could have economic consequences as imported
soybean meal, the key source of protein/amino acids, is an expensive commodity in Aus-
tralia. To illustrate the potential economic impact, starter, grower, finisher and withdrawal
diets based on 2019- or 2020-harvested wheats were formulated to meet 2022 Ross 308
nutrient specifications as shown in Table 10. The EFG broiler growth model was used to
predict the broiler growth performance that these diets would support.

Table 10. The diet composition and calculated nutrient specifications based on wheats harvested in
2019 and 2020.

Ingredients (g/kg) Starter Grower Finisher Withdrawal

Wheat 576 626 667 689
Soybean meal (48%) 269 215 172 153
Faba (horse) beans 50 50 50 50

Field pea 50 50 50 50
Canola meal 1.68
Canola seed 16.97 28.37 29.04

Soy oil 11.04 9.74 5.58 5.38
DL-methionine 3.49 2.95 2.54 2.26

L-lysine HCl 3.57 3.09 2.82 2.60
L-threonine 1.57 1.24 0.98 0.81

L-Valine 0.43 0.16
Mono-Dicalcium Phosphate 9.79 6.28 3.64 2.82

Limestone 38 Flour 13.54 9.91 8.50 7.62
Choline chloride 75% L 0.80 0.60 0.50 0.40

Salt 1.47 1.70 1.83 1.93
Sodium bicarbonate 3.75 2.66 2.47 2.33

Premix 1 4.30 3.80 3.30 2.80
Estimated cost (AUD) 646.00 598.00 552.00 533.00

Nutrient specifications 2019 2020 2019 2020 2019 2020 2019 2020

AMEn kcal/kg 2967 3062 3108 3132
Arginine 1.48 1.36 1.34 1.22 1.23 1.12 1.18 1.07

Asparagine 1.46 1.33 1.32 1.19 1.21 1.09 1.16 1.03
Avail. phosphorus 0.50 0.42 0.36 0.34

Calcium 0.95 0.75 0.65 0.60
Crude fat 2.35 1.95 2.94 2.53 3.02 2.63 3.04 2.66

Crude protein 23.65 20.29 21.91 18.72 20.60 17.54 19.92 16.92
Cysteine 0.39 0.32 0.37 0.31 0.36 0.30 0.36 0.30
Glycine 0.43 0.37 0.45 0.39 0.47 0.41 0.48 0.41

Glycine equivalents 1.03 1.00 0.98 0.96
Glycine + serine 1.30 1.24 1.20 1.18

Histidine 0.57 0.52 0.53 0.48 0.50 0.45 0.49 0.43
Isoleucine 0.96 0.86 0.88 0.78 0.82 0.73 0.78 0.70
Leucine 1.63 1.46 1.50 1.34 1.40 1.25 1.35 1.21
Lysine 1.44 1.30 1.29 1.16 1.17 1.06 1.11 1.00

Methionine 0.65 0.64 0.58 0.57 0.53 0.51 0.49 0.48
Methionine + cystine 1.04 0.96 0.95 0.88 0.89 0.82 0.85 0.78
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Table 10. Cont.

Ingredients (g/kg) Starter Grower Finisher Withdrawal

Nutrient specifications 2019 2020 2019 2020 2019 2020 2019 2020

Phenyl. + tyrosine 1.79 1.62 1.63 1.46 1.50 1.35 1.44 1.29
Phenylalanine 1.10 0.99 1.01 0.91 0.95 0.85 0.91 0.82

Serine 1.07 0.93 0.98 0.85 0.92 0.79 0.88 0.77
Threonine 0.96 0.85 0.86 0.76 0.78 0.69 0.73 0.65

Tryptophan 0.30 0.26 0.28 0.24 0.27 0.23 0.26 0.22
Tyrosine 0.69 0.62 0.61 0.55 0.55 0.49 0.52 0.47

Valine 1.08 0.96 0.97 0.86 0.90 0.80 0.87 0.77

1 Vitamin-trace mineral premix supplied per tonne of feed; [million international units, MIU] retinol 12, chole-
calciferol 5, [g] tocopherol 50, menadione3, thiamine 3, riboflavin 9, pyridoxine 5, cobalamin 0.025, niacin 50,
pantothenate 18, folate 2, biotin 0.2, copper 20, iron 40 manganese 110, cobalt 0.25, iodine 1, molybdenum 2, zinc
90, selenium 0.3.

The predicted growth performance at 29, 35, 42 and 49 days post-hatch are reported in
Table 11. Importantly there was a four-point advantage in FCR at 35 days post-hatch in
favour of the 2019 wheats when mean predicted body weight was 2644 g/bird, which is
close to the average live body weight of birds processed in Australia. The advantage of
four points in FCR can be expressed as an improvement of 2.53% (1.539 versus 1.579) in
FCR. Given that the landed cost of a broiler diet at a grow-out facility in the order of AUD
650 per tonne, an FCR improvement of 2.53% translates to a saving of AUD 16.45 per tonne
of feed. Moreover, as feed cost represents a substantial proportion of total costs, much of
this saving becomes additional profit.

Table 11. The predicted growth performance based on the EFG broiler growth model 1.

Weight Gain (g/bird) Feed Intake (g/bird)

28 d 35 d 42 d 49 d 28 d 35 d 42 d 49 d

2019 wheat diet 1791 2644 3525 4343 2480 3896 5499 7207
2020 wheat diet 1818 2676 3561 4381 2564 4047 5682 7414

FCR (g/g)

2019 wheat diet 1.456 1.539 1.610 1.679
2020 wheat diet 1.482 1.579 1.648 1.714

1 Estimation based on Ross 308 2019 genetics, Aviagen management guide, male:female = 50:50, male mortality
5%, female mortality 3% and 5% feed wastage.

5. Conclusions

In conclusion, there were significant impacts of climate-induced factors on the nutritive
properties of wheat where high temperature is more likely to increase CP and amino acid
content, decrease starch concentration and increase phytate and total NSP levels, but not
the soluble NSP content. There was no obvious trend that heat-tolerant wheat varieties
are more resilient to the impact of environmental temperatures on nutrient compositions.
More inter-disciplinary research between nutritionists and plant breeders is required to
optimise yield and quality.
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