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Abstract

Wheat production and grain quality are adversely affected by drought stress. The de-
ployment of wheat genotypes with improved grain yield and grain quality assists in
achieving food security and maintaining a balanced diet. Therefore, this study is aimed at
evaluating the phenotypic traits and grain quality responses of wheat genotypes to drought-
stressed conditions. Two field trials were conducted to evaluate ten wheat genotypes under
drought-stressed (DS) and non-stressed (NS) conditions in 2022 and 2023. The grains of the
genotypes were further evaluated for their quality. The recorded phenotypic traits include
grain yield (GY), shoot biomass (SB), root biomass (RB), and harvest index (HI). The grain
quality traits recorded were grain carbon content (C), nitrogen (N), and crude protein (CP).
Significant (p < 0.05) genetic variation were observed for the recorded phenotypic and
grain quality traits. The highest grain yield was recorded in LM48 (495.83 g m~2), and the
least was observed in BW141 (131.48 g m~2) under DS conditions. The N ranged from
1.76% recorded in LM75 to 3.16% (BW141) under DS conditions. The wheat genotypes,
LM48 and BW140, presented high harvest index percentages, which indicates that the
genotypes were efficient in partitioning their biomass to GY production even under DS
conditions. The overall mean values of C and CP were lower under DS than NS conditions.
Furthermore, GY was positively associated with SB (r = 0.50 under DS; r = 0.49 under
NS) and RB (¥ = 0.38 under DS conditions; r = 0.32 under NS conditions). Amongst all
the evaluated quality traits, only CP was negatively correlated with GY (r = —0.02) un-
der DS conditions. Based on high GY production performance under DS conditions, the
wheat genotypes LM48 and BW140 are recommended for further evaluation across diverse
environments and production under limited water conditions.

Keywords: biomass; drought stress; grain yield; carbon content; nitrogen content

1. Introduction

Wheat has the second-highest production in grains after maize [1] and the largest trade
volume [2]. It provides approximately 20% of calories and protein consumed by more than
4.5 billion people in the form of bread, noodles and pasta [3], whereas 20% of global wheat
production is utilized for livestock feed. Despite this significance, the production of wheat
is highly affected by climate change around the globe, with the increasing unavailability of
water resources [4] exacerbating the challenge. This has led to an increase in wheat demand
from approximately 777.15 million to 791.40 million tons between 2022 and 2023 [5].
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The largest wheat-producing countries are Russia, India, and China, which account for
about 41% of the world’s total wheat production [6]. On the other hand, the production of
wheat in Africa is still very low. This is because out of 220 million ha of world agricultural
land cultivated, only 4.55% of that land is utilized in Africa to produce approximately
25 million tons of grain per year. This causes African countries such as South Africa,
Botswana and Zimbabwe to rely on importing wheat to meet the demands. For in-
stance, the yield gap in South African dryland farming systems ranges between 1.58 and
3.13 tha~!, which is only 38% of the yield potential [7]. The low grain yields in South Africa
are attributed to the frequent occurrence of droughts associated with climatic variability [8].
Therefore, wheat characterization is vital to select genotypes with favorable yield and
improved grain quality under DS conditions to achieve Sustainable Development Goals
number 1 and 2, aiming to eradicate poverty and hunger, respectively.

Furthermore, different wheat researchers found a variation in phenotypic traits, such
as grain yield (GY), shoot biomass (SB), and root biomass (RB), under different soil mois-
ture environments. For instance, the studies conducted in South Africa highlighted that
phenotypic traits such as GY, SB, and RB were lower under DS conditions as compared
to NS conditions [9-13]. That agrees with Li et al. [14], who evaluated wheat genotypes
under different soil moisture treatments and found that GY, SB, and RB were reduced under
drought-stressed (DS) conditions. Another study conducted by Rossi et al. [15] in Italy
reported that the GY, SB, and RB were lower under DS conditions, but the root-to-shoot
ratio was higher under DS as compared to NS conditions. These reported variations for
phenotypic traits under DS and NS conditions are caused by differences in the evaluated
germplasm and environmental factors [10]. Furthermore, some studies also suggested that
DS conditions had an impact on grain quality. For instance, Wan et al. [16] reported that
limited soil moisture conditions under DS treatment lead to reduced GY and quality. This
indicates that the lower water supply may result in the reduction of carbohydrate synthesis
in plants, further leads to lower GY and grain protein content. On the other hand, Ozturk
and Aydin [17] revealed that long-term DS conditions increased grain protein concentration
by 18%, whereas DS conditions from milking to physiological maturity increased grain
protein concentration by 8.3% as compared to the NS conditions. On the contrary, Zoérb
et al. [18] found that DS conditions from anthesis to grain filling have more severe impacts
on grain protein quantity and quality. In addition, DS conditions cause changes in the
balance between carbon assimilation and grain nitrogen accumulation and eventually
result in higher nitrogen concentration in the grain [19]. That agrees with Liang et al. [20],
who found higher nitrogen content in winter wheat grain under limited water conditions.
Moreover, nutrients such as carbon and nitrogen are reduced by limited water availability
in wheat genotypes [21-23]. This is due to the decrease in carbon fixation, which results
in less carbohydrate production [24] and decreased activity of nitrogen assimilation en-
zymes [23]. Consequently, the combined reduction in grain carbon and nitrogen content
under DS conditions reduces grain protein content [25].

