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Abstract: Meiosis is the least explored stage for thermotolerance in wheat. We evaluated the impact
of 5 d of moderate transient daily heat stress during meiosis in the main stem spike on physiological
and grain yield traits in 30 diverse wheat cultivars which vary widely in heat tolerance and sensitivity.
We found that a moderate heat stress event during meiosis in the main stem spike had lasting impacts
on plant growth and reproduction in heat-sensitive, but not heat-tolerant, wheat cultivars. Heat-
tolerant cultivars maintained grain yield, grain number and individual grain weight in the main
stem spike and also total plant grain yield and biomass in the heat stress treatment relative to the
control. Heat-sensitive cultivars responded to heat stress by producing fewer and smaller grains
per spikelet on the main stem, fewer tillers, lower biomass and lower total plant grain yield in the
high temperature treatment relative to the control. Heat-sensitive cultivars produced higher flag
leaf chlorophyll content in the high temperature treatment relative to the control than heat-tolerant
cultivars during the first 3 d of heat treatment. There was small reduction in pollen viability from
98% to 96% following heat stress during meiosis which was unrelated to heat tolerance or sensitivity.
Moderate transient heat stress during meiosis did not greatly reduce the production of viable male
gametes, but had long-lasting negative impacts on fertilization and subsequent seed production in
heat-sensitive cultivars.

Keywords: wheat (Triticum aestivum); heat stress tolerance; meiosis; grain number; grain weight

1. Introduction

Bread wheat (Triticum aestivum L.) is an important crop due to its broad geographical
adaptation and it accounts for 19% of global calorie consumption in human diets [1]. Wheat
is cultivated on 219 Mha globally with an annual production of 760.93 Mt [2]. Wheat
consumption per capita is expected to increase by 13% from 2015–2017 to 2027 [2], with
an additional 100 Mt of wheat grain required by 2050 [3]. However, gradual increases in
ambient temperature and unpredictable climatic variations have caused substantial yield
losses in wheat in recent years [4,5]. The mean global land temperature has increased by
1.59 ◦C from 1850–1900 to 2011–2020 [6], and two-thirds of this warming has occurred
since 1975, by roughly 0.15–0.20 ◦C per decade [6,7]. The mean global temperature is
expected to increase by a further 3.3–5.7 ◦C by the end of the 21st century [6], supported by
a recent analysis that predicted an average increase of 0.18 ◦C per decade in mean global
temperature since 1981 [8]. The negative impact of higher average temperatures on wheat
production has already been felt in Australia where wheat is a major contributor to the
economy [9], and the water-limited yield potential of wheat has declined by 27% in the
past three decades [10]. This implicates rising temperatures as a cause of declining wheat
production [10].
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The optimum temperature range for wheat is 15–25 ◦C [11–13]. Above the temperature
threshold of 25 ◦C [14], heat stress in wheat increasingly affects dry matter accumulation,
floral initiation, pollination, fertilization and grain yield [15–18]. Heat stress triggers
significant changes in biological and developmental processes in wheat, which can decrease
grain yield depending on the magnitude and length of exposure [5,17–22]. Heat stress
has a greater impact on the reproductive phase than the vegetative phase in wheat [19,23],
and heat stress at meiosis decreases pollen development, fertilization and ultimately, grain
yield [24–27]. The Sirius wheat model, based on wheat growth and development in major
wheat-growing sites of Europe, predicts an increased frequency of heat stress events (days
with temperature >30 ◦C) during meiosis by 2050 [28,29].

Meiosis occurs synchronously in male (pollen mother cells) and female (megaspore
mother cells) cells in a single floret and takes 24 h to complete [30]. Generally, meiosis
begins in the middle spikelets of the inflorescence and progresses up and down the spike to
the distal positions [31,32]. Meiosis is synchronous within the anthers or ovule of a single
floret, but varies between florets within a spikelet by ~12 to 26 h [32]. Saini and Aspinall [24]
reported variation in meiosis of up to 3 d between the most advanced primary floret and the
least advanced tertiary floret in wheat spikelets, and concluded that later stages of meiosis
were the most temperature sensitive. Heat stress post-anthesis reduced grain yield due to a
reduction in average individual grain weight [33–36], but heat stress ≥30 ◦C at meiosis (or
before anthesis) reduced grain yield due to a reduction in grain number [12,24,28,37–39].
Heat stress at meiosis results in unbalanced gametes or unviable gametes due to irregular
chromosome segregation (laggards), failure of spindle fiber formation and decreased
chiasmata formation [32,40–42]. Deformed or shriveled anthers and ovules, and abnormal
pollen, stigma and style development are often observed; thus, heat stress at meiosis affects
both male and female fertility [24,43]. These abnormalities in male and female fertility
reduce grain number and grain yield. However, studies on heat stress at/around meiosis
are limited [38,41,43] due to the difficulty of timing heat stress events with meiosis.

Saini and Aspinall [24] first investigated the impact of heat stress (3 d for 30 ◦C)
during meiosis in wheat cultivar Gabo. They observed abnormal ovaries and reduced
pollen viability with varied responses across florets, i.e., primary florets were affected more
than secondary florets, and tertiary florets were unaffected [24,43]. In addition, heat stress
affected grain number in all regions of the spike (apical, middle and basal) [24]. Heat
stress during meiosis resulted in meiotic abnormalities in ‘Chinese Spring’ wheat [41],
and Draeger and Moore [38] reported that the leptotene stage was the most temperature-
sensitive period of meiosis in ‘Chinese Spring’. However, these studies used only one
cultivar or short periods of high stress; thus knowledge on the impact of heat stress
during meiosis on grain number and individual grain weight is limited and restricted to a
few cultivars.

Grain number and individual grain weight vary across the spike, with spikelets in the
middle region containing more and heavier grains than spikelets in the distal regions [44].
Likewise, the frequency of viable seeds differs between the primary, secondary and tertiary
florets of a spikelet [24]. Therefore, we expect that heat stress will affect florets and spikelets
differently according to their stage of meiosis during heat stress. Therefore, to screen
multiple genotypes for heat stress tolerance at meiosis, systematic efforts are needed to
apply heat stress at the same developmental stage in each genotype and assess the impact
of heat stress on individual spikelets and florets.

Field-based screening for heat stress tolerance is often subject to the confounding
effects of drought stress, but this can be avoided in controlled environment studies by
maintaining the same relative water content and water potential of plants in the heat stress
and control treatments [24]. According to Saini and Aspinall [24], 3–5 d of heat stress
beginning at the early meiosis stage in the main stem spike should expose all florets to
heat stress. However, there is a lack of practical information in the literature on predicting
early meiosis in a range of cultivars. A common morphological marker for the start of
meiosis is auricle distance (AD), i.e., the distance between the auricle of the flag leaf and the
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penultimate leaf on the main stem. In most cultivars, meiosis initiates when AD is between
1 and 2 cm [32,38,45–47]. However, in some studies, the heat stress period began when AD
was 4 cm [48,49], or about 24 h after meiosis was initiated in the central region of the spike.

