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Abstract Heat stress is an abiotic factor that reduces wheat 

yields. This study assessed the morphological and physi-

ological traits essential for early detection of heat tolerance 

in wheat and identified suitable genotypes for specific agro-

ecologies prone to heat stress in Zambia. Twelve wheat 

genotypes were evaluated in a heat-stress environment (Cha-

kanka) and a non-stress heat environment (UNZA). Early 

heat stress indicators like leaf thickness and chlorophyll con-

tent had a 92% and 90% relationship with the yields of heat-

tolerant genotypes, respectively. An increase in either or both 

parameters improved the yields of heat-tolerant genotypes 

relative to the susceptible ones. Among the heat-tolerant 

genotypes, Entry 48 had the highest yield (5866.5 kg  ha−1) 

at the heat-stress site; this yield was 51.2% higher than that 

of the most susceptible genotype, Kwale (2864.0 kg  ha−1). 

Entry 48 was more adapted to heat stress and yielded better 

than others due to early flowering (53.8 days to 50% flower-

ing) and longer grain-filling duration (40.3 days). Entry 48 

possessed traits of a climate-smart variety and could be a 

candidate for breeding future heat-tolerant and high-yielding 

wheat varieties.

Keywords Heat tolerance · Heat susceptible · Zambia · 

Stress indicators · Leaf thickness · Breeding

Introduction

Heat stress is an abiotic factor that reduces global crop 

production. It is further exacerbated by global warming. 

A global atmospheric temperature rise of 2 °C could lead 

to an increase in yields of adapted crops such as wheat 

(Triticum aestivum L.), rice (Oryza sativa L.) and maize 

(Zea mays L.), but each subsequent increase in temperature 

could reduce yields (Challinor et al., 2014). In wheat, yield 

declines by 6% for each degree increase in atmospheric tem-

perature above the optimum temperature of 25 °C (Asseng 

et al., 2015).

Depending on the wheat variety, heat stress can decrease 

the number of grains, yield and straw mass by up to 28%, 25%, 

and 25%, respectively (Mahrookashani et al., 2017). In addi-

tion, flowering,  CO2 assimilation by wheat, seed set, kernel 

weight, starch and protein content of grains are all lowered by 

heat stress (Aiqing et al., 2018). Also, grain starch character-

istics such as grain starch area, length and volume are reduced 

(Chaubey et al., 2021). Even the days to anthesis and days to 

maturity are reduced by 16% and 20%, respectively. The early 

anthesis causes a further decline in leaf area, above-ground 

biomass, panicle length, and tillers per plant (Qaseem et al., 

2019). Furthermore, heat-stress has been shown to reduce 

chlorophyll by 19% during anthesis and 25% during grain fill-

ing. Similarly, photosynthesis rate declined by 17% and 25% 

during anthesis and grain filling, respectively (Djanaguiraman 

et al., 2020). Conversely, fluorescence, stomatal conductance 

and less-unsaturated lipid species were elevated under heat 

stress (Djanaguiraman et al., 2020). Despite all these nega-

tive effects of heat stress that eventually lower wheat yield, 

there are concerted efforts to mitigate these, from irrigation to 

improve transpiration and thus reduce the plant temperature, to 

growing adapted varieties, priming of seeds with salicylic acid 
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and foliar application (Kousar et al., 2018) and breeding for 
high-yielding heat-tolerant varieties (Snowdon et al., 2020).

Many breeding strategies have led to development of some 
heat stress-tolerant wheat varieties across the world; for exam-
ple, the emmer-derived lines in Australia (Ullah et al., 2018), 
the thermotolerant SynDT of Korea (Truong et al., 2021), the 
use of wild species such as Aegilops (Waines, 1994) among 
others. However, in Zambia, most wheat varieties are sus-
ceptible to heat stress, and coupling it with drought lead to 
higher yield losses, for example, in 2018, there was a 40.9% 
decline compared to the previous season of 2017 (FAO, 2019). 
Wheat ranks second after maize with an average annual pro-
duction of 151,850 tonnes as of 2019 (FAOSTAT, 2021), and 
an estimated national annual requirement of Zambia is about 
414,750 metric tonnes (Mulenga et al., 2019). The average 
wheat yield in Zambia in 2019 according to FAOSTAT (2021) 
was 6.7 t ha−1, and production is usually during the rainy sea-
son (November–April) or using irrigation during the cool-dry 
season (May–September). This low yield is largely attributed 
to increasingly unpredictable rainfall patterns and amounts; 
diseases and pests; and abiotic stresses such as aluminium tox-
icity, salinity and heat stress (Tembo, 2019). Furthermore, cli-
mate trends from 1960 to 2003 indicate that the mean annual 
temperature in Zambia has increased by 1.3 °C and will rise 
to 2.2 °C by 2050 (Ramirez-villegas & Thornton, 2015; World 
Bank, 2017). This will further be exacerbated by the decline 
in rainfall amount, especially in the southern region, with as 
much as 5% during that period (Ramirez-villegas & Thornton, 
2015; World Bank, 2017). Currently, the wheat varieties avail-
able in Zambia have limited heat stress tolerance, which com-
promises their yield potential. To fill this gap, high-yielding 
wheat varieties adapted to increasing global temperatures are 
required. Although, there have been efforts to breed for heat 
tolerance in Zambia, precise morphological and physiological 
markers that inform these decisions are not well studied across 
Zambian agro-ecological zones. Screening wheat genotypes 
under different agro-ecological zones whose atmospheric 
temperatures represent heat stress and non-heat environments 
could help us to discern traits for early detection of heat stress 
in wheat and identify site-specific heat-tolerant genotypes. 
Therefore, this study aimed to assess the morphological and 
physiological traits essential for early detection of heat tol-
erance in wheat and identify suitable genotypes for specific 
agro-ecologies prone to heat stress in Zambia.