The deployment of wheat genotypes with high GY potential and improved grain
quality is a promising strategy to achieve food security and reduce malnutrition
levels [1,26,27]. However, there are still a few high-yielding cultivars that can grow under
diverse environmental conditions. To exploit the genetic variation of wheat for improved
GY potential and quality suitable for environmental conditions in South African conditions,
the wheat breeding team at the African Center for Crop Improvement of the University
of KwaZulu-Natal sourced a panel of 100 wheat genotypes from the International Maize
and Wheat Improvement Centre (CIMMYT) heat and drought nursery [10]. These geno-
types were evaluated for biomass production under limited water conditions by Mathew
et al. [10]. Eight out of the hundred wheat genotypes from CIMMYT were selected based
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on biomass production, and two wheat genotypes locally adapted to South African con-
ditions were evaluated in this study. The 10 wheat genotypes were further screened and
characterized for improved yield performance and grain quality in order to enhance crop
production and future breeding. Cultivating wheat genotypes with enhanced yield per-
formance and superior grain nutritional quality will contribute to achieving food security
and improving the nutritional status of populations. Therefore, the objective of the present
study is to evaluate the phenotypic and grain quality responses of wheat genotypes under
DS conditions.

2. Materials and Methods
2.1. Plant Materials

Ten wheat genotypes, consisting of eight genotypes obtained from the Interna-
tional Maize and Wheat Improvement Centre (CIMMYT) heat and drought nursery [10]
and two genotypes locally adapted to dryland environments in South Africa (Table 1),
were evaluated in this study. The eight genotypes were selected from a panel of a
hundred diverse genotypes based on their high biomass production potential under
water-limited conditions [10].

Table 1. List of wheat genotypes used under drought-stressed conditions.

Wheat Genotypes Pedigree

LM26 ATTILA *2/PBW65/ /TAM200/TUI

LM47 FRET2/KUKUNA//FRET2/3/YANAC/4/FRET2/KIRITATI

LM48 FRET2/K UKUNA//FRET2/3/PASTOR//HXL7573/2 * BAU/5/FRET2
*2/4/SNI/TRAP#1/3/KAUZ * 2/TRAP//KAUZ

LM71 BABAX/3/PRL/SARA/ /TSI/VEE#5/4/CROC_1/AE.SQUARROSA
(224)//2* OPATA

LM75 BUC/MN72253//PASTOR

BW141 HUW234 + LR34/PRINIA * 2/ /WHEAR

BW152 PBW343 * 2/KUKUNA * 2/ /YANAC

BW162 FRET2/KUKUNA//FRET2/3/WHEAR/4/FRET2 * 2/KUKUNA

LM70 (local check) Local check

BW140 (local check) CSW88

2.2. Experimental Site Description

The experiment was conducted under field conditions at the University of KwaZulu-
Natal’s Pietermaritzburg campus in South Africa. The climatic conditions in the area where
the experiment was conducted are semi-arid with warm to hot summer months and cool
winters. The long-term average temperature in the area of the experiment is 26.5 °C. The
annual average precipitation is 738 mm, with approximately 20% falling during the winter
months. The soil at the experimental area is clay-to-loamy clay.

2.3. Experimental Design and Establishment

The field experiments were laid out on a 2 x 5 alpha lattice design with two replicates
per treatment in 2022 and 2023. The field was ploughed to a 30 cm depth, harrowed
to achieve a fine tilth and ridges were prepared to enhance soil drainage and drip-line
installation. The basal fertilizer was applied following the procedure by Mathew et al. [10],
using 300 kg ha~! of compound fertilizer (NPK 10:20:10) applied during planting, and
top-dressing fertilizer [urea (46% N)] at 100 kg ha~! was applied at the tillering stage.
The field experiment establishment was conducted following the procedure by Makhubu
et al. [28]. Briefly, the field was covered with a custom-designed black plastic mulch to
prevent rainfall infiltration. Small holes, each with a diameter of 5 cm, were created along
the planting rows in the plastic mulch. Plants were spaced 10 cm apart within rows and
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20 cm between rows. Three seeds per hole were sown at a depth of 3 cm and thinned to
two seedlings per hole after two weeks. Each plot consisted of a single row of 7 planting
holes, measured 60 cm in length and 30 cm in width (plot area = 1800 cm?). Two irrigation
treatments were implemented side by side, both utilizing an automated drip irrigation
system. Each planting row was equipped with a drip line beneath the mulch to ensure
precision irrigation. To simulate terminal drought conditions, water stress was induced by
reducing soil moisture to 35% field capacity from 50% heading to maturity. In the control
treatment, soil moisture was maintained at 80% field capacity from planting to maturity. A
HOBO UX120 water sensor was used to monitor every 30 min, and irrigation adjustments
were made accordingly to maintain field capacity levels in both treatments [29]. Manual
weeding and targeted application of insecticides were performed to control leaf miners
and aphids.