There have been no studies to date in wheat where the impact of heat stress during
meiosis has been evaluated in more than one or two genotypes. Meiosis in wheat begins
around two weeks before anthesis, and most studies evaluate heat stress tolerance during
anthesis or seed filling stages [19,22,50]. In this study, we focus on moderate heat stress
at meiosis which follows the precedent set in previous studies at meiosis [23,42] and also
matches predictions of heat stress during meiosis in the Sirius wheat model [28,29]. We
assess the impact of moderate heat stress at meiosis in a diverse range of wheat cultivars
previously reported to be heat-tolerant or sensitive. We hypothesized that heat-tolerant
cultivars would have greater ability to cool leaf tissue and maintain chlorophyll and
photosynthetic activity during heat stress at meiosis than heat-sensitive cultivars, which
would improve the capacity of wheat to set and fill grains on the main stem and the whole
plant following a heat stress event during meiosis.

2. Materials and Methods
2.1. Experimental Location and Plant Material

Experiments were conducted in the glasshouse and controlled environment rooms
(CERs) at The University of Western Australia, Perth, Western Australia (31◦ 57′ S and
115◦ 52′ E) from June to November 2020. An extensive literature review for heat stress
studies in wheat revealed several diverse spring wheat cultivars which were reported to
be heat stress tolerant or sensitive at various growth stages (vegetative and reproductive),
from which we selected 26 cultivars and added four recently released untested cultivars
(Supplementary Table S1).

2.2. Growth Conditions before Temperature Treatment

Plastic pots (1.9 L capacity, 150 mm in diameter, 150 mm in height) were filled with
1.6 kg of pasteurized potting mix comprising of fine composted pine bark, cocopeat and
quartz river sand in a 5:2:3 ratio. Each pot was fertilized weekly with 2 g of a N:P:K:Ca:Mg
(15:2.2:12.4:5:1.8) solution dissolved in 125 mL water (16 g L–1) from three weeks after
sowing until maturity. The soil was watered to field capacity, defined as the weight of
water retained by soil in pots after 24 h of free drainage, every second day, so soil water
content never fell below 70% field capacity. Three seeds were sown per pot, and, with the
least vigorous seedlings removed at the two-leaf stage to retain one seedling per pot. There
were 2 temperature treatments (high temperature and control), 30 cultivars and 3 replicate
pots per cultivar per heat treatment (180 pots in total). One replicate pot in control for
three varieties and one replicate pot in the high temperature treatment for one cultivar was
missing due to the failure of seeds to germinate. Pots were placed in a phytotron set at
24/16 ◦C day/night and 16/8 h light/dark, with photosynthetically active radiation of
420 µmol m−2 s−1 at noon.

2.3. Auricle Distance at the Beginning of Meiosis

In preliminary experiments, plants were monitored regularly for imminent meiosis by
dissecting the developing main stem spike and assessing the stage of meiosis when the AD
was between 0 and 8 cm (Figure 1). Meiosis in a diverse range of cultivars was found by
microscopic evaluation to begin when AD on the main stem spike was 1 cm (Figure 1). On
the morning of the day when AD reached 1 cm, plants were moved from the CER to the
temperature treatment. The days from sowing to AD 1 cm (DTAD) and days from sowing
to anthesis (DTA) were recorded on individual plants of each cultivar.
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Figure 1. Overview of (A) timing of heat stress in relation to (B) auricle distance (AD, cm) and (C)
stages of meiosis in wheat. Meiosis (in anthers) starts when AD reaches 1 cm in most cultivars and
ends at AD 8 cm under heat stress. Immature pollen grains (microspores) are formed in anthers after
AD ≥8 cm. (D) The heat treatment effect on grain number and grain weight in the main stem spike is
measured on spikelets from the base upwards.

2.4. Temperature Treatments during Meiosis

The main stem was tagged during growth, and on the morning of the day when AD
reached 1 cm pots were moved to a CER for 5 d of control or high temperature treatment.
Both CERs were set to 16 h light (photosynthetically active radiation of 420 µmol m−2 s−1)
from 06:00–22:00 h and 8 h dark from 22:00–06:00 h. Relative humidity was set at ~60% using
an automated humidity control. Both CERs were set to a constant 16 ◦C in the dark, and soil
moisture content was maintained above 70% field capacity in both temperature treatments.

The high temperature treatment in this study used moderately high transient daily
maximum temperatures. Temperature gradually increased from 16 ◦C at 06:00 h un-
til 12:00 h when it reached a maximum of 32 ◦C. This maximum was maintained for
4 h from 12:00–16:00 h, following which, temperature gradually decreased to 16 ◦C by
22:00 h (Figure 2). In the control treatment, the temperature gradually increased from
16 ◦C to a maximum of 24 ◦C (maintained from 12:00 to 16:00 h), and then decreased
gradually to 16 ◦C by 22:00 h. After the temperature treatment, plants were returned
to the glasshouse bench and watered regularly to 100% field capacity until seed harvest.
Conditions in the glasshouse were 24 ◦C maximum, 12 ◦C minimum, with an average
relative humidity of 66% and average daily ambient photosynthetically active radiation of
499 ± 5 µmol m−2 s−1 at noon.
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Figure 2. Diurnal temperatures in the controlled environment room (CER) during the 5 d temperature
treatments. The control CER was set at 24/16 ◦C (day/night), while the high temperature CER was set
at 32/16 ◦C (day/night). In the high temperature CER, temperature gradually increased from 16 ◦C
to 32 ◦C from 06.00 h to 12:00 h (maximum temperature held from 12.00 to 16.00 h) and gradually
decreased from 32 ◦C to 16 ◦C from 16:00 to 22.00 h. In the control CER, temperature was gradually
increased from 16 ◦C to 24 ◦C from 06:00 to 10:00 h (maximum temperature held from 10:00 to 16:00 h)
and decreased gradually from 24 ◦C to 16 ◦C from 16:00 to 22:00 h.

