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Impacts of heat, drought, and
combined heat–drought stress
on yield, phenotypic traits, and
gluten protein traits: capturing
stability of spring wheat in
excessive environments

Sbatie Lama1*†, Fernanda Leiva1†, Pernilla Vallenback2,
Aakash Chawade1 and Ramune Kuktaite1

1Department of Plant Breeding, Swedish University of Agricultural Sciences, Lomma, Sweden,
2Lantmännen Lantbruk, Svalöv, Sweden
Wheat production and end-use quality are severely threatened by drought and

heat stresses. This study evaluated stress impacts on phenotypic and gluten

protein characteristics of eight spring wheat genotypes (Diskett, Happy,

Bumble, SW1, SW2, SW3, SW4, and SW5) grown to maturity under controlled

conditions (Biotron) using RGB imaging and size-exclusion high-performance

liquid chromatography (SE-HPLC). Among the stress treatments compared,

combined heat–drought stress had the most severe negative impacts on

biomass (real and digital), grain yield, and thousand kernel weight.

Conversely, it had a positive effect on most gluten parameters evaluated by

SE-HPLC and resulted in a positive correlation between spike traits and gluten

strength, expressed as unextractable gluten polymer (%UPP) and large

monomeric protein (%LUMP). The best performing genotypes in terms of

stability were Happy, Diskett, SW1, and SW2, which should be further

explored as attractive breeding material for developing climate-resistant

genotypes with improved bread-making quality. RGB imaging in combination

with gluten protein screening by SE-HPLC could thus be a valuable approach

for identifying climate stress–tolerant wheat genotypes.
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1 Introduction

Wheat (Triticum aestivum L.) is the third most common cereal

produced worldwide, with more than 771 million tonnes harvested

in 2021 (https://www.fao.org/faostat). Wheat provides

approximately 20% of global total human dietary calories and

21% of daily protein consumption (Shiferaw et al., 2013). With

increasing population and urbanization, consumption and

associated demand for wheat-based food products are increasing

(Peña, 2007); thus, sustaining wheat production and quality is

important for ensuring food security. With ongoing climate

change and global warming, extreme climate events and abiotic

stresses are becoming more severe and unpredictable (Le Gouis

et al., 2020). Climate events such as heat, drought, excessive rainfall,

and high atmospheric concentrations of CO2 are already affecting

the production and quality of wheat worldwide (Yadav et al., 2020).

The extent of the losses depends on the plant growth stage affected

and the severity of the stress (Wahid et al., 2007; Lan et al., 2022).

Therefore, the development of wheat genotypes that are resistant to

various abiotic stresses is crucial for food security under ongoing

climate change.

Among the abiotic stresses imposed by climate change, heat and

drought stresses are considered to cause the most damage to wheat

growth and development (Mamrutha et al., 2020). Drought during

stem elongation and heat stress during the grain-filling stage have

been identified as particularly important environmental factors

affecting the yield and quality of wheat (Guzmán et al., 2016; Le

Gouis et al., 2020). This is because drought and heat impair the

growth and development of different wheat plant organs, the rate of

photosynthesis, fertility, the number of spikes, grain-filling, and

nutrient uptake by the plant (Hurkman and Wood, 2011; Guzmán

et al., 2016; Lan et al., 2022). Yield losses due to individual or

combined heat–drought stresses have been observed in multiple

countries in Europe, including Finland, Sweden, France, Belgium,

and Switzerland (Kumar et al., 2020; Le Gouis et al., 2020; Lama

et al., 2022). Areas such as the Mediterranean and southern Europe

are experiencing higher impacts of heat–drought stress than other

regions, causing major economic and food production losses [EEA

(European Environment Agency), 2019]. A 1°C–3°C rise in mean

global air temperature is suggested to decrease wheat production by

up to 28% (Shew et al., 2020; Zhang et al., 2022). In fact, in a

previous study by our research group on field-grown wheat in

Sweden, a yield reduction of up to 40% was observed under

combined heat–drought conditions compared with rainy and cold

conditions (Lama et al., 2022).

Wheat yield is generally the main focus in research due to its

direct relationship to food security (Asseng et al., 2019). However,

manufacturers of different wheat-based food products, such as bread

and pasta, require wheat flours with a specific protein quality

(Johansson et al., 2020). Wheat quality is mainly determined by its

major protein, gluten, the quantity and quality of which are often

negatively impacted by heat and drought. For instance, the relatively

high content of protein and strong gluten required in wheat bread

flour (Kuktaite et al., 2004) is severely affected by intense heat and

drought stresses (Lama et al., 2022). Total protein content and gluten
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content are reported to increase by 65% and 32%, respectively, under

combined heat–drought stress compared with control conditions

(Sattar et al., 2020). In greenhouse studies, the relative proportions of

different types of proteins, such as high molecular weight (HMW)

and low molecular weight (LMW) glutenins, and omega-, alfa/beta-

and gamma-gliadins, have been found to increase under heat stress

(35°C day temperature) compared with a control environment

(Zhao et al., 2022).