2.4. Data Collection
2.4.1. Phenotypic Traits

The data for the phenotypic traits were recorded before harvesting: days to
50% heading (DTH) was recorded during the afternoon as the number of days from
sowing until half of the plants in a plot had fully emerged spikes; days to 50% maturity
(DTM) was measured daily during the afternoon as the number of days from planting
until half of the plants in a plot have dried spikes. The data for the following traits were
measured at maturity: plant height (PH) was measured from the base of the plant to the tip
of the spike, and the units were normalized in centimeters; number of productive tillers
(TN) per plant was determined by averaging the counted tillers from three sampled holes.

The data for the following phenotypic traits were recorded after harvesting: spike
length (SL) was measured from the base of the spike to the tip of the spike, and the units
were normalized in centimeters, and the number of spikelets per spike (SK) were counted
and recorded as the mean of three randomly selected spikes per plot. Grain yield (GY)
was measured as the dry weight of grain produced, and the units were normalized in
g m~2. Shoot biomass (SB) was determined by drying the shoots (excluding spikes) in
an oven drier at 70 °C for 48 h, after which the dry weight was recorded in g m~2. Root
biomass (RB) was assessed after drying harvested roots at 70 °C for 48 h, and the units
were expressed in g m~2. The root-to-shoot ratio (RS) was calculated as the ratio of the root
to shoot biomass produced per plot. The harvest index (HI) was calculated following the
equation by Mutanda et al. [30]:

Grain yield

HI =
Grain yield 4+ shoot biomass

x 100 1)

where HI = harvest index.

2.4.2. Grain Carbon, Nitrogen and Protein Content Determination

The wheat grain samples were collected from all the plots planted in the 2022 growing
season. The collected grain samples were oven-dried at 70 °C for 48 h and ground into
fine powder using a pestle and mortar. The ground samples were analyzed for nitrogen
(N) and carbon (C) content using a LECO TruMac CN analyzer, LECO Corporation, St.
Joseph, MI, USA. The wheat samples were combusted at 1350 °C in the presence of oxygen,
whereby the N and C are converted to carbon dioxide and NOXx, respectively. Both gases
were separated by chromatography, with argon acting as a carrier gas, and measured in a
thermal conductivity cell. The crude protein content of samples was determined using the
following equation:
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Crude protein = observed nitrogen content x 6.25

where 6.25 is a common protein factor.

2.5. Data Analysis

The phenotypic traits data for two growing seasons were subjected to a combined
analysis of variance using GenStat 24th edition by considering season, genotypes and water
regimes as fixed factors. Fisher’s least significant difference at the 5% significance level
was used to compare the mean values. Pearson’s correlation coefficients (r) were calculated
separately for NS and DS conditions to examine the relationship and dependencies between
phenotypic traits, grain carbon, nitrogen and crude protein using R statistical version 4.4.1,
R Foundation for Statistical Computing, Vienna, Austria, 2024. Principal component
analysis was performed to visualize the relationship between phenotypic traits under DS
and NS conditions using R statistical, version 4.4.1, R Foundation for Statistical Computing,
Vienna, Austria, 2024.

3. Results
3.1. A Combined Analysis of Variances on Phenotypic Traits

Significant genotype variations were observed in all the recorded phenotypic traits
(Table 2). The season was shown to have a significant effect on DTH, SL, SB, RB and RS

(Table 2). The main effect of genotype x water regime x season interaction effect was
non-significant on all phenotypic traits (Table 2).

Table 2. Mean squares and significance tests for phenotypic traits of wheat genotypes evaluated
across two seasons under drought-stressed and non-stressed conditions.

Source of Variation df DTH DTM PH TN SL SK GY SB RB HI RS
Rep 1 11.900 0.007 11.89  3.006 2467 0.72 4096 450,630 1186 195.89 0.000633
219.31 194,324.00
Block 1 5767 15.41 2 3963 1636  93.53* > 396919.00 1382500  138.17 0.008147
Genotype 9 6819* 19911*  6050% 4559% 2927+ 3462+ 19273000 y4eq 49800+ 2651900 y3co7e 0003315+
Season 1 BLI76 03913 poes o003 B2 g7 35515 37204000 15067600 5933 o557ys e
Water regime 1 8041 8.537 0.03 3270 2,589 0.17 527,490.00 1626 6185 529,28 * 0.000884
Genotype x season 9 6237 10917 3779 Ol 4053 26.12 92,646 199,000 13907  15621*  0.004542
Genotype x 9 2760 4576 8472 3334 2598 12.84 51,280. 131,546 7022 58.36 0.003375
water regime
Season x 1 9373 0.393 83.51 3513 1.195 4820 30475900 191116 30,645 521.72* 0.004193
water regime
Genotype x season g 71y 12.887 27.55 4208 1.096 6.32 22,722 135,500 5534 68.49 0.003678
X water regime
Residual 38 5.646 9.683 2452 2661 2157 18.35 64,317 219,289 8129 75.39 0.005333
Total 78 6.536 10.710 3801 3791 2787 19.70 77,055 239,696 12,493 101.48 0.007671

DTH = days to 50% heading; DTM = days to 50% maturity; PH = plant height in centimeters; TN = number of
productive tillers per plant; SL = spike length; SK = number of spikelets per spike; GY = grain yield in g m~;
SB = shoot biomass in g m~2; RB = root biomass in g m~2; RS = root-to-shoot ratio; HI = harvest index. * p <0.05;
**p < 0.01; ** p < 0.001.