2.5. Measurement of Traits during and Immediately after Temperature Treatment

The flag leaf temperature on each cultivar was recorded with an Impac Model IN
15 plus (Luma Sense Technologies GmbH, Santa Clara, CA, USA) infrared thermometer
with a minimum 2.2 mm diameter measurement area. Ambient temperature was measured
simultaneously with a digital thermometer (Luma Sense Technologies GmbH, Santa Clara,
CA, USA) with a 1 s response time. Flag leaf temperature depression (FLTD) was calculated
as the difference between ambient and flag leaf temperature. FLTD was measured on day
1 (FLTD_1D), day 3 (FLTD_3D) and day 5 (FLTD_5D) of treatment. Flag leaf chlorophyll
content was estimated with a soil plant analysis development (SPAD) plus chlorophyll
meter (Konica Minolta, Tokyo, Japan) on day 1 (SPAD_1D), day 3 (SPAD_3D) and day 5
(SPAD_5D) of temperature treatment. SPAD units are closely correlated with leaf chloro-
phyll content [51] and wheat flag leaf SPAD units are commonly referred to in terms of
chlorophyll content [52]. A pocket plant efficiency analyzer (PEA) (Hansatech Instruments
Ltd., King’s Lynn, Norfolk, UK) was used to record the quantum yield of photosynthesis
on flag leaves as the ratio of variable fluorescence (Fv) and maximum fluorescence (Fm)
after leaves were dark-adapted for 20 min. Fv/Fm was measured on day 1 (Fv/Fm_1D),
day 3 (Fv/Fm_3D) and day 5 (Fv/Fm_5D) of treatment on all cultivars, except one cultivar
on day 3 and day 5 of treatment. Flag leaf stomatal conductance (SC; mmol m−2 s−1)
was measured on day 3 of the heat treatment in a subgroup of random cultivars using
a Decagon porometer (Model SC-1 Decagon Devices, Inc. Pullman, WA, USA). FLTD,
SPAD, Fv/Fm and SC was measured between 13:00 and 15:00 h in the control and high
temperature treatment.

Pollen viability (PV) of cultivars was measured at anthesis. One drop of 2% aceto
carmine was placed on top of a microscope slide. Mature anthers from a freshly opened
flower on the main stem spike were crushed to extract pollen grains which were dispersed
into the stain and covered with a coverslip. Viable (bright orange-stained) and non-viable
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(non-stained) pollen grains were counted under an Olympus microscope (Olympus, Shin-
juku, Tokyo, Japan) with 40× magnification, and PV (%) was calculated from staining
counts on 200 pollen grains.

2.6. Measurements of Traits at Maturity

When plants were mature and ready for grain harvest, the entire above-ground
biomass (BM) was recorded after oven-drying the above-ground plant parts at 37 ◦C
until constant weight. The main stem length (MSL; cm) was measured, and yield-related
traits measured on the main stem spike included grain yield (GY; g), grain number (GN)
and average individual grain weight (GW; mg) determined by dividing GY by GN, spikelet
number (SN) and spike length (SL; cm).

In a separate analysis for cultivars Vixen, Gladius, Hellfire and W156, grain number
per spikelet (GNs) and average individual grain weight per spikelet (GWs) were recorded at
each spikelet position, with spikelet position numbered from the base of the spike upwards
(Figure 1). GNs and GWs were regressed against spikelet position (from spikelets 4 to
13) using linear and quadratic models. Spikelets 4 to 13 were chosen for analysis because
these spikelets were present in all varieties. Whole plant traits included BM, total number
of tillers (TNT), effective number of tillers (ENT; number of tillers with viable seeds),
percentage effective tillers (ET; 100 × ENT/TNT) and total plant grain yield (TGY; total
weight of grains harvested from effective tillers).

2.7. Statistical Analyses

Statistical analysis was performed using linear mixed models with residual maximum
likelihood (REML) estimation, using ASReml-R V4 [53]. For all the traits, treatment was
considered as fixed effect and cultivar, cultivar × treatment and error as random effects
to estimate Wald statistic and variance components, respectively. Principal component
analysis-based clustering (PCA) was performed using the ‘factoextra’ and ‘FactoMineR’
packages in R Version 1.4.1717. Correlation analysis was done using ‘xtable’ package,
and correlation plot was made using ‘GGally’ package in R Version 1.4.1717. Linear
and quadratic (polynomial) regression of GNs and GWs against spikelet position was
undertaken on individual cultivars using ordinary least squares analysis with base R
inbuilt lm() function, and the graphs were prepared using the ‘ggplot2′package in R.

3. Results

The 30 wheat cultivars in this experiment ranged in DTAD from 40 to 69 d and in DTA
from 58 to 85 d. DTAD occurred on average 16 d before anthesis (Supplementary Table S1).

3.1. Effect of Heat Stress on Traits Measured Immediately after Temperature Treatment or
at Maturity

REML analysis showed significant effects of the heat treatment on many traits (Table 1).
The high temperature treatment reduced the average GN across all cultivars by 11.8% and
GY by 14.1% on the main stem spike relative to the control treatment, but individual GW on
the main stem spike was not affected by high temperature relative to the control (Table 1).
The high temperature treatment reduced average TGY by 11.7% and BM by 9.3% (Table 1),
but did not affect average MSL, SL, SN, TNT, ENT, or ET relative to the control. There was
no significant cultivar × temperature treatment interaction for these yield component traits
(Table 1).
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Table 1. The effect of cultivar and temperature treatment on various physiological and agronomic traits on the main stem and whole plants of 30 wheat genotypes
exposed to 5 d of high temperature (“Heat”) or control temperature (“Control”) treatments during meiosis. The significance of variance components was evaluated
by a one-tailed Z-test, and significance of temperature treatment (fixed effect) by the Wald statistic. Percent reduction in the high temperature treatment means is
expressed relative to the control, and positive values indicate that the high temperature treatment means are lower than the control treatment. Individual cultivar
means under high temperature and control treatments are provided in Supplementary Table S2.

Trait Abbreviation (Units)
Random Effects (Variance Components) Fixed Effect

(Wald Statistic) Temperature Treatment Means

Cultivar Cultivar ×
Temperature Treatment Error Temperature

Treatment Control Heat Percent
Reduction

Main stem traits
Degrees of freedom 29 29 116 1
Grain number GN 63.74 *** 3.67 × 10−6 55.72 *** 33.63 *** 54.65 48.23 11.8
Grain yield GY (g) 0.04 ** 4.11 × 10−7 0.05 *** 20.90 *** 1.09 0.94 14.1
Individual grain weight GW (mg) 12.5 ** 9.85 × 10−7 16.89 *** 0.88 20.28 19.70 2.9
Spike length SL (cm) 1.46 *** 1.44 × 10−7 0.56 *** 2.09 9.54 9.37 1.8
Spikelet number SN 4.99 *** 1.25 × 10−6 2.01 *** 1.77 18.38 18.09 1.6
Main stem length MSL (cm) 37.33 *** 1.59 23.66 *** 0.93 51.77 52.64 −1.7
Pollen viability PV (%) 0.90 ** 0.05 1.15 *** 212 *** 98.72 96.21 2.5

Whole plant traits
Degrees of freedom 29 29 116
Above-ground biomass BM (g) 36.39 *** 1.65 × 10−6 33.91 *** 9.98 ** 30.19 27.38 9.3
Total no. tillers TNT 21.14 ** 6.39 × 10−6 24.70 *** 1.07 22.6 21.84 3.6
Effective no. tillers ENT 27.47 *** 1.27 × 10−6 21. 23 *** 0.31 18.83 18.43 2.1
% effective tillers ET (%) 98.24 *** 2.97 × 10−5 119.67 *** 0.23 82.85 83.65 −1.0
Total plant grain yield TGY (g) 5.82 ** 2.12 × 10−6 11.07 *** 4.99 * 9.48 8.3 11.7