The susceptibility of wheat plants to abiotic stresses depends

mainly on the duration, frequency, and intensity of the stress

conditions to which the plants are exposed (Barnabás et al., 2008;

Farooq et al., 2009; Qaseem et al., 2019). Due to the adaptive

metabolic and physiological mechanisms that wheat plants have

developed, physiological responses at different developmental stages

can differ between genotypes (Rampino et al., 2006). Plants under

drought stress decrease their leaf area and increase canopy

temperature in order to prevent water loss (Anjum et al., 2011),

although heat stress combined with appropriate irrigation can

increase transpiration rates and decrease canopy temperature

(Singh et al., 2007). In combined heat–drought stress, there is an

extreme effect on the physiological responses of wheat plants at all

growth and reproductive stages (Rizhsky et al., 2002; Prasad et al.,

2011). In combination, these two stresses can have complex

contradictory effects compared with when they occur separately

(Zhou et al., 2017).

Physiological traits of wheat, such as growth and characteristics

related to yield, are commonly assessed by visual or manual

annotation methods, but these tend to be subjective, time-

consuming, and laborious (Dhondt et al., 2013). Therefore non-

destructive remote and proximal phenotyping techniques are

becoming more popular and more widely used (Armoniené et al.,

2018; Leiva et al., 2021; Tao et al., 2022). Such methods have been

developed to extract data mainly from images in the visual and

electromagnetic spectrum on several plant traits with high accuracy,

reliability, and time resolution (Humplıḱ et al., 2015; Chawade et al.,

2019; Reynolds et al., 2019). Cameras that provide spectral

information for each pixel in an image, such as multispectral and

hyperspectral data, have proven to be a valuable tool for studying

plants under abiotic stresses (Cao et al., 2019). The main difference

between multispectral and hyperspectral data is the number of

bands in the light spectrum (5–10 bands and hundreds,

respectively) (Sara et al., 2021). However, these cameras are

expensive and require sophisticated statistical methods for data

processing (Zubler and Yoon, 2020). Low-cost digital red, green and

blue (RGB) cameras can readily estimate plant shoot biomass,

development, and growth rate and can be a suitable tool for

mapping plant responses under heat and drought (Blum et al.,

1997; Humplıḱ et al., 2015).

Phenotypic traits such as plant growth and yield and grain

quality characteristics are important for sustaining the supply of

wheat-based food products. Thus, a clear understanding of wheat

response mechanisms to heat, drought, and combined heat–drought

stresses is essential. In addition, since phenotypic traits (e.g., yield/

grain weight) and wheat protein quality parameters are usually

negatively related (Daniel and Triboi, 2000; Johansson et al., 2005),
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the stability of these attributes under climate change is complex and

needs to be investigated.

The aim of this study was to determine the effects of individual

and combined heat–drought stresses on phenotypic plant growth

characteristics, yield, and gluten protein quality parameters of

spring wheat genotypes grown in highly controlled environments.

Plant growth and development under heat, drought, and combined

heat–drought stresses were monitored using RGB imaging, and the

gluten protein quality characteristics of wheat grain were assessed

by size-exclusion high-performance liquid chromatography (SE-

HPLC). The stability of yield and of gluten protein quality

parameters for different spring wheat genotypes grown under

stress conditions was also evaluated.
2 Materials and methods

2.1 Plant material

Eight spring wheat genotypes (Diskett, Happy, Bumble, SW1,

SW2, SW3, SW4, and SW5) developed in the breeding program at

Lantmännen Lantbruk, Svalöv, Sweden, were evaluated. The

selected genotypes represented a range in gluten strength, as

identified when grown in the field in our previous study (Lama

et al., 2022). Diskett, Bumble, and SW3 represented genotypes with

unstable gluten strength (>5% variation between years), while

Happy, SW1, SW2, SW4, and SW5 represented genotypes with

stable gluten strength (<5% variation between years) (Lama

et al., 2022).
2.2 Experimental design and description of
stress environments

The spring wheat plants were grown in a randomized complete

block design under three stress environments (heat, drought, and

combined heat–drought), which were applied simultaneously. The

plants were grown in plastic pots (20 cm × 16 cm, volume 3.5 L) in

peat-based soil, with three plants per pot. Two weeks after

emergence, a plant cone (61 × 25 cm) was inserted in each pot to

support the growing plants. Each pot was considered a biological

replicate, and four biological replicates were used per genotype.

The pots containing the eight genotypes were grown in two

Biotron climate chambers with artificial lighting from February to

June 2020 at Swedish University of Agricultural Sciences (SLU),

Alnarp, Sweden (Tables S1, S2; Supplementary Information (SI)).

Growing conditions in terms of temperature, humidity, and day

length (hours) were based on mean 5-year (2016–2020) weather data

for the growing period in Malmö, Sweden (22 April–11 August)

obtained from the SwedishMeteorological and Hydrological Institute

(SMHI) (www.smhi.se). The daylight intensity of 400 mmol m-2s-1,

produced with light-emitting diode (LED) lights, was provided

during the growing period. Until the start of the stress treatments,

all plants were watered every 2 days with approximately 500 ml water

per pot. The drought, heat, and combined heat–drought stress

treatments (information below) were introduced at the beginning
Frontiers in Plant Science 03
of heading stage (Zadoks 50) (Zadoks et al., 1974), at approximately

56 days after sowing, and were applied for 5 days, resulting in signs of

stress in the plants (dry, yellow leaves) (Figure 1A).

2.2.1 Heat
In this treatment, the temperature was kept at 29°C during day

and night for 5 days and the 56-day-old plants were watered as in

the control (500 ml water/pot every 2 days) (Table S1). After 5 days,

the temperature was returned to the control level (15°C) (Table S1).