3.2. Analysis of Variance for the Grain Quality Traits

The findings of the present study show that the genotype x water regime interaction
has a significant effect on C and N and a non-significant effect on CP (Table 3). Both
genotype and water regime factors have significant effects on N and CP (Table 3).
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Table 3. Mean squares and significance tests for grain carbon, nitrogen, and crude protein of wheat
lines evaluated during the 2022 growing season.

Source of Variation df C N CP
Rep 1 29.380 0.1120 0.821
Block 1 27.253 0.7643 * 9.047
Genotype 9 15.842 * 0.5231 * 13.809 *
Water regime 1 7.438 1.1847 * 32.809 *
Genotype x water regime 9 27.614 * 0.4944 * 9.453
Residual 17 8.954 0.1550 4.526
Total 39 16.273 0.3748 8.668

df = degrees of freedom; C = grain carbon content (%); N = grain nitrogen content (%); CP = grain crude protein
content (%); Rep = replications. * p < 0.05.

3.3. Wheat Performance Under Drought-Stressed and Non-Stressed Conditions

The mean grain yield of the tested wheat genotypes was lower under DS condi-
tions (304.83 g m~2) than under NS conditions (427.68 g m~2) (Table 4). The genotypes
with the higher mean yield under DS conditions were LM48 (495.83 ¢ m~2), BW140
(460.28 g m~2), LM47 (380.56 g m~2), LM75 (366.67 g m~2) and BW152 (331.94 g m~2),
whilst the genotypes with higher mean grain under NS were LM48, LM70, LM47,
BW140 and LM71, with mean yield values of 771.17 g m~2, 610.48 g m~2, 550.00 g m 2,
496.67 g m~2 and 466.67 g m~2, respectively. The mean grain yield for the evaluated
genotypes under DS was lower during the 2022 growing season as compared to the
2023 growing season (Table S1). Furthermore, our findings showed that the average PH
for the two seasons was lower under NS conditions than DS conditions. Drought-stressed
conditions resulted in a reduction of RB (8.85%), SB (0.70%), and HI (24.50%). Despite the
decrease in the overall genotype performance in terms of RB, genotypes BW152, BW162,
LM26, LM48, and LM70 exhibited the highest RB production. The genotypes BW140 and
LM75 exhibited the highest HI under DS conditions compared to other wheat genotypes.
The overall mean DTM was lower by 0.73 days under NS conditions as compared to DS
conditions. Similar observations were discovered in SPS and SL, which were reduced by
0.08 cm and 0.36 cm, respectively, under NS conditions (Table 4). The mean values are
presented in Table 4, and most of the evaluated phenotypic traits, such as DTH, DTM, PH,
TN, SL and SPS, showed lower differences between DS and NS conditions. However, GY,
RB and HI were notably affected by DS conditions, reflecting their sensitivity to water
stress during the reproductive stage.

3.4. Grain Carbon, Nitrogen, and Protein Content Determination

In the present study, the mean nitrogen content was lower under DS conditions (2.74%)
than under NS conditions (3.11%) (Table 5). The wheat genotypes with high grain carbon
content under DS conditions included BW152 (41.95%), followed by BW141 (41.67%) and
LM70 (41.63%), whilst under NS conditions, the genotypes with high grain carbon content
were LM70 (41.91%), LM47 (41.74%) and BW152 (41.74%) (Table 5). In addition, the wheat
grain crude protein was lower under DS conditions (17.48%) compared to NS conditions
(19.45%) (Table 5).
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Table 4. Mean values of phenotypic traits of the ten wheat lines under drought-stressed and non-stressed conditions.

Genotypes DTH DTM PH TN SL SPS GY SB RB HI RS
DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS

BW140 64.00 62.75 100.00 100.75 71.53 75.10 3.50 3.63 9.18 9.72 7.55 7.40 460.28 496.67 1046.67  1151.67  167.78 212.22 24.28 21.71 0.17 0.20
BW141 65.33 65.50 102.33 97.50 83.58 78.30 3.83 3.58 8.02 9.60 7.17 6.04 131.48 460.00 925.93 1058.33  117.04 166.67 14.96 21.76 0.17 0.17
BW152 63.25 64.75 99.75 99.25 80.15 81.68 7.05 4.05 9.56 7.55 11.04 15.81 331.94 265.28 1169.44  944.42 173.33 167.24 17.90 23.28 0.15 0.19
BW162 65.50 65.25 102.50 100.75 84.28 76.43 4.75 4.08 9.03 9.25 9.33 7.31 225.00 245.83 1364.44  1048.89  190.00 148.89 11.99 13.57 0.15 0.16
LM26 65.00 66.75 101.75 102.00 7213 81.30 4.43 4.60 9.38 9.05 5.93 9.73 195.39 365.83 1133.33  1003.33  138.89 118.33 13.48 23.93 0.14 0.16
LM47 64.00 65.00 98.50 98.50 81.78 83.43 3.45 478 9.10 10.96 12.00 8.95 380.56 550.00 1700.00 162222  233.33 375.56 15.27 19.78 0.14 0.23
LM48 63.50 63.25 98.25 96.75 74.88 84.33 5.25 6.53 9.36 10.20 11.42 10.77 495.83 77117 1605.56 132722 22222 194.44 19.45 34.39 0.16 0.14
LM70 64.25 63.75 100.00 100.00 80.28 79.83 5.33 4.28 11.08 10.40 9.58 7.37 276.39 610.48 1419.44 179444  261.11 233.33 12.81 18.89 0.19 0.15
LM71 63.25 65.50 101.25 100.75 84.65 75.28 4.55 3.83 9.11 9.98 8.90 9.00 184.72 466.67 1211.11 140556  233.33 311.11 11.26 18.39 0.22 0.22
LM75 62.50 64.00 97.00 97.75 83.76 81.05 5.73 443 8.97 9.73 7.44 7.13 366.67 388.33 1325.00  1635.56  250.00 252.22 17.86 15.33 0.21 0.15
Mean 64.06 64.65 100.13 99.40 79.70 79.67 4.79 4.38 9.28 9.64 9.03 8.95 304.83 427.68 1290.09  1299.16  198.70 218.00 15.93 21.10 0.17 0.18