Physiological traits
Flag leaf chlorophyll content
Degrees of freedom 29 29 116

Day 1 SPAD_1D 4.01 *** 2.82 × 10−7 5.10 *** 0.90 46.13 46.47 −0.7
Day 3 SPAD_3D 3.69 ** 0.35 4.69 *** 3.10 50.47 51.12 −1.3
Day 5 SPAD_5D 3.37 ** 0.57 4.31 *** 2.40 53.54 54.08 −1.0

Flag leaf temperature depression
Degrees of freedom 29 29 116

Day 1 FLTD_1D (◦C) 1.79 × 10−7 4.79 × 10−7 0.39 *** 120.17 *** 1.75 2.80 −60.2
Day 3 FLTD_3D (◦C) 2.52 × 10−7 0.05 0.36 *** 74.27 *** 1.95 2.86 −46.6
Day 5 FLTD_5D (◦C) 8.89 × 10−8 0.05 0.29 *** 29.51 *** 2.17 2.71 −25.3
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Table 1. Cont.

Trait Abbreviation (Units)
Random Effects (Variance Components) Fixed Effect

(Wald Statistic) Temperature Treatment Means

Cultivar Cultivar ×
Temperature Treatment Error Temperature

Treatment Control Heat Percent
Reduction

Quantum yield of photosynthesis
Degrees of freedom 29 29 116

Day 1 Fv/Fm_1D 1.62 × 10−5 * 1.35 × 10−8 5.67 × 10−5 *** 192 *** 0.817 0.802 1.8
Day 3 Fv/Fm_3D 4.83 × 10−6 * 8.15 × 10−9 2.05 × 10−5 *** 300 *** 0.819 0.806 1.6
Day 5 Fv/Fm_5D 6.35 × 10−9 9.11 × 10−6 * 1.88 × 10−5 *** 145 *** 0.821 0.809 1.5

Stomatal conductance
Degrees of freedom 7 1 30 1

Day 3 SC (mmol m−2 s−1) 1182.91 1.16 × 10−3 1741.32 *** 37.76 *** 259.48 333.48 −28.72

*, ** and *** indicates significance at p < 0.05, p < 0.01 and p < 0.001, respectively.
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Averaged across all cultivars, GY was reduced in the high temperature treatment
relative to the control, but this was the result of a reduction in GN but not GW (Figure 3,
Table 1, Supplementary Table S2). Cultivars Chinese Spring, Devil, Waagan and Young had
a slight reduction in GN (<10%) but a high reduction in GY (>20%) in the high temperature
relative to the control temperature treatment (Figure 3A, Supplementary Table S2). The most
heat-tolerant cultivars were Babax, Hellfire, Vixen and Tevere which had small reductions
in GY and GN (<10%) in the heat temperature relative to the control treatment. The most
heat-sensitive cultivars were Excalibur, Gladius, Kinsei, Mace, Rockstar and W156 which
had more than 20% reduction in GN and GY in the heat temperature relative to the control
treatment (Figure 3A, Supplementary Table S2). GY in Vixen and Suntop increased slightly
in the high temperature treatment relative to the control due to a large increase in GW in
the heat temperature treatment (Figure 3, Supplementary Table S2).

Figure 3. (A) Grain number (GN) and (B) average individual grain weight (GW) in the main stem
spike for wheat cultivars under high temperature (red) and control (black) treatments during meiosis.
The ‘tolerant’ cultivars are in pale yellow box (Group 1) and ‘sensitive’ cultivars are in the pale blue
(Group 2) and pink (Group 3) boxes. The groupings are based on the principal component analysis in
Figure 4.
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There was a small but significant average reduction in BM following the high tem-
perature treatment (Table 1), but cultivars Hellfire and RAC875 increased in BM by
11.8% and 11.5%, respectively, whereas Sundor and EGA Gregory decreased in BM by
35.3% and 30.8%, respectively, in the high temperature treatment relative to the con-
trol treatment (Supplementary Table S2). Cultivar Young increased in SL and MSL by
7.5% and 29.5%, respectively, in the high temperature treatment compared to the control
whereas W156 and Rockstar decreased SL and MSL by 11.5% and 12.4%, respectively
(Supplementary Table S2).

PV decreased slightly from 98.7% in the control to 96.2% in the high temperature
treatment (Table 1); cultivar Devil had the smallest reduction (1.0%) and Mace had the
highest (4.9%) (Supplementary Table S2).

3.2. Effect of Heat Stress on Physiological Traits Measured during the Heat Stress Treatment

High temperature treatment significantly increased flag leaf stomatal conductance
(SC), increased flag leaf temperature depression (FLTD) and slightly reduced the quantum
yield of photosynthesis (Fv/Fm) but did not change chlorophyll content (SPAD) of the flag
leaf on average relative to the control (Table 1). Cultivars varied significantly in flag leaf
SPAD and Fv/Fm at days 1, 3 and 5 of temperature treatment, but did not vary in FLTD
(Table 1). No significant cultivar × temperature treatment interaction effects occurred for
SPAD, but significant interactions occurred for Fv/Fm_5D (Table 1). The maximum reduc-
tions in FLTD with heat treatment occurred in Halberd (4.5%), Babax (7.9%) and Sundor
(29.9%) (Supplementary Table S2). Most cultivars had higher FLTD in the heat temperature
treatment relative to the control treatment (that is, a negative value for % reduction), es-
pecially in FLTD_1D in Mace (–142.9%), FLTD_3D in Millewa (–147.6%) and FLTD_5D in
Chinese Spring (–88.5%) (Supplementary Table S2). For SPAD_1D, SPAD_3D and SPAD_5D,
the maximum % reduction in the heat stress treatment relative to the control treatment
occurred in Suntop (6.3%), RAC875 (6.4%) and Gladius (5.6%), respectively; in contrast
SPAD_1D, SPAD_3D and SPAD_5D increased under heat stress relative to the control
in Mace (–7.5%), Devil (–9.5%) and Mitre (–8.1%), respectively (Supplementary Table S2).
The maximum reduction in Fv/Fm (2.8%) on day 1 of heat stress (Fv/Fm_1D) treatment
occurred in Reeves, Suntop, Vixen and Waagan, whereas Ninja had a 4.4% reduction
on day 5 of heat stress (Fv/Fm_5D). Fv/Fm was least affected in Seri M82 and Babax
(Supplementary Table S2). Stomatal conductance (SC) did not vary between the cultivars
but increased (−28.72%) significantly in the heat stress treatment relative to the control
treatment, since moisture content of soil was maintained at >70% field capacity in both
temperature treatments.