2.2.2 Drought
Plants assigned to the drought treatment began heading

(Zadoks 50) slightly earlier than the plants in the other

treatments. Drought stress was thus applied to 51-day-old plants,

by stopping all watering of the plants for 5 days. After 5 days,

normal watering was resumed (500 ml water/pot every 2 days).

2.2.3 Combined heat–drought stress
In this treatment, the 56-day-old plants received no water for 5

days and the temperature was maintained at 29°C during day and

night (Table S1). After 5 days, normal watering was resumed and

the temperature was set to control conditions (Tables S1, S2).

Wheat plants still growing 8 days after stopping the stress

treatments were considered recovered plants. The digital biomass

of all plants was recorded at three time points (Tp1 = no stress, Tp2

= after 5 days of stress treatment, and Tp3 = after 8 days of

recovery) (Table 1).
2.3 Image acquisition

The biomass of the wheat plants was assessed digitally from the top

and side through RGB imaging in a laboratory with LED light, using

two Canon EOS 1300D digital single-lens reflex cameras with an 18–

55mm kit lens (Armoniené et al., 2018). The cameras were mounted

on a SpaceArm (Tristar) at 1 m for the top view and on a tripod at

1.5 m for the side view. Plant pots were placed manually on a top-

quality Intelligent 360 Photography turntable platform (Shenzhen

Comxim Technology Co., Ltd., Shenzhen, Guangdong, China) and

individually photographed using the DigiCamControl software

(Istvan, 2014). During the side-view imaging, the plant pot was

rotated by 90° four times, to acquire four images (front, right, left,

and back projections). Shadows and light differences were adjusted by

camera settings and exposure. For both cameras, focal lengthwas set at

18mm and ISO 1600, while light exposure was set as F-Stop f/13 and

exposure time 1/60 s for the top-view camera, and F-Stop f/8 and

exposure time 1/40 for the side-view camera. The images obtained

were stored in JPEG format, using resolution 3,456 × 2,304 pixels for

top projection and 5,184 × 3,456 pixels for side projection.
2.4 Image processing

The digital biomass of each plant was automatically extracted

with EasyLeaf software (Easlon and Bloom, 2014). Since all images
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TABLE 1 Plant growth stage (Zadoks scale) and age of plants (days) in the different treatments at the three time points (Tp1–Tp3) when the digital
biomass of spring wheat plants was measured.

Time point
(plant status)

Zadoks wheat growth stage Combined heat–drought Treatment
Heat

Drought

Tp1 (non-stressed) Heading (Zadoks 50) 56 56 51

Tp2 (stressed) Heading (Zadoks 59) 61 61 56

Tp3 (recovered) Grain development (Zadoks 70) 70 70 65
F
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FIGURE 1

Digital red, green, and blue (RGB) images taken at time points Tp1–Tp3 (Tp1 = no stress, Tp2 = after 5 days of stress treatment, and Tp3 = after 8
days of recovery) of the spring wheat genotype Diskett in the heading stage (Zadoks 50) under different growing conditions (stress treatments).
(A) control, (B) drought, (C) heat, and (D) combined heat–drought stress.
ntiersin.org

https://doi.org/10.3389/fpls.2023.1179701
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Lama et al. 10.3389/fpls.2023.1179701
were acquired under the same light conditions, the red and green

thresholds in the software and the individual ratios of RGB values

[green/red (G/R) and green/blue (G/B)] were set using the first

image of each measuring occasion (Tp) and then processed in

batch. Finally, projected leaf area (PLA) was obtained from the

average of the five plant images (top at 0° and four sides at 90°) as

PLA =o
n

1
pla
2.5 Phenotypic traits

The height of all three plants in each pot was measured with a

ruler as the distance from the soil surface to the tip of the spike,

excluding the awns. To measure the spike length (mm), the tallest

spike of each plant in the pot was selected and the length of the spikes

was recorded from the base of the rachis to the tip of the terminal

spikelet, excluding the awns. Spike width (mm) was measured on

these same spikes, at a point halfway along the spike height. The

weight of fresh biomass (g), including the weight of spikes (g), per pot

was recorded. Thousand kernel weight (TKW) (g) was calculated as

described byWu et al. (2018). The number of spikes was counted for

each plant per pot, and grain yield (g) was recorded per plant.
2.6 Gluten protein parameters in the flour

SE-HPLC was used to evaluate the gluten protein characteristics

of the harvested grain. Seeds from the different genotypes grown at

different stresses and control samples were milled into flour using a

homogenizer (Mixer Mill MM 400, Retsch) for 30 s at 30 Hz. The

flours were freeze-dried (Cool safe Pro, LaboGene) for 24 h in order

to remove all moisture prior to SE-HPLC analysis. A two-step gluten

protein extraction method was performed according to Lama et al.

(2022), with some modifications where collected supernatant (after

first and second steps) in SE-HPLC vials was heated at 80°C for 2min

(to inactivate proteases) in a water bath according to Islas-Rubio et al.