Std 0.98 1.21 1.84 1.72 5.05 3.28 1.11 0.85 0.76 0.92 2.02 2.79 122.28 178.00 242.27 303.81 48.76 78.46 4.00 5.72 0.03 0.03
SEM 0.31 0.38 0.58 0.55 1.60 1.04 0.35 0.27 0.24 0.29 0.64 0.88 38.67 59.33 76.61 96.07 15.42 24.81 1.27 1.81 0.01 0.01
%CV 1.53 1.87 1.84 1.74 6.33 412 23.15 19.49 8.16 9.54 22.39 31.22 40.12 41.62 18.78 23.38 24.54 35.99 25.13 27.09 1574 1741
%LSD 3.06 3.45 4.76 4.34 11.55 8.09 1.44 1.86 1.21 1.05 1.37 1.26 34.40 46.23 24.30 83.50 1.02 18.88 1.44 1.32 0.04 0.02

DS = drought-stressed; NS = non-stressed; DTH = days to 50% heading; DTM = days to 50% maturity; PH = plant height in centimeters; TN = number of productive tillers per plant;
SL = spike length; SPS = number of spikelets per spike; GY = grain yield in g m~2; SB = shoot biomass in g m~2; RB = root biomass in g m~2; RS = root-to-shoot ratio; HI = harvest index.
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Table 5. Mean values for grain nitrogen, carbon, and crude protein content of ten wheat genotypes
evaluated under drought-stressed and non-stressed conditions.

Genotype N cp c

DS NS DS NS DS NS

BW140 2.71 2.66 16.91 16.63 41.42 41.66
BW141 3.16 2.98 19.75 18.64 41.67 41.68
BW152 2.99 4.19 18.7 26.19 41.95 41.74
BW162 2.60 2.7 16.26 16.85 41.32 41.33
LM26 2.84 3.98 17.73 24.89 41.25 41.67
LM47 2.60 3.04 16.25 19.00 41.31 41.74
LM48 294 291 18.39 18.22 41.23 41.22
LM70 2.99 2.73 18.69 17.09 41.63 4191
LM71 2.81 2.97 17.57 18.55 41.61 41.25
LM75 1.76 2.96 14.58 18.47 40.22 41.65
Mean 2.74 3.11 17.48 19.45 41.36 41.59
Std 0.39 0.53 1.51 3.32 0.46 0.23
%CV 14.17 17.08 8.68 17.09 1.12 0.56
%LSD 1.34 1.22 1.05 1.32 5.06 0.44

DS = drought-stressed conditions; NS = non-stressed conditions; C = grain carbon content (%); N = grain nitrogen
content (%); CP = grain crude protein (%); Std = standard deviation; CV = coefficient of variation.

3.5. Correlation Analysis
3.5.1. Phenotypic Traits

Pearson’s correlation coefficient (r) among the recorded phenotypic traits of wheat
genotypes was evaluated separately under DS (Figure 1) and NS (Figure 2) conditions.
Under DS conditions, grain yield exhibited a strong positive correlation with SB (r = 0.50),
HI (r = 0.79; p < 0.01) and SK (r = 0.47). In addition, SB exhibited a positive and significant
correlation with RB (r = 0.73, p < 0.05) and SK (r = 0.75, p < 0.05) under DS conditions
(Figure 1). Under NS conditions, GY showed a positive and significant correlation with
SL (r=0.68, p < 0.05), TN (r = 0.69, p < 0.05) and HI (r = 0.67, p < 0.05) (Figure 2). In both
water regimes, GY exhibited a negative correlation with RS (r = —0.13 under DS conditions;
r = —0.16 under NS conditions) (Figures 1 and 2).