Material and methods

Site description and planting material

The study was conducted at two sites in Zambia, the Uni-
versity of Zambia (UNZA field station (15° 22′ S and 28° 
20′ E)—representing a non-heat stress environment, and at 

Chakanka farm in Chiawa district (15° 88′ S and 29° 05′ 
E)—representing heat stress environment. The UNZA field 
station is 1250 m above sea level (asl) and falls under agro-
ecological zone II of Zambia. It receives an average annual 
rainfall (2009–2019) of between 800 and 1200 mm with 
an average annual minimum and maximum atmospheric 
temperatures of 15.6 °C and 28.1 °C respectively (Fig. 1). 
The soils are classified as acrisols (JAICAF, 2008). While 
the Chakanka farm in Chiawa district, is at an altitude of 
370 m asl in agro-ecological zone I. Its annual average rain-
fall (2009–2019) is between 600 to 800 mm, and an average 
annual minimum and maximum atmospheric temperatures 
of 19.3 °C and 32.2 °C respectively (Fig. 1). Data on atmos-
pheric temperature and rainfall were obtained from the mete-
orological stations near the trial sites. The soils are classified 
as cambisols (JAICAF, 2008).

For this study, 12 spring wheat (Triticum aestivum L.) 
genotypes were obtained from various sources, 10 of these 
materials were: Entries 22, 32, 39, 48, UNZA WV II, 
Kwale, Harrier, Pungwa, Chacha and Choza. The remain-
ing two were heat-tolerant checks, Loerie II and Shungu. 
These materials were acquired from Zambia Seed Company 
(ZAMSEED) (Kwale, Harrier, Pungwa, Chacha and Choza), 
Seed-Co (Shungu), University of Zambia (UNZA) (UNZA 
WV II and Loerie II) and the International Maize and Wheat 
Improvement Center (CIMMYT) (Entries 22, 32, 39, 48). 
The checks, Shungu is a short-stature-medium maturing 
genotype that is tolerant to bacterial leaf streak and Alter-
naria triticini, it does well in most agro-ecological zones of 
Zambia, while Loerie II is a medium height genotype that 
matures early. It is adapted to most agro-ecological zones 
of Zambia.

Experimental design and agronomic practices

In this study, the site at Chakanka was regarded as a heat-
stress environment (see the atmospheric temperature in 
Fig. 1). The trials were arranged in a randomized com-
plete block design (RCBD) with each treatment (genotype) 
replicated four times at the two sites. Each plot was 5 m 
long with five rows spaced at 0.2 m apart. Planting was at 
a seed rate of 100 kg ha−1 using the hand drilling method 
on 20th May and 17th June 2019 at UNZA and Chakanka, 
respectively, and repeated at the same sites on 18th May 
and 15th June 2020 (Table 1). At the onset of the trial, 
soil was sampled randomly from Chakanka and UNZA 
at a depth of 0–30 cm. Five samples were taken in a zig-
zag method (Maiti, 2013), mixed thoroughly, air-dried, 
and processed through a 2-mm sieve. The soil was ana-
lysed for total N, P, K, Ca, Mg, S, Na, Fe, Mn, B, Cu, Zn, 
cation-exchange capacity and organic carbon at the Uni-
versity of Zambia, School of Agricultural Sciences, Soil 
Science Department laboratories. Total N was analysed 
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using the Kjeldahl method (Bremner, 1960), and P, K, Ca, 
Mg, S, Na, Fe, Mn, B, Cu and Zn using the Mehlich 3 
extraction (Mehlich, 1984). Soil pH was measured in a 
water paste with a 1:2 ratio of soil to water. The texture of 
the soil after analysis using the hydrometer method was 
loam at the depth of 0–30 cm and classified as acrisols 
and cambisols at UNZA and Chakanka, respectively (JAI-
CAF, 2008). The other pre-trial results are presented in 
Table 2. During sowing, a basal fertilizer with the trade 
name Compound D (10N:20P:10K) was applied at a rate 
of 500 kg ha−1. Urea (46% N) was applied in three splits, 