(2006). Samples were run on the SE-HPLC system in triplicate. The

concentrations of total SDS-extractable protein (TOTE), total SDS-

unextractable protein (TOTU), %UPP (the percentage of SDS-

unextracted polymeric proteins in total polymeric proteins), and %

LUMP (the percentage of large SDS-unextracted large monomeric

proteins in total large monomeric proteins) were calculated

according to Lama et al. (2022). Total polymeric proteins (TPPs)

and total monomeric proteins (TMPs) were calculated as LPP + SPP

+ LPPs + SPPs and LMP + SMP + LMPs + SMPs, respectively, where

LPP, SPP, LMP, and SMP are SDS-extractable large polymeric

proteins, small polymeric proteins, large monomeric proteins, and

small monomeric proteins, respectively, and LPPs, SPPs, LMPs, and

SMPs are the corresponding SDS-unextractable form.
2.7 Statistical analysis

Statistical analyses were performed using the software R (Team,

2013). Principal component analysis (PCA) using the R packages
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FactoMineR and a two-way analysis of variance was conducted,

with Tukey’s post hoc test (p< 0.05), to assess the effect of different

treatments on the gluten protein parameters and phenotypic traits.

Spearman correlation analysis (p< 0.05) (R package Corrplot) was

applied for all gluten protein parameters and phenotypic traits in

plants in each treatment. Genotype main effect plus genotype by

environment interaction (GGE) biplots analysis (R package Metan)

was performed to evaluate the stability of the studied genotypes in

the different growing environments. The selected GGE tools were

“mean vs. stability,” “which-won-where view of the GGE biplots,”

and “ranking genotypes.” These tools facilitate the identification of

the optimal genotypes based on performance and stability, identify

the optimal genotype for each growing environment, and rank them

according to suitability for a growing environment.
3 Results

3.1 Digital biomass assessment

The digital wheat biomass assessed by RGB imaging at time points

Tp1, Tp2, and Tp3 differed between the genotypes for the different

stress conditions tested (Figure 1). The greatest differences in plant

appearance were observed for the genotype Diskett in the combined

heat–drought stress treatment (Figure 1; at Tp2 and Tp3). The impact

of drought was similar to that of combined heat–drought at Tp2 and

Tp3, with both treatments resulting in semi-dry plants (Figures 1B, D).

The heat stress treatment had mild effects on the plants (Figure 1C).

Mean digital biomass measured at flowering (anthesis) was

similar for all genotypes at Tp1 and decreased for all genotypes at

both Tp2 and Tp3. The greatest impact of the stress treatments was

observed in the drought and combined heat–drought treatments,

followed by heat (Figure 2). The greatest variation in mean digital

biomass between the different genotypes was observed under

drought and combined heat–drought (Figure 2).
FIGURE 2

Mean digital biomass (pixels) of the eight wheat genotypes in the control,
drought, heat, and combined heat–drought stress treatments, based on
RGB imaging at time points Tp1–Tp3 (Tp1 = no stress, Tp2 = after 5 days
of stress treatment, and Tp3 = after 8 days of recovery).
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Under control conditions, rather similar digital biomasses at

Tp1–Tp3 were observed for all genotypes except SW1 and SW3

(Figure 3A). Genotype SW3 had relatively higher digital biomass at

Tp2 and Tp3, while in SW1, it was somewhat lower. Drought reduced

the digital biomass of all genotypes compared with the control and

especially that of SW1 and SW4 (Figure 3B). Heat stress had almost

no impact at Tp1 and Tp2 but some impact at Tp3, especially for

Bumble, SW2, and SW4 (Figure 3C). Diskett, SW1, and SW3 showed

relatively similar digital biomass at Tp1–Tp3 in the heat stress

treatment (Figure 3C). In the heat–drought treatment, the digital

biomass was significantly reduced in all genotypes at Tp2 and Tp3,

although the reduction observed between Tp2 and Tp3 was

somewhat smaller for Happy (Figure 3D).
3.2 Effect of genotypes and stress
conditions on gluten protein parameters

The impact of genotype (G) and stress environment (E) on the

protein parameters was significantly dominated by the individual

effect and not by G and E interaction (G × E) (Tables 2, S3 in SI).
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A significant impact of G × E interaction was observed on the

monomer-to-polymer (Mon/pol) ratio (p< 0.01) and TOTU (p<

0.05) (Table 2). The G × E interaction had a significant impact in

particular on unextractable gluten polymers (LPPs and SPPs) and

SMPs (Table S3).

The evaluation of the effect of the different treatments on the

gluten protein parameters by Tukey’s post hoc test indicated a major

impact of the combined heat–drought stress conditions on the

gluten protein parameters, with significant effects on TOTE, TOTU,

TPP, TMP, and %UPP in comparison with the other environmental

conditions (Table 3).