3.3. Principal Component Analysis and Clustering of Cultivars Based on Response to Heat Stress

Principal component analysis (PCA) included traits that were significantly affected by
temperature treatment (Table 1) and DTAD (Figure 4A, Supplementary Table S3). The first
principal component (PC) axis accounted for 21.75% of the total variance with GN (0.40),
BM (0.32) and SL (0.36) being the key contributing traits (Supplementary Table S3). The
second PC axis contributed 17.0% of total variation with GY (–0.45), GW (–0.52) and SN
(0.43) being the key contributing traits. The first six principal components explained 80% of
the total variation in the dataset (Supplementary Table S3).

Cluster analysis revealed three major groups of cultivars, defined as Groups 1, 2
and 3 (Figure 4B) which are circled in Figure 4A, and the average trait values of groups
are shown in Table 2. Group 1 (heat-tolerant cultivars) showed only slightly reduced
GY, GN and GW, and no reduction in BM in the high temperature relative to the control
treatments (Figure 4; Table 2; Supplementary Table S3); whereas Groups 2 and 3 (heat-
sensitive cultivars) showed reductions in GN and BM in the high temperature relative to
the control treatments (Figure 4B; Table 2; Supplementary Table S3). Based on reductions in
GN and BM, Group 3 was the most heat-sensitive group. Group 2 also had the highest leaf
temperature depression in FLTD_3D and FLTD_5D (Table 2). The vectors for a greater %
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reduction in GN, BM and SL in the high temperature relative to the control treatments in
the PCA biplot (Figure 4A) point towards the heat-sensitive Groups 2 and 3, and away from
heat-tolerant Group 1 on PC1. Similarly, vectors for a greater % reduction in GY and GW
in the high temperature relative to the control treatments pointed towards heat-sensitive
Groups 2 and 3, and away from heat-tolerant Group 1 on PC2.

The significant cultivar × heat treatment interactions for Fv/Fm_5D (Table 1) were
explored in the cluster groups. For Fv/Fm, Group 3 (heat-sensitive) showed slight reduc-
tions in Fv/Fm at fifth day of heat stress. Group 3 (heat-sensitive) under heat stress had
less ability to reduce temperature in the flag leaf on day 5 (FLTD_5D) than the control, as
compared to Groups 1 and 2.

Figure 4. (A) Principal component analysis (PCA) biplot of 30 wheat cultivars and the measured
variables/traits (% reduction under high temperature relative to the control temperature treatment);
length of arrows indicates the relative size of contribution of the trait, and direction of arrows
indicates impact on variety response to traits in the PCA, (B) Hierarchical cluster diagram of varieties
(Euclidean distance and Ward’s method). Varieties formed three clusters or groups as shown in (A)
and (B) Group 1 includes ‘tolerant’ cultivars with a low percent reduction in yield, yield-associated
traits and FLTD_5D under high temperature relative to control treatment. Group 2 includes ‘sensitive
cultivars’ with higher reduction in GN, GY, GW, FLTD_1D and FLTD_3D under high temperature
relative to control treatment. Group 3 includes ‘sensitive cultivars’ with higher reduction in GN, BM
and FLTD_1D under high temperature relative to control treatment. Group 1 had the greatest relative
reduction in PV. Abbreviations: GN, grain number (main stem); GY, grain yield (main stem); GW,
average individual grain weight (main stem); SL, spike length (main stem); SN, spikelet number
(main stem); MSL, main stem length; PV, pollen viability (main stem); BM, above-ground biomass;
ET, percentage effective tillers; FLTD_1D, flag leaf temperature depression day 1; FLTD_3D, flag leaf
temperature depression day 3; FLTD_5D, flag leaf temperature depression day 5; DTAD, days from
sowing to auricle distance 1 cm.
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Table 2. Trait mean values for several yield-related and physiological traits in three groups of
wheat cultivars based on PCA-based clustering for heat tolerance and sensitivity at meiosis. Percent
reduction in traits is the relative value of the mean in the high temperature treatment (“Heat”) and
the mean in the control temperature treatment (“Control”), and positive values indicate that the high
temperature means are lower than the control means. The separation of cultivars into three groups
based on their heat tolerance and sensitivity is shown in Figure 4.

Traits
Group 1 (Tolerant) Group 2 (Sensitive) Group 3 (Sensitive)

Control Heat Percent
Reduction Control Heat Percent

Reduction Control Heat Percent
Reduction

GN 56.57 52.43 7.3 51.78 43.44 16.1 53.68 45.22 15.8
GY 1.17 1.10 5.5 1.13 0.79 29.8 0.96 0.80 17.5
GW 20.9 21.4 –2.0 22.2 18.6 16.4 18.1 18.0 0.8
PV 98.43 95.69 2.8 98.58 96.45 2.2 99.21 96.79 2.4
BM 29.40 29.38 0.1 32.33 28.45 12.0 30.0 23.95 20.2
SL 9.72 9.70 0.2 9.12 8.78 3.7 9.55 9.27 2.9
SN 17.81 17.79 0.1 17.78 17.00 4.4 19.55 19.18 1.9

MSL 51.92 52.72 –1.5 55.19 54.14 1.9 49.51 51.62 –4.3
TGY 10.2 10.3 –2.6 9.3 7.0 22.7 8.1 6.1 17.4
TNT 22.0 23.7 –7.5 23.7 20.9 11.3 22.6 19.5 13.0
ENT 19.6 21.2 –8.8 17.9 15.4 12.8 18.0 16.0 9.3
ET 88.35 89.26 –1.0 75.00 73.83 1.6 79.85 81.68 –2.3

SPAD_1D 46.56 46.27 0.6 45.51 45.58 –0.2 45.92 47.27 –2.9
SPAD_3D 51.35 51.17 0.4 49.65 50.09 –0.9 49.73 51.67 –3.9
SPAD_5D 54.12 54.66 –1.0 52.52 52.83 –0.6 53.32 54.01 –1.3
FLTD_1D 1.70 2.83 –66.8 1.93 2.67 –37.9 1.72 2.85 –66.2
FLTD_3D 1.81 2.87 –58.4 1.84 3.01 –63.0 2.20 2.75 –24.8
FLTD_5D 2.04 2.74 –34.0 1.99 3.22 –61.6 2.44 2.37 2.8
Fv/Fm_1D 0.817 0.802 1.9 0.815 0.802 1.6 0.817 0.802 1.8
Fv/Fm_3D 0.819 0.806 1.6 0.818 0.804 1.6 0.819 0.806 1.6
Fv/Fm_5D 0.822 0.810 1.5 0.820 0.809 1.3 0.820 0.806 1.7

GN, grain number (main stem); GY, grain yield (main stem; g); GW, average individual grain weight (main
stem; mg); PV, pollen viability (main stem; %); BM, above-ground biomass (g); SL, spike length (main stem;
cm); SN, spikelet number (main stem); MSL, main stem length (cm); TGY, total plant grain yield (g); TNT,
total number of tillers; ENT, effective number of tillers; ET, percentage effective tillers; SPAD_1D, flag leaf
chlorophyll content day 1; SPAD_3D, flag leaf chlorophyll content day 3; SPAD_5D, flag leaf chlorophyll content
day 5; Fv/Fm_1D, quantum yield of photosynthesis day 1; Fv/Fm_3D, quantum yield of photosynthesis day
3; Fv/Fm_5D, quantum yield of photosynthesis day 5; FLTD_1D, flag leaf temperature depression day 1 (◦C);
FLTD_3D, flag leaf temperature depression day 3 (◦C); FLTD_5D, flag leaf temperature depression day 5 (◦C).