3.5.2. Phenotypic Traits, Grain Carbon, Nitrogen, and Crude Protein

Pearson’s correlation coefficient (r) among the selected phenotypic traits, grain car-
bon, nitrogen, and crude protein, was evaluated separately under DS (Figure 3) and NS
conditions (Figure 4). Under DS conditions, RS showed a strong correlation with CP
(r = 0.52) (Figure 3). Furthermore, C was positively correlated with N (r = 0.90, p < 0.001)
and CP (r =0.79, p < 0.01) under DS conditions. Amongst all the quality traits, only CP had
a negative correlation with GY (r = —0.02) (Figure 3). Under DS conditions, GY exhibited
positive correlation with C (r = 0.28), N (0.48), and CP (r = 0.48) (Figure 4).

3.6. Principal Component Analysis for the Phenotypic Traits Recorded over Two Seasons

The inter-relationship between phenotypic traits and wheat genotypes was explored
using principal components analysis (PCA) under DS (Figure 5) and NS conditions
(Figure 6), using R statistical software. The phenotypic trait data were first standard-
ized (mean-centered and scaled to unit variance) to remove differences in measurement
units and ensure equal contribution of each variable to the analysis. The PCA biplots
were generated to visualize genotype distribution and the strength/direction of trait as-
sociations with principal components. The first two principal components (PC1 and PC2)
were retained for interpretation as they jointly explained a substantial proportion of the
total variation in the dataset and allowed for effective two-dimensional visualization of
trait-genotype relationships. Under DS conditions (Figure 5), the first principal compo-
nent (PC1) explained 38.28% of the total variation, while the second principal component
(PC2) explained 22.11%, together accounting for 60.39% of the total variability. PC1 was
positively associated with RB, PH, SK, SL, SB, TN and GY, suggesting these traits co-vary
and contribute substantially to variation under DS. PC2 was positively correlated with PH,
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root-to-shoot ratio (RS), and harvest index (HI). The high-yielding genotype LM48 under
DS conditions was positioned in the same vector direction as GY, indicating strong align-
ment between this genotype’s performance and yield-related traits under DS conditions. In
contrast, low-yielding genotypes such as BW141 were located opposite to the GY vector,
aligning more with traits that did not contribute positively to yield. Under NS conditions
(Figure 6), PC1 and PC2 explained 36.22% and 26.74% of the variation, respectively, totaling
62.96%. The PC1 was positively associated with GY, TN, PH, RB, SL, SB and SK, while PC2
was positively associated with RS and DTM. Under both water regimes, grain yield (GY)
was negatively correlated with RS, indicating that higher RS values tended to be associated
with lower yields.

PH
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Figure 1. Pearson’s correlation between phenotypic traits of wheat genotypes under drought-stressed
conditions. DTH = days to 50% heading; DTM = days to 50% maturity; PH = plant height in
centimeters; TN = number of productive tillers per plant; SL = spike length; SK = number of spikelets
per spike; GY = grain yield in g m~2; SB = shoot biomass in g m~2; RB = root biomass in g m~Z;
RS = root-to-shoot ratio; HI = harvest index; ns = non-significant.
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Figure 2. Pearson’s correlation between phenotypic traits of wheat genotypes under non-stressed
conditions. DTH = days to 50% heading; DTM = days to 50% maturity; PH = plant height in
centimeters; TN = number of productive tillers per plant; SL = spike length; SK = number of spikelets
per spike; GY = grain yield in g m~2; SB = shoot biomass in g m~2; RB = root biomass in g m~?;
RS = root-to-shoot ratio; HI = harvest index; PB = total plant biomass in g m~2;ns = non-significant.
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Figure 3. Pearson’s correlation between selected phenotypic traits, grain carbon, nitrogen, and crude
protein content of wheat genotypes under drought-stressed conditions. GY = grain yield in g m~?;
SB = shoot biomass in g m~2; RB = root biomass in g m~2; RS = root-to-shoot ratio; HI = harvest
index; PB = total plant biomass in g m2%C= grain carbon content (%); N = grain nitrogen content;

CP = grain crude protein content (%); ns = non-significant.
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Figure 4. Pearson’s correlation between selected phenotypic traits, grain carbon, nitrogen, and crude

protein content of wheat genotypes under non-stressed conditions. GY = grain yield in g m™%;

2

SB = shoot biomass in g m~2; RB = root biomass in g m~2; RS = root-to-shoot ratio; HI = harvest

index; PB = total plant biomass in g m~2; C = grain carbon content (%); N = grain nitrogen content;

CP = grain crude protein content (%); ns = non-significant.
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Figure 5. Principal component analysis showing the relationship between the recorded pheno-
typic traits of wheat genotypes under drought-stressed conditions. DTH = days to 50% heading;
DTM = days to 50% maturity; PH = plant height in centimeters; TN = number of productive tillers
per plant; SL = spike length; SK = number of spikelets per spike; GY = grain yield in g m~?;
SB = shoot biomass in g m~2; RB = root biomass in g m~2; RS = root-to-shoot ratio; HI = harvest

index; PB = total plant biomass in g m 2.
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Figure 6. Principal component analysis showing the relationship between the recorded phenotypic
traits of wheat genotypes under non-stressed conditions. DTH = days to 50% heading; DTM = days
to 50% maturity; PH = plant height in centimeters; TN = number of productive tillers per plant;
SL = spike length; SK = number of spikelets per spike; GY = grain yield in g m~2; SB = shoot biomass
ing m~2; RB = root biomass in g m~2; RS = root-to-shoot ratio; HI = harvest index.
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4. Discussion
4.1. Performance of Wheat Genotypes