A similar impact of heat–drought stress was observed on most

gluten parameters studied (Table 3) and some impact of heat stress

on TMP, %LUPP, SPP, and LMPs (Tables 3, S4 in SI) in comparison

with drought stress. Surprisingly, no significant differences between

the drought stress treatment and the control were found for any of

the gluten protein parameters studied except %UPP and %LUPP

(Table 3). Lower amounts of %UPP and %LUPP (gluten strength)

and, somewhat unexpectedly, a higher amount of LPP was found

under the control environment compared with the drought and heat

stress treatments (Tables 3, S4).
A B

C D

FIGURE 3

Digital biomass (pixels) of the eight spring wheat genotypes in the (A) control, (B) drought, (C) heat, and (D) combined heat–stress treatments, based
on RGB imaging at time points Tp1–Tp3 (Tp1 = no stress, Tp2 = after 5 days of stress treatment, and Tp3 = after 8 days of recovery).
TABLE 2 Analysis of variance (ANOVA) results for the effect of genotype (G), treatment (E), and their interaction (G × E) on gluten protein parameters
[total amount of SDS-extractable (TOTE) and SDS-unextractable (TOTU) protein, total polymeric protein (TPP), total monomeric protein (TMP), SDS-
unextractable polymeric protein (%UPP), large SDS-unextractable polymeric protein (%LUPP), large SDS-unextractable monomeric protein (%LUMP),
and monomer-to-polymer ratio (Mon/pol)] of wheat grown under control, heat, drought, and heat–drought stress conditions.

Factor Df TOTE
1016

TOTU
1015

TPP
1015

TMP
1015

%UPP
103

%LUPP
103

%LUMP
102

Mon/
pol

Genotype (G) 7 0.53*** 0.60*** 0.98*** 3.05*** 1.65*** 3.23*** 0.80*** 0.38***

Treatment (E) 3 1.33*** 2.49*** 3.80*** 10.62*** 1.88*** 3.87*** 0.22** 0.38***

G × E 21 0.26 0.76* 0.95 1.87 0.84 0.87 0.36 0.72**

Residuals 96 1.09 1.78 2.77 7.41 2.45 3.60 1.44 1.28
frontie
***, **, and * indicate significance at p< 0.001, p< 0.01, and p< 0.05, respectively. Df, degrees of freedom.
All parameters were measured by size-exclusion high-performance liquid chromatography (SE-HPLC).
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3.3 Relationship between genotypes,
phenotypic traits, and gluten parameters
under different stress environments

In PCA plots, the mean values of the phenotypic and gluten

protein characteristics for plants in the four environments

(treatments) explained 65.6% of the variation (PC1 52.9%, PC2

12.7%) (Figure 4). The strongest impact on the genotypes was

observed in the combined heat–drought treatment, for genotypes

Diskett and SW2 (Figure 4). Sensitivity to heat stress and heat–

drought stress was observed for genotype SW1 (Figure 4).

Yield, phenotypic characteristics, and gluten protein parameters

explained 52.8% of the variation in PCA (PC1 31.6%, PC2 21.2%)

(Figure 5). The major contributors to these two PCs were %UPP

(control and drought), TOTU (heat, heat–drought, and control),

and spike length (all treatments), which impacted SW4 and SW2

most, further followed by Diskett. Happy, SW3, and SW5 showed a

similar low response to the stresses, together with grain yield (all

treatments) (Figure 5). Bumble displayed a similar response in spike

width (all stress treatments and control), %LUMP (control, heat,

and heat–drought), and %UPP (heat and heat–drought) (Figure 5).

The Spearman’s rank correlation results indicated a significant

impact of the treatments on certain gluten protein parameters,

yield, and phenotypic traits (Figure 6). In the control (unstressed)

environment, a significant positive correlation was found between

grain yield and digital biomass at all three time points (Tp1–Tp3)

(p< 0.001), and between grain yield and the number of spikes (p<
Frontiers in Plant Science 07
0.01) (Figure 6). Experimentally measured biomass showed a

significant positive correlation with digital biomass at Tp1, Tp2,

and Tp3 (p< 0.001, p< 0.05, and p< 0.001, respectively) (Figure 6A).

The strongest significant negative correlations were found between

TKW and the protein parameters [TOTE, TMP, TPP (p< 0.001);

TOTU (p< 0.01)] (Figure 6A).

In all stress treatments, grain yield was significantly positively

correlated with biomass (p< 0.001), while significant positive

correlations were also found between grain yield and digital

biomass under heat (p< 0.01) and under combined heat–drought

stress (p< 0.05) (Figures 6C, D).

Under drought treatment, a negative significant correlation was

found between digital biomass (at Tp2) and most of the protein

parameters studied (TOTU, TPP TMP, and TOTE; p< 0.001)

(Figure 6B). Additionally, TPP, TMP, and TOTE showed a

significant negative correlation with grain yield (Figure 6B).

Under individual drought and heat stresses, a significant

negative correlation between digital biomass (at Tp3 and Tp2)

and %UPP (p< 0.01 and p< 0.05, respectively) was observed

(Figures 6B, C). Under heat stress, only TKW was significantly

positively correlated with plant height (p< 0.05).

In combined heat–drought stress conditions, a significant

negative correlation was found between grain yield and protein
TABLE 3 Results of Tukey’s post hoc tests of different stress environments (drought, heat and combined heat–drought) on gluten protein parameters
(TOTE and TOTU protein, TPP, TMP, %UPP, %LUPP, %LUMP, and Mon/pol) in wheat (evaluated by SE-HPLC).