3.4. Correlations across Cultivars for Percent Reduction in Physiological and Yield-Related Traits

The correlation between cultivar means for “% reduction FLTD” and “% reduction
SPAD” was negative, that is, cultivars with higher cooling ability under heat stress (higher
FLTD) tended to maintain chlorophyll content (SPAD units) under heat stress, whereas
cultivars with lower cooling ability (lower FLTD) tended to produce higher chlorophyll
content (SPAD units) under heat stress (Supplementary Table S4). SC varied from 290.1 to
415.3 mmol m−2 s−1 across eight cultivars (Supplementary Table S2). Cultivars with lower
leaf SC on day 3 tended to have higher SPAD and less cooling ability (lower FLTD) than
those with higher SC. For example, Kukri and Mitre had a higher SPAD response, lower
FLTD and lower SC than Hellfire and Vixen (Supplementary Table S2).

In terms of plant growth responses, cultivars which produced higher flag leaf chloro-
phyll content (SPAD units) in the high temperature relative to the control treatment (more
negative values of “% reduction SPAD”) tended to produce relatively fewer tillers, lower
biomass and lower total grain yield under heat stress (that is, more positive values of “% re-
duction” in ENT, TNT, BM and TGY), and hence there were significant negative correlations
between these traits (Supplementary Figure S1 and Table S4). Cultivars that had higher
cooling ability (larger negative values of “% reduction FLTD”) tended to have relatively
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more tillers under heat stress (lower values of “% reduction” in ENT and TNT) and there
were significant positive correlations between these traits (Supplementary Table S4).

There were small but significant average reductions of between 1.5% and 1.8% in
Fv/Fm in the high temperature relative to the control treatment across days 1, 3 and 5
(Table 1). The cultivar means for “% reduction Fv/Fm_1D” and “% reduction GW” were
negatively correlated (Supplementary Table S4), that is, cultivars that experienced high
“% reduction Fv/Fm_1D” tended to have less impact of heat stress on GW. However, the
values associated with “% reduction Fv/Fm_1D” were small.

There was a small but significant reduction in PV in the high temperature relative
to the control treatment. The “% reduction PV” was inversely correlated with the “%
reduction FLTD_1D”; that is, cultivars with higher cooling ability in the flag leaf under heat
stress tended to have relatively higher PV (Supplementary Table S4).

3.5. Effect of Heat Stress on Grain Number and Average Individual Grain Weight at Different
Spikelet Positions on the Main Stem Spike

Four varieties with similar DTA (Supplementary Table S1) were chosen for regression
analysis of GNs and GWs: two from heat-tolerant Group 1 (Hellfire and Vixen) and two
from heat-sensitive Group 2 (Gladius and W156).

The quadratic model provided a better fit than the linear model for the regression of
GNs against spikelet position (Figure 5) with significant quadratic terms for all four culti-
vars (Supplementary Table S5). GNs on spikelets 4 to 13 followed an inverse quadratic curve,
peaking in the center of the spike. The two heat-sensitive cultivars, Gladius (Figure 5C)
and W156 (Figure 5D), had fewer GNs following heat stress than the two heat-tolerant
cultivars, Hellfire (Figure 5A) and Vixen (Figure 5B), as shown by the significantly negative
treatment effect on intercept (Supplementary Table S5). However, the treatment effect on
slope was not significant for any cultivar (Supplementary Table S5).

Figure 5. Impact of heat stress on grain number per spikelet (GNs) at different spikelet positions on
the main stem spike in ‘tolerant’ wheat cultivars, (A) Hellfire and (B) Vixen, and ‘sensitive’ cultivars,
(C) Gladius and (D) W156. The graphs show the regression lines (95% confidence interval) of the
quadratic model for GNs against spikelet position (4 to 13) following control and high temperature
treatments at meiosis. ‘Tolerant’ cultivars under high temperature treatment responded similarly
to the control for GNs, whereas GNs were significantly reduced in ‘sensitive’ cultivars under high
temperature treatment relative to control based on the significantly negative heat treatment effect on
the intercept (Supplementary Table S5). (* indicates significance at p < 0.05).
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The linear model provided the best fit for the regression of GWs against spikelet
position (Figure 6), with no significant slope or treatment effects and no treatment effect
on the slope for any cultivar (Supplementary Table S5). It was not possible to separate
the regression lines in the high temperature and control treatments; however there was a
non-significant increase in GWs in Vixen in the high temperature treatment relative to the
control (Figure 6B). Therefore, GWs could not be used to separate heat-tolerant cultivars
Hellfire and Vixen from heat-sensitive cultivars Gladius and W156 (Figure 6).

Figure 6. Impact of heat stress on average individual grain weight per spikelet (GWs) at different
spikelet positions on the main spike in ‘tolerant’ wheat cultivars, (A) Hellfire and (B) Vixen, and
‘sensitive’ cultivars, (C) Gladius and (D) W156. The graphs show the regression lines (95% confidence
interval) of the linear model for GWs against spikelet position (4 to 13) following control and high
temperature treatments at meiosis. Refer to Supplementary Table S5 for further details.

4. Discussion

A diverse set of 30 spring wheat cultivars significantly varied in their reaction to
transient daily heat stress for 5 d during meiosis in the main stem spike. The plants were
moved into the heat treatment on the day when AD reached 1 cm (DTAD) when meiosis
began in the main stem spike (Figure 1). DTAD occurred on average 16 d before anthesis
(Supplementary Table S1). The high temperature treatment in this study included 4 h of
maximum temperature 32 ◦C day and 16 ◦C night, which is moderate heat stress compared
to previous studies at 35 ◦C or above [34,38,39]. This is the first report of heat tolerance
and sensitivity in a diverse group of spring wheat cultivars when moderate heat stress was
applied during meiosis on the main stem spike.

There were lasting impacts of 5 d moderate heat stress during meiosis on heat-sensitive
cultivars, which lost biomass (BM) and seed-bearing tillers (ENT), and produced less grain
yield on the main stem spike (GY) and total plant grain yield (TGY), compared to heat-
tolerant cultivars which maintained BM, ENT, GY and TGY. The plants were never deficient
in water or nutrients throughout their entire growth cycle, therefore, the effect of heat stress
was not confounded with other stresses such as drought or nutritional stress.