The wheat grain yield and yield components are adversely affected by DS
conditions [29]. However, the impact of DS conditions on wheat cultivars varies as a
result of genetic diversity [10]. Our findings showed significant variations among the
recorded phenotypic traits of the evaluated wheat genotypes (Table 2), indicating that the
presence of genetic variability is useful in the breeding of high-yielding wheat genotypes.
The main effect interaction, water regime x genotype x season, was non-significant in all
the recorded phenotypic traits (Table 2). This indicates that the environmental conditions
across the two seasons did not strongly differentiate the wheat genotypes’ performance.
Nonetheless, despite the non-significant three-way interaction, the genotype-specific re-
sponses across different water regimes revealed fundamental genotype x environment
patterns, which are crucial for selection. For instance, wheat genotypes LM48 and BW140
maintained high GY under DS conditions, with LM48 surpassing the yields of several
genotypes (including LM75, BW152, LM26, and BW162), even under NS conditions
(Table 4). This stability suggests that these two genotypes possess physio-morphological
traits, which enable efficient water-use and maintain high GY production under DS con-
ditions. Therefore, it is recommended to include more seasons and diverse environments
in future evaluations to gain a better understanding of the genotype x season interaction
effects [12]. The mean GY for all the genotypes was reduced by 35.13% under DS conditions
compared to NS conditions (Table 4). These findings align with Mwadzingeni et al. [9] and
Shamuyarira et al. [11], who examined 100 wheat genotypes in South Africa and found
that the lower mean GY was significantly reduced under DS conditions. That is possibly
because DS conditions reduce the rate of photosynthesis and carbon uptake, leading to
poor plant growth and development, and reduced yield production [30]. Furthermore, the
findings of the present study highlighted that DS conditions reduced SB and RB by 0.70%
and 8.85%, respectively. That agrees with Mathew et al. [10] and Mutanda et al. [31], who
reported that RB and SB were reduced under DS conditions on the 100 wheat genotypes
evaluated in their study.

Considering the mean values in Table 4, most of the evaluated traits (such as DTH,
PH, TN, SL, and SPS) have shown lower differences between DS and NS conditions. This
is due to the fact that the terminal drought imposed in the present study affected the
grain filling and grain formation rather than earlier vegetative traits that are established
before the onset of stress. These early vegetative traits tend to be less sensitive to late-stage
DS conditions, which explains the limited variation observed among them. This may
explain why some measured parameters showed minimal or no significant response to DS
conditions. As previously reported in wheat and other cereals, the timing of DS conditions
strongly determines which traits are most impacted [32], with terminal stress often reducing
grain filling duration and yield components [33] rather than vegetative growth parameters
established before stress onset. However, GY, RB, and HI were notably affected by DS
conditions, highlighting their sensitivity to DS conditions during the reproductive stage.
The GY reduction directly shows the impact of DS conditions on final productivity [34],
while reductions in RB indicate compromised water and nutrient uptake potential [30].
The changes in HI highlight the alterations in plant biomass partitioning towards GY
production under DS conditions. These genetic variabilities observed for the phenotypic
traits reveal their significance as targets for breeding of drought-resilient wheat genotypes.

When the performance of individual genotypes across different water regimes was
considered, clear genotype-specific responses emerged, highlighting the importance of
genotype x environment interactions when identifying superior genotypes. For instance,
LM48 maintained high GY under DS conditions (495.83 g m~2), which was higher than the
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GY produced by wheat genotypes under NS conditions. Similarly, BW140 produced a DS
yield of 460.28 g m~2, which is higher than several genotypes under NS conditions. These
results indicate that certain genotypes possess inherent drought resilience that enables
them to perform well even under water limited conditions. Conversely, some genotypes,
such as BW152 and LM26, showed greater GY reduction under DS conditions, highlighting
sensitivity to DS conditions. These differences in responses are critical for breeders because
they allow the selection of genotypes with consistent performance and stability under
different water regimes.

Even though the RB of the evaluated wheat genotypes was reduced under DS con-
ditions, LM48 managed to produce high GY compared to other genotypes under DS
conditions. This suggests that LM48 may possess other physio-biochemical traits that
enhance drought resilience, including osmotic adjustment and enhanced photosynthetic ca-
pacity, which were not evaluated in this study. Interestingly, BW140 recorded a comparable
GY despite having lower RB, indicating that RB alone may not fully account for GY under
DS conditions, and yield stability depends on aboveground traits and source-sink dynam-
ics. These genotype-specific patterns highlight the value of evaluating the yield behavior
beyond mean values, as they help identify genotypes with superior performance under
DS conditions. These insights are critical for breeders aiming to combine biomass-related
traits and genetic adaptability into new varieties suited for DS conditions. This agrees with
suggestions by Shamuyarira et al. [35], Mathew et al. [10], and Mutanda et al. [31]. The
authors highlighted that the wheat genotypes with high RB production have the potential
to produce high yields. Therefore, there is a need for wheat root phenotyping to improve
wheat productivity under DS conditions.