Factor TOTE
107

TOTU
107

TPP
107

TMP
107

%UPP
103

%LUPP
103

%LUMP
102

Mon/pol

Control 6.15 b 1.22 c 2.44 b 4.92 bc 31.06 c 34.84 c 9.45 b 2.02 a

Drought 5.81 b 1.28 bc 2.32 b 4.75 c 35.62 b 41.18 b 9.50 b 2.06 a

Heat 6.49 b 1.54 b 2.62 b 5.41 b 37.93 b 46.07 a 10.23 ab 2.08 a

Combined 8.43 a 2.32 a 3.70 a 7.06 a 41.65 a 49.46 a 10.36 a 1.93 b
fro
Different letters indicate significant difference at p< 0.05.
FIGURE 4

Principal component analysis (PCA) plot showing distribution of the
eight wheat genotypes grown under control, drought, heat, and
combined heat–drought stress conditions.
FIGURE 5

PCA plot showing the relationship between gluten protein
parameters (TOTE, TOTU, TMP, TPP, %UPP, and %LUMP) evaluated
by size-exclusion high-performance liquid chromatography and
phenotypic traits [thousand kernel weight (TKW), plant height, spike
length, biomass, spike width and grain yield] of the eight wheat
genotypes grown under control (C), drought (D), heat (H), and
combined heat–drought (HD) conditions.
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parameters (TOTE, TMP, and TPP; p<0.001) (Figure 6D). TOTU

showed significant positive correlations with digital biomass at Tp1

(p< 0.001) and with the phenotypic traits spike length, the number

of spikes, and TKW (p< 0.05). In addition, the number of spikes was

significantly positively correlated with %UPP (p< 0.001) and %

LUMP (p< 0.01) (Figure 6D).

Comparisons of the impact of the stress treatments on selected

yield traits (grain yield and TKW) and gluten parameters (%UPP,

LPP, Mon/pol, and TOTE) for individual genotypes revealed some

variation (non-significant) between the genotypes (Figure 7).

Combined heat–drought stress decreased grain yield in most

genotypes (Figure 7A). However, Bumble and SW1 in the

combined heat–drought treatment showed similar grain yield as

in the control. Regarding TKW, no impact of the stresses was

observed for most genotypes, except a decrease due to combined

heat–drought stress for SW3, SW4, and SW5 (Figure 7A).

In terms of gluten protein characteristics, a clear increase in

both %UPP and LPPs (gluten strength) was noted for SW2, which

had the highest %UPP (52.5%) of all genotypes studied (Figure 7B).

Concerning the Mon/pol ratio (describing extensibility vs. strength
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distribution), no difference due to the stresses was found between

the genotypes. Total extractable protein (TOTE), a strong indicator

of protein concentration, was found to be increased most under

combined heat–drought stress in genotype SW2 (Figure 7B).
3.4 Stability of yield and protein quality
traits under stress

The GGE biplots of PC1 and PC2 scores indicating the stability

and performance of the wheat genotypes in terms of grain yield,

TKW, TOTE, and %UPP in the different treatments are shown in

Figure 8. PC1 and PC2 together explained 93.61% of the variation in

grain yield, 90.2% of the variation in TKW, 95.22% of the variation

in %UPP (gluten strength), and 97.79% of the variation in TOTE

(protein concentration) (Figure 8). To identify stable genotypes, the

GGE biplots of mean performance and stability across the

environments were compared, where 1, 2, 3, and 4 in Figure 8

correspond to control, drought, heat, and combined heat–

drought, respectively.
B

C D

A

FIGURE 6

Spearman correlation plot of gluten protein parameters (TOTE, TOTU, TMP, TPP, %UPP and %LUMP) and phenotypic traits (grain yield, TKW, plant
height, spike length, biomass, spike width, and the number of spikes) of the eight wheat genotypes grown under (A) control, (B) drought, (C) heat,
and (D) combined heat–drought conditions. ***, **, and * indicate significance at p< 0.001, p< 0.01, and p< 0.05, respectively.
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The grain yield (g/plant) plot for ‘mean vs. stability’ revealed the

most promising genotypes (Figure 8A). SW3 showed the highest

mean value for grain yield, followed by Happy, while Diskett and

SW4 showed the lowest grain yield in the studied environments

(Figure 8A). The five connected points in the ‘which-won-where’

GGE biplots showed that plants in the drought, heat, and combined

heat–drought treatments clustered close to each other and indicated

that the genotypes Bumble, SW5, Happy, and SW3 were the top

performers in the studied environments (Figure 8B). Ranking the

genotypes according to their location in the circles in the GGE

biplots confirmed that the genotypes Happy and SW3 were the top

performers, i.e., located closest to the “ideal line” (Figure 8C).

Stability in TKW appeared to be higher for the genotype Happy

(Figure 8D). The genotypes Bumble and SW3 showed the highest
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stability, but the lowest mean values, for TKW (Figure 8D). The five

connected points in the ‘which-won-where’ GGE biplots showed that

the control, drought, and heat treatments (1, 2, and 3, respectively)

clustered in the same section,withHappy andSW4 indicated as the top

performers (Figure 8E). For the combined heat–drought environment,

the top performer in terms of TKWwas Diskett (Figure 8E). Based on

its location in the inner circle and position near the “ideal line,”Happy

was identified as the top-ranking genotype (Figure 8F).

The GGE biplots indicated that stability in %UPP among the

genotypes in the studied environments was highest in terms of the

mean value for SW2, followed by Bumble (Figure 8G). The ‘which-

won-where’ GGE biplots indicated that SW2 was the top performer

in the control, drought, and combined heat–drought treatments,

while Bumble was the top performer in the heat and combined
B

A

FIGURE 7

(A) Yield traits (grain yield and TKW) and (B) gluten protein traits (%UPP, LPPs, Mon/pol, and TOTE) of the eight individual wheat genotypes grown
under control, drought, heat, and combined heat–drought conditions.
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heat–drought treatments (Figure 8H). The highest ranking

genotypes in a l l four env ironments were SW2 and

Bumble (Figure 8I).