Based on their reaction to this single heat stress event during meiosis on the main stem,
the 30 wheat cultivars were classified as tolerant (Group 1) or sensitive (Groups 2 and 3) to
heat stress (Figures 3 and 4; Table 2). The distinguishing feature of heat-tolerant Group 1
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was the maintenance of GY, GW and GN on the main stem spike, and TGY and BM on the
whole plant following 5 d of moderate heat stress beginning when AD reached 1 cm.

Our results are consistent with other studies on the impact of heat stress which reduced
GN, GW and GY in wheat and rice [24,38,39,43,54]. BM was higher in heat-tolerant than
heat-sensitive wheat cultivars under heat stress and was attributed to better assimilation
and translocation of photosynthetic reserves, and improved evaporative cooling in heat-
tolerant genotypes [55]. Further, enhanced tillering under heat stress in tolerant cultivars
provides additional resources for assimilate production, contributing to higher GW in the
main stem spike [56].

During heat stress, flag leaf temperature depression (FLTD) significantly increased and
quantum yield of photosynthesis (Fv/Fm) significantly decreased, consistent with previous
results for these traits [57–59]. In our study, flag leaf chlorophyll content (SPAD) was not
affected by heat stress on average across all cultivars, and this contrasts with a previous
study where a maximum temperature of 37 ◦C during early grain filling significantly
reduced chlorophyll content in wheat [52]. We also observed that heat-sensitive cultivars,
which showed elevated chlorophyll content (SPAD units) in the flag leaf in the high
temperature treatment relative to the control after 1 and 3 d of heat stress, produced fewer
ENT and lower BM and TGY than heat-tolerant cultivars. Transient changes in flag leaf
chlorophyll content (SPAD units) during the first few days of high temperature treatment
at meiosis are potentially the result of short-term heat adaptation responses in photosystem
II which can occur within minutes of exposure to heat stress [60]. More work is required
to resolve the mechanism by which short-term responses in chlorophyll content to heat
stress may be associated with heat sensitivity in terms of subsequent ENT, BM and TGY.
However, SPAD measurements of the flag leaf chlorophyll content during the first few days
of heat stress at meiosis may be a useful physiological marker of subsequent heat stress
tolerance and sensitivity, and the veracity of this association can be tested in populations
segregating for these traits based on the results of our research.

Although we have limited data for leaf stomatal conductance, cultivars with lower
stomatal conductance under heat stress (Kukri and Mitre) also produced more chlorophyll
and had low ability to cool the flag leaf under heat stress (negative values of “% reduction
FLTD”). This is an interesting area for future research into mechanisms of heat stress
tolerance during meiosis in the main stem of wheat, as meiosis takes place in the developing
inflorescence in the stem, enclosed in the leaf sheath of the emerging flag leaf. Cooler
canopies during the reproductive phase may contribute to better grain set and development
in crops [50].

PV was slightly reduced under heat stress, and the inverse correlation of PV with
FLTD reveals that better cooling ability is associated with higher pollen viability. This
corroborates with the findings of Reddy et al. [61] in cotton under drought and heat stress.

Only slight differences in Fv/Fm were observed in control vs. heat treatment (maxi-
mum 32 ◦C) in our study (Table 2), but higher temperatures during heat stress (>38 ◦C) may
result in better separation of cultivars for Fv/Fm [58]. Fv/Fm varied only slightly among
Groups 1, 2 and 3 during the five-day heat stress treatment in our study. Our results contrast
with field studies of Bhusal et al. [62], when heat stress occurred 7 d post-anthesis (all tillers
nearly fully developed), whereas heat stress occurred much earlier during meiosis on the
main stem in our study. Cultivars in heat-tolerant Group 1 and heat-sensitive Group 3
(which both maintained GW in the main stem spike) had relatively higher reduction in
FV/FM_1D. These cultivars may have been able to assimilate and supply photosynthates
to the sink (grains developing in the main stem spike), and hence maintain GW under heat
stress. However, photosynthetic performance varies widely across cultivars [63].

Reports vary on the physiological response of wheat to heat stress. Some suggest that
yield components under heat stress may be predicted by physiological traits [58,59,64,65],
whereas Balla et al. [39] found that physiological traits were relatively poor indicators for
heat stress response. These discrepancies may be attributed to the different genotypes
used and the timing (stage, intensity and duration) of heat treatment, or because these
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physiological traits have higher temperature (sensitivity) thresholds at meiosis relative to
GY and BM [39,50]. Based on our results, it would be worthwhile to investigate further a
potential mechanism for heat tolerance in wheat at meiosis based on the ability of heat-
tolerant cultivars to maintain (not increase) chlorophyll content and photosynthetic activity
in the flag leaf during moderate heat stress, and to cool the flag leaf more efficiently than
heat-sensitive cultivars.

Many of the cultivars in this study were evaluated previously at the seedling, an-
thesis or post-anthesis stages for heat tolerance, and four recently released cultivars have
not been previously tested (Supplementary Table S1). Twelve cultivars which we report
as heat-tolerant at meiosis in Group 1 (Young, Babax, Cranbrook, Drysdale, Halberd,
Millewa, Opata M85, RAC875, SeriM82, Sunco, Suntop and Vixen) were previously re-
ported as tolerant to heat stress at seedling, anthesis and/or post-anthesis stages (Figure 4,
Supplementary Table S1). However, nine cultivars which were previously reported as tol-
erant to heat stress at seedling, anthesis and/or post-anthesis stages were sensitive to heat
stress at meiosis in Groups 2 and 3 (EGA Gregory, Excalibur, Gladius, Mace, Mitre, Peren-
jori, Tevere, W156 and Waagan) (Figure 4, Supplementary Table S1). Kukri was reported as
sensitive to heat stress at post-anthesis stage [66] but appears tolerant at meiosis (Figure 4,
Supplementary Table S1). Different tolerance mechanisms may be involved at different
developmental stages in these cultivars, and each study varies in heat treatment duration,
intensity (maximum and minimum daily temperatures) and developmental stage [67]. This
is the first report of heat tolerance in cultivar Hellfire (Group 1) (Supplementary Table S1).
Two cultivars (Suntop and Vixen) had a compensatory effect of reducing GN and increas-
ing GW in the moderate temperature treatment relative to the control, also reported by
Balla et al. [39] in winter wheat cultivars, but this contradicts Saini and Aspinall [24] for
cultivar Gabo. Genotype-specific behavior could explain these differences.