at early tillering (Zadoks 21), at anthesis (Zadoks 61) and 
at grain filling (Zadoks 71) (Fowler, 2018) stages at the 
rates of 300 kg ha−1, 100 kg ha−1 and 200 kg ha−1 respec-
tively. Since these genotypes were planted when the rains 
had reduced i.e. during winter, supplemental irrigation was 
done using sprinklers (D-Net™ 8550 from Netafim and 
supplied by Amiran-Zambia) where a total of 5.50 m3 of 
water was applied by physiological maturity. Hand weed-
ing was done thrice during the growth period in the 2019 
and 2020 seasons (Table 1) and bird scaring began towards 
physiological maturity.

Fig. 1   Maximum, minimum 
and average atmospheric 
temperature at: a Chakanka, b 
University of Zambia (UNZA) 
and c the amount of rainfall. 
The value of each month is an 
average between 2019 and 2020
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Growth, yield and heat susceptibility index

Physiological traits and leaf thickness were measured using 
the MultispeQ device v1.0. This was done by clamping the 
middle portion of a randomly selected flag leaf using the 
MultispeQ peg at 50% anthesis (Zadoks 65) (Fowler, 2018) 
between 10.00 and 13.00 h (Table 1). Despite measuring 
various fluorescence base parameters, in the results we pre-
sent relative chlorophyll content, leaf thickness and the dif-
ference between ambient and leaf temperatures.

Yield and yield parameters: the number of tillers were 
counted in an area of 0.5 m2, while the number of spike-
lets and of grains per ear were determined from 10 random 
plants within the net plot. Harvesting at UNZA was done 
on 22nd October 2019 in season one and on 20th October 
2020 in season two, whereas at Chakanka it was on 29th 
October 2019 and on 27th October 2020 in season one and 
two respectively (Table 1). All the five rows were manu-
ally harvested. After which, wheat was hand-threshed and 
winnowed. Weight of grains was obtained for each plot and 
then converted to kg ha−1 at moisture content of 10–12%. 
Thereafter, 1000 grains were subsampled from each plot, 
counted using an automatic seed counter (model SLY-C) 
and their weights were recorded.

To evaluate heat tolerance among the genotypes, Heat 
Susceptibility Index (HSI) was calculated using a modifi-
cation of Fischera and Maurer, (1978) drought susceptibil-
ity formula or Mason et al. (2010). Days to 50% flowering 
(DTF), number of grains per spike (GPS), thousand grain 
weight (TGW) and yield data of the genotypes were used in 
the equation below:

where Ys is the mean of yield and yield parameters (DTF, 
GPS, TWG and yield) of each genotype under heat stress 
condition; Y is the mean of yield and yield parameters (DTF, 
GPS, TWG and yield) of each genotype under non-heat 
stress condition; Xs is the mean of yield and yield parameters 
(DTF, GPS, TWG and yield) of all genotypes under heat 
stress condition; X is the mean of yield and yield parameters 
(DTF, GPS, TWG and yield) of all genotypes under non-heat 
stress condition.

After calculating the HSI of each genotype, a differ-
ence between each genotype’s index and that of the checks 
(Loerie II and Shungu) was calculated, this was to determine 
if the measured phenotype traits were better than the checks.

HSI =

1 −

(

Ys

Y

)

1 −

(

Xs

X

)

HSId = HSIg − HSIc

where HSId is the difference between the HSI of a genotype 
and a check; HSIg is the HSI of a genotype, and HSIc is the 
HSI of the check.

Data analysis

Analysis of variance was conducted using the Proc Glm 
statement, and the means compared by Fisher’s Least Sig-
nificant Difference (LSD) method, at a 95% confidence level 
using SAS software (SAS, 2002). The site (location), the 
genotypes and their interactions were fixed factors while the 
blocks at each site were random factors. Using the HSI, the 
genotypes were grouped into two: tolerant and susceptible to 
heat stress (Fig. 2k). This was done by averaging the means 
of all HSI of the yield and yield parameters (DTF, GPS, 
TWG and yield). From these groupings, relations between 
yields and various physiological parameters were done 
using Proc Reg statement in SAS at 95% confidence level, 
for example, yield and chlorophyll content, leaf thickness, 
and leaf-ambient temperature difference.