Stability evaluation of TOTE in the GGE biplots showed that

the highest mean values across the studied environments were for

Diskett and SW1 (Figure 8J). Based on the ‘which-won-where’ GGE
Frontiers in Plant Science 10
biplots, Diskett was a top performer in all four environments, while

SW1 was a top performer in the control, drought, and heat

treatments (Figure 8K). SW2 and SW5 were the top performers

in the combined heat–drought treatment (Figure 8K). To conclude,

the top-ranked genotypes in all environments for TOTE were

Diskett and SW1 (Figure 8L).
A B

D E F

G IH

J K L

C

FIGURE 8

GGE biplots showing the stability of the wheat genotypes in the different environments studied: (A–C) grain yield, (D–F) TKW, (G–I) %UPP, and
(J–L) TOTE (106). Biplots from genotype-based singular value partitioning (SVP = 1); data were not scaled (scaling = 0) and were environment-
centered (centering = 2). Environments 1, 2, 3, and 4 correspond to the control (no stress), drought, heat, and combined heat–drought stress
treatments, respectively.
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4 Discussion

Accurate tools for evaluating the yield, phenotypic traits, and

quality traits of wheat genotypes under changing climate conditions

are important when selecting new cultivars. Among the abiotic

stresses to which plants are subjected, drought, heat, and combined

heat–drought are major limiting factors affecting wheat plant

development. In this study, combined heat–drought stress had the

greatest impact on digital biomass (assessed by RGB imaging) in the

eight wheat genotypes studied. The drought treatment also

significantly reduced the digital biomass, whereas the heat stress

treatment had a relatively mild impact (Figures 1, 2). A similar

pattern has been observed previously under combined heat–

drought stress conditions for Nordic wheat grown in controlled

conditions and Lithuanian winter wheat grown in the field

(Statkevičiūtė et al., 2022). These observations suggest that the

combined stress affects physiological plant traits such as stomatal

closure, which leads to decreased CO2 assimilation and lower TKW

(Abdelhakim et al., 2021; Statkevičiūtė et al., 2022). The magnitude

of the reduction in biomass is known to depend on the duration and

intensity of the stress and when the stress is imposed (Barnabás

et al., 2008; Farooq et al., 2009; Qaseem et al., 2019).

In this study, wheat plants were exposed to the different 5-day

stress treatments during anthesis, which is known to be one of themost

critical growth stages, explaining the strong impact of the treatments

involving drought. Applying heat stress alone had a mild impact on

plant development characteristics and the biomass of individual

genotypes; thus, it was not possible to evaluate plant response

mechanisms to this stress. The chosen heat stress temperature (29°

C) was based on findings in previous studies that a temperature of 27°

C–30°C or higher prior to and during anthesis can substantially reduce

grain size, numbers, and yield (Tashiro and Wardlaw, 1989; Wheeler

et al., 1996; Porter and Semenov, 2005; Semenov and Shewry, 2011).

As expected, drought and combined heat–drought stress

decreased biomass accumulation (Figure 3). The lack of impact of

heat stress alone on biomass was most likely insufficiently high

temperature and short treatment time resulting in little damage to

photo-system II and thus to photosynthetic capacity (Sharkey,

2005), as seen for Bumble and SW2 at Tp2 (Figure 3C). For

example, Diskett plants responded less to heat than to drought or

combined heat–drought stress, despite the PCA results indicating

some sensitivity of this genotype to heat stress (Figure 4). This can

be explained by a different response mechanism of Diskett to heat

and heat–drought stresses, as referred to our previous study (Lama

et al., 2022). For a detailed examination of the heat response of

Diskett, field studies under heat stress conditions are needed.

The digital tools used in this study to measure digital biomass

showed good ability to evaluate wheat plants under severe drought

and combined heat–drought stress conditions. The correlations

observed between digital and measured biomass, e.g., under

drought conditions (at Tp3) and combined heat–drought

conditions (at Tp2), revealed the strong potential of RGB imaging

to identify even small differences induced by stresses and to detect

symptoms of the genotypes under the different environments.

Under heat stress, the genotypes SW1 and SW3 were least

affected (Figure 3C), while under combined heat–drought stress,
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Happy and SW3 were the least affected genotypes (Figure 3D),

suggesting somewhat different stress coping mechanisms.

In the control (no stress) growing environment, most gluten

parameters (TOTE, etc.) showed a negative correlation with grain

yield, TKW, biomass, plant height, and spike width (Figure 6A), as

also observed previously (Bogard et al., 2011; Wang et al., 2018).

TKW and grain yield are closely associated (Li et al., 2021) and are

linked with starch accumulation. High accumulation of starch

under the control conditions can dilute the gluten protein

concentrations in wheat grain (Koga et al., 2015), which may be

one explanation for the negative correlations between gluten

proteins and yield-related parameters in this study.