4.2. Grain Carbon, Nitrogen, and Protein Content Determination

Drought stress has an impact on both wheat grain yield production and grain quality.
Our findings indicated that the mean grain carbon content of the tested wheat genotypes
was lower under DS than NS conditions (Table 5). This is because DS conditions reduce
the photosynthesis rate, leading to carbon assimilation in the plant [1]. The %CV for grain
nitrogen content of the tested wheat genotypes was lower under DS conditions than NS
conditions (Table 5). This indicates that these wheat genotypes had more consistent or
uniform nitrogen content across different genotypes when subjected to DS conditions.
Even though several studies reported an increase in grain nitrogen content under DS
conditions [16,36], our findings highlighted that under DS conditions, the grain nitrogen
content was reduced by 11.90% as compared to NS conditions. That is possibly because
DS conditions disrupt assimilate partitioning of assimilates between shoot and root, limit
root carbohydrate use, and reduce leaf photosynthetic nitrogen utilization, leading to a
functional imbalance between shoot and root [37], which may eventually reduce grain
nitrogen content. Furthermore, the changes caused by DS conditions on grain carbon and
nitrogen coordination play a significant role in reducing grain crude protein percentage
under DS conditions as compared to NS conditions, as found in the present study (Table 5).
The results agree with Yang et al. [1], who reported a decrease in grain protein content
under DS conditions as compared to NS conditions.

4.3. Association Between Phenotypic Traits

The findings of our study showed a positive association between grain yield and
shoot biomass production under DS (Figures 1 and 5) and NS conditions (Figures 2 and 6).
That indicates the importance of aboveground biomass production in improving wheat
GY potential. These findings agree with Mathew et al. [10] and Shamuyarira et al. [38],
who reported a positive correlation between GY and aboveground biomass of 100 wheat



Int. ]. Plant Biol. 2025, 16, 119

16 of 19

genotypes evaluated under different water regimes in South Africa. That is possibly because
high aboveground biomass production offers a large surface area for photosynthesis, which
supports carbon uptake and carbon assimilation [39]. In addition, the grain yield has a
positive relationship with root biomass under DS and NS conditions (Figures 5 and 6). This
suggests the importance of root development in improving wheat grain yield under DS
and NS conditions. Mathew et al. [10] and Mutanda et al. [31] have reported a similar
trend of correlation on the 100 wheat genotypes evaluated under limited water conditions
and NS conditions. In both water regimes, grain yield was negatively associated with RS.
These findings align with Qi et al. [40] and Asadullah et al. [41], who reported a negative
correlation between grain yield and root-to-shoot ratio. Therefore, the increasing root-to-
shoot ratio in plants has a negative impact on grain yield production, as reflected in wheat
genotypes such as LM71 and LM70, which are in the opposite direction and the same
direction as GY under DS conditions.

4.4. Link Between Selected Phenotypic Traits and Grain Quality Traits

The results showed that GY had a positive correlation with N and C under DS and NS
conditions. This suggests that the wheat genotypes, which are more efficient in nitrogen
and carbon uptake, transport and utilization, tend to produce high yields. These results
agree with Li et al. [42], who revealed that grain yield was positively correlated with carbon
accumulation (r = 0.96) and nitrogen accumulation (r = 0.95). In addition, crude protein
content was positively associated with grain yield under NS conditions and negatively
correlated with grain yield under NS conditions. This suggests that under DS conditions,
plants prioritize yield production over protein synthesis. Furthermore, all the grain quality
traits were positively correlated under both water regimes (Figures 3 and 4). This is because
these quality traits are intrinsically linked through plant metabolic processes. Nitrogen is a
crucial element for the synthesis of amino acids, which are the building blocks of proteins;
thus, higher nitrogen content typically leads to increased protein content. Carbon, being a
fundamental part of all organic compounds in plants, is involved in the synthesis of both
proteins and other metabolic products. Under both water regimes, efficient nutrient uptake
and assimilation processes ensure that nitrogen and carbon are effectively used to produce
proteins, maintaining a positive correlation between these quality traits.

5. Conclusions

This study showed a substantial and wide variation in phenotypic traits of the evalu-
ated wheat genotypes, indicating that these are vital genetic resources for the development
of drought-tolerant varieties. The results showed that both GY and quality traits were lower
under DS conditions than NS conditions. However, an important exception was observed
in certain genotypes: BW140 and LM48 achieved high GY under DS conditions, surpassing
the yields of wheat genotypes, and BW152, BW162, LM26, and LM75 under NS conditions.
This suggests that some genotypes possess better yield stability and superior drought
resilience mechanisms to maintain productivity despite water scarcity. The correlation
analysis revealed that GY was positively associated with SB, RB, C, and N under DS and
NS conditions. Based on high GY production under DS conditions, the wheat genotypes
LM48 and BW140 are recommended for further evaluation across diverse environments
and production under limited water conditions.

Supplementary Materials: The supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijpb16040119/s1, Table S1: The agronomic traits of the wheat geno-
types evaluated under drought stressed and non-stressed conditions during the 2022 growing season;
Table S2: The agronomic traits of the wheat genotypes evaluated under drought stressed and non-
stressed conditions during the 2023 growing season.
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