Results

Heat susceptibility index, yield traits and yield

Besides the check, Loerie II, Entry 48 was the most toler-
ant to heat stress, while Kwale was the most susceptible 
(Fig. 2a). The heat susceptibility index (HSI) difference of 
various yield and yield parameters among the genotypes 
and the checks, Loerie II and Shunga, showed that Days to 
50% flowering (DTF), number of grains per spike (GPS), 
thousand grain weight (TGW) and yield of Entries 39, 32 
and Kwale were not as tolerant to heat stress as the checks 
(Fig. 2). However, depending on the parameter, the other 
seven genotypes, indicated better heat stress tolerance than 
the checks. For example, the yields of Entry 48 and UNZA 
WV II only showed more heat stress tolerance than Loerie 
II, while Harrier’s yield was more tolerant to heat stress than 
the two checks (Loerie II and Shungu) (Fig. 2).

There was an interaction effect between the sites and the 
genotypes; yields, 1000 grain weight, number of grains/ear 
and spikelet/ear, and days to 50% flowering were significant 
(Table 3). Yields of the evaluated genotypes were signifi-
cantly different at both heat stress (Chakanka) and non-heat 
stress (UNZA) sites (Table 3). Under the interaction between 
site and genotypes, Entry 39 produced the highest yield at 
UNZA, while Kwale the least at Chakanka. Moreover, this 
Entry 39’s yield was not significantly different from that of 
Entry 48 at Chakanka. When focusing on individual sites, the 
performance of genotypes was different, for example, Entries 
39 (8900.0 kg ha−1) and 48 (5866.5 kg ha−1) produced the 
highest yields at UNZA and Chakanka respectively, while 
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Loerie II (5500.0 kg ha−1) and Kwale (2864.0 kg ha−1) pro-
duced the least grain yields at UNZA and Chakanka respec-
tively (Table 3). Generally, each genotype’s yield was higher 
at UNZA than at Chakanka, for example, the yield of Entry 
48 was 21.8% more at UNZA than at Chakanka. The above 
genotype was categorised as heat tolerant according to HSI 
(0.7354). Interestingly, Kwale, a heat-susceptible genotype 
according to HSI (1.3527), had a significantly lower yield 
at Chaka. In contrast, at UNZA, its yield was higher than 
Loerie II—one of the checks with the lowest yield (Table 3).

The weight of 1000 grains was significantly different 
among the genotypes only at UNZA (Table 3). At this site, 
the grains of Entry 48 were significantly compact (54.1 g 
1000 grains−1), a similar trend to its grain yield and, its high-
est number of days of filling the grains. On the other hand, 
Entry 48’s days to 50% flowering were significantly the low-
est (53.8 days) at Chakanka, while Kwale, a susceptible gen-
otype took more days to achieve 50% flowering (62.8 days). 
Like its lowest yield at Chakanka, Kwale’s 1000-grain 
weight was the least. Overall, all genotypes took more days 
to flower (72.2 days) and to fill their grains (55.2 days) at the 
non-heat stress site (UNZA) than at the heat stress environ-
ment (Chakanka), 57.6 and 37.4 days, respectively (Table 3).

There was a significant interaction between the num-
ber of spikelets per ear of various genotypes and the sites; 
across sites, UNZA WV II produced many spikelets per ear 
(18.9), while Choza had the least, 17 spikelets. The num-
ber of spikelets per ear neither followed the trend of any 
genotype’s yield at Chakanka nor at UNZA. At Chakanka, 
a heat tolerant genotype, Chacha (19.3) while at UNZA, a 
susceptible genotype UNZA WV II (20.2), significantly pro-
duced the most spikelets per ear. At Chakanka, the number 
of tillers in 0.5 m2 was conversely proportional to the yield 
of Entry 48. Indeed, at Chakanka, this genotype significantly 
produced fewer tillers, while Harrier, a susceptible genotype, 
produced the most tillers, and Loerie II at Chakanka and 
UNZA, respectively (Table 3).

Leaf thickness, chlorophyll content, and ambient‑leaf 
temperature difference

Regardless of the genotype, relative chlorophyll was high-
est at UNZA except for Loerie II. The relative chlorophyll 
was not significantly different among tolerant and suscep-
tible genotypes at Chakanka. Despite this, the chlorophyll 
content index value of Loerie II was numerically higher 
(49.7), while that of Harrier was the least (41.2) (Table 4). 
At UNZA, Entry 32 had more chlorophyll (60.0), this was 
not different from other genotypes like Entries 48 and 22, 
Pungwa, Chacha and Choza. Conversely, Loerie II, whose 
chlorophyll content index value was highest at Chakanka, 
had the least at UNZA (48.7) (Table 4).
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While leaf thickness was significantly different among 
the genotypes at Chakanka, it was not at UNZA (Table 4). 
At Chakanka, the leaves of Entry 39 were thicker (0.36 mm) 
than other genotypes, although, they were not significantly 
different from the leaves of Entries 48, 32, and 22, Pungwa, 
Chacha and Shungu. Even though, there was no significant 
difference in leaf thickness at UNZA, the leaves of Harrier, 