This study examined the impact of stress factors on the most

important gluten quality parameters, e.g., gluten strength, based on the

concentrations of polymeric proteins. Under individual drought and

heat stress, a negative correlation between %UPP and digital biomass

(Tp2–Tp3) was observed. There was also a clear impact of stress on the

%UPP and %LUPP fractions (Table 3), suggesting that these

environmental stresses trigger mechanisms related to gluten polymer

accumulation/regulation. In the presence of severe stress (combined

heat–drought treatment), the wheat plants seemed still able to produce

spikes, as the number of spikes correlated positively with %UPP.

Spike length is a strong indicator of yield (Lan et al., 2022) and is

directly related to starch accumulation, suggesting that wheat yield and

proteinpolymerizationare insomewayrelated.Under stress conditions,

gluten polymerization is triggered via the formation of interchain

disulfide bonds (SS) between HMW and LMW glutenins and certain

gliadins (alpha, beta, and gamma) (Branlard et al., 2020). These gluten

proteins form %UPP most likely at the expense of starch. Previous

studies have found that, in particular, large polymeric protein fractions

(e.g., uLPP and uSPP) increase at 12–18 days after anthesis (Johansson

et al., 2005). Under combined heat–drought stress conditions in the

present study, yield was significantly negatively correlated with protein

concentration, confirming findings in previous studies in the field and

greenhouse (Triboi et al., 2006; Malik et al., 2012).

A positive effect of abiotic stress on gluten protein polymerization

has also been observed in previous studies performed in the field

(Johansson, 2002; Johansson et al., 2002; Lama et al., 2022) and

greenhouse (Malik et al., 2011; Leiva et al., 2021). The positive effect

of heat stress on protein polymerization is known to occur at high

temperatures (up to 30°C) during the grain development stage

(Johansson et al., 2002; Malik et al., 2011). The nature of the effect of

drought stress on polymerization depends on the timing of the drought

(Leiva et al., 2021; Lan et al., 2022). For example, a greenhouse study

found a positive effect of drought at heading, which increased %UPP

comparedwith drought at the stem elongation stage (Leiva et al., 2021).

Late drought (during ear emergence) is reported to have a stronger

positive effect on %UPP than early drought (during tillering) (Lan

et al., 2022). Among the three stress treatments tested in this study,

combined heat–drought stress had the greatest effect on gluten

protein polymerization.

The results obtained with the imaging tools employed to

measure digital biomass at different stress time points (Tp1, Tp2,

and Tp3) in this study were significantly and positively correlated

with grain yield and with actual measured biomass, suggesting

that RGB imaging could be a useful method for evaluating the
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impacts of plant stresses on phenotypic characteristics, such as

grain yield.

No significant effect was found for the interaction between the

genotype and the environment (G × E) on gluten protein

parameters (except for Mon/pol), contradicting findings in

previous studies in the greenhouse (Malik et al., 2013) and in the

field (Hernandez-Espinosa et al., 2018; Lama et al., 2022). This lack

of effect may have been due to the insufficiently challenging

environmental background in this study.

Among the eight genotypes compared, Happy was the most

promising in terms of the stability of grain yield, TKW, %UPP, and

TOTE in stressful growing environments. Happy also showed greater

digital biomass in the combined heat–drought stress treatment. The

breeding lineSW2showednotonly lowerdigital biomass andyieldunder

stress but also the highest stability and mean gluten strength (%UPP) in

the control and inall three stress treatments, supportingpreviousfindings

(Lama et al., 2022). Genotype SW3 showed the highest stability in TKW

and higher grain yield than the other genotypes. Diskett, SW5, and SW1

appeared to be themost sensitive genotypes in terms ofmost parameters

studied (yield, TKW, %UPP, etc.).
5 Conclusions

Assessing and controlling important phenotypic and grain

quality–related traits in wheat is important for success in

breeding programs seeking to produce desirable wheat material

for use under future climate change. This study revealed significant

impacts of combined heat–drought stress on plant phenotypic

characteristics and gluten protein quality traits in eight spring

wheat genotypes, while drought stress alone also had negative

impacts. However, heat stress (29°C) had only mild effects on

yield and phenotypic characteristics, although, in field conditions,

the impact of heat stress could be much more severe.

There were significant positive correlations between grain yield

and digital biomass, and between digital biomass and actual measured

biomass, in all stress treatments tested, indicating that RGB imaging

can be a valuable tool in assessing stress in wheat plants.

Individual drought and heat stresses significantly affected gluten

strength (%UPP and %LUPP). There was a negative correlation

between digital biomass and most gluten protein parameters

analyzed, although the Mon/pol ratio was not affected by the

experimental stresses studied.

A surprising finding was that the number of spikes was

significantly positively correlated with both %UPP and %LUMP

under combined heat–drought stress, suggesting a correlation with

not only polymeric glutenins (HMW and LMW) but also large

monomeric proteins (e.g., gliadin types). The number of spikes is an

indicator of yield and, together with gluten protein quality traits,

could potentially be explored in screening for high yield and gluten

protein quality in wheat under climate stress.

The most promising genotypes in terms of performance and

stability in the stress environments tested were SW3 and Happy for

high yield, SW1 andHappy for high TKW, SW2 andBumble for high

%UPP, andDiskett and SW1 for high protein concentration (TOTE).

In order tomeet plant breeding targets for extreme climate resistance,
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these top-performing genotypes need to be further tested in field

studies where their phenotypic and gluten protein characteristics are

evaluated using the combination of tools tested in this study.
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