Omidi et al. [42] reported that heat stress affected meiosis in pollen mother cells,
resulting in meiotic abnormalities and decreased PV, which they claimed reduced GN.
However, in our study with moderate heat stress at meiosis, PV did not decline much
under heat stress and PV was not associated with GN reduction (Figure 4). Heat-sensitive
cultivars had a significant reduction in GN despite high PV. It is likely that the limiting
step in producing grains following moderate heat stress at meiosis is not pollen viability
but ovule viability and/or the formation of viable embryos at or after fertilization. Stigma
functionality (morphology and anatomy of pistils) and fertility are affected by heat stress
immediately after meiosis in pollen mother cells [68]. Additionally, heat stress at meiosis
causes abnormal or degenerated embryo sacs [43].

The PCA-based clustering showed that GN, GY, BM and GW were the key contributing
traits to the first two PC axes (Figure 4). The GN reduction was related partly to GY
reduction. GY and GW were closely correlated, but GW was unrelated to GN. GN is
the main outcome of meiosis, pollination and fertilization, whereas GW results from the
assimilation of reserves from the source (photosynthetic reserves). PCA-based clustering
helped to differentiate heat-tolerant cultivars in Group 1, which experienced the lowest
reductions for most traits under heat treatment, from heat-sensitive cultivars in Group 2
(reduced GN, GY and GW) and Group 3 (reduced GN and GY but not GW). The differential
expression/response of the cultivars to heat stress may be due to differences in their genetic
makeup. The inability to assimilate photosynthetic products could be due to a loss in sink
capacity (less or poor seed set) in sensitive cultivars [69].

In contrast to the findings of Erena [70], we did not find differential sensitivities to
heat stress in the central (middle) part of the spike and distal parts, and our results support
an equal reduction in GNs across spikelet positions in heat-sensitive cultivars. However,
Erena [70] used a 37 ◦C heat treatment for 3 d. Saini and Aspinall [24] also observed an
equal reduction in GN in all parts of the spike in cultivar Gabo exposed to 30 ◦C heat
stress for 3 d during meiosis. Hence, it can be inferred that heat-tolerant cultivars regulated
source-sink relations to produce a similar GN, GW and TGY in the high temperature as
in the control treatment following 5 d of transient moderate heat stress during meiosis,
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whereas heat-sensitive cultivars are not able to recover from heat stress at meiosis and
experience a loss in GN, GW, BM and TGY.

The four cultivars described in Figures 5 and 6 do not show a reduction in grain weight
per spikelet (GWs) following heat stress, so GWs was not useful to distinguish heat-tolerant
from heat-sensitive cultivars in that case. However, that is not a general conclusion, because
PCA and cluster analysis of the larger group of 30 cultivars showed that reduction in grain
weight averaged across the entire main stem spike (GW) was a key contributing trait to
the second axis in PCA (Figure 4, Supplementary Table S3). The fact that GWs did not
significantly decrease in sensitive cultivars under heat stress is consistent with the findings
of Saini and Aspinall [24] and Balla et al. [71], who reported no significant reductions
in individual grain weight in the main spike following heat stress at meiosis. However,
considering the higher contribution of middle spikelets to GY [44,72,73], more emphasis
should be paid to selecting enhanced GNs and GWs in the central spikelets. Selection for
GNs and GWs in central spikelets should enhance GN and GW across the whole spike,
based on our results which suggest a constant slope but reduction in intercept for GN under
heat stress in heat-sensitive cultivars.

5. Conclusions

This study demonstrated that a diverse set of wheat cultivars varied in tolerance to
moderate heat stress at meiosis in the main stem spike. Cultivars that were heat sensitive at
meiosis suffered prolonged negative effects of the heat stress event and failed to maintain
grain yield and biomass, whereas heat-tolerant cultivars maintained grain number and
individual grain weight in the main stem spike, total plant grain yield and mature plant
biomass in the high temperature relative to the control treatment. The reduction in seed
set in heat-sensitive cultivars was not due to loss in pollen viability, although pollen
viability was reduced by a small but significant amount by heat stress during meiosis.
Heat-sensitive cultivars responded by producing higher chlorophyll concentration in the
flag leaf during the first few days of heat stress than heat-tolerant cultivars, therefore flag
leaf SPAD measurements during the first few days of heat stress at meiosis may act as
a potential physiological marker of subsequent heat stress sensitivity and tolerance. We
confirmed that meiosis in the main stem spike is a critical period for heat sensitivity and
tolerance in wheat, and more research is necessary to determine if heat stress tolerance
at meiosis is under similar or different genetic and physiological controls than heat stress
tolerance at seedling, anthesis or post-anthesis stages.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12050987/s1, Figure S1: Scatterplot of traits (average
percent reduction in cultivar means under heat stress relative to control) for chlorophyll content on
day 1 (SPAD_1D) vs. biomass (BM), effective number of tillers (ENT) and total plant grain yield
(TGY). (A) SPAD1_D vs. BM, (B) SPAD1_D vs. ENT and (C) SPAD_1D vs. TGY. Group 1 refers
to tolerant cultivars, whereas Groups 2 and 3 refers to sensitive cultivars as shown in Figure 4,
Table S1: Details of spring bread wheat cultivars used for heat treatment in the study (Pedigree
information: Plant Breeder Rights Database (http://pericles.ipaustralia.gov.au/pbr_db/, accessed
on 29 March 2022) and Genetic Resources Information System for Wheat and Triticale of CIMMYT
(http://wheatpedigree.net, accessed on 29 March 2022). Days to anthesis (DTA) and days to auricle
distance 1 cm (DTAD) were measured in this study. Information on ‘Tolerance and stage of growth’
was from previous publications (‘References’) and abbreviated as follows: heat-tolerant (HT) or
heat-sensitive (HS) at seedling stage (S), anthesis (A) or post-anthesis (PA). Cultivars were chosen
to represent a diverse set of wheat cultivars from previous heat stress studies [74–81], Table S2:
Cultivar mean values for several yield-related and physiological traits. Percent reduction in traits is
the relative value of the mean in the high temperature treatment (“Heat”) and the mean in the control
temperature treatment (“Control”), and positive values indicate that the high temperature means are
lower than the control means, Table S3: Eigenvalues for the corresponding principal components
(PCs) and PC loadings for target traits (average percent reduction under heat treatment, relative to
control), Table S4: Pairwise correlations for traits (average percent reduction in cultivar means under

https://www.mdpi.com/article/10.3390/agronomy12050987/s1
https://www.mdpi.com/article/10.3390/agronomy12050987/s1
http://pericles.ipaustralia.gov.au/pbr_db/
http://wheatpedigree.net


Agronomy 2022, 12, 987 18 of 21

heat stress relative to control), Table S5: Regression estimates for grain number per spikelet (GNs) and
average individual grain weight per spikelet (GWs) against spikelet position on the main stem spike
of heat-tolerant wheat cultivars Hellfire and Vixen, and heat-sensitive cultivars Gladius and W156.
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BM above-ground biomass
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GN grain number (main stem spike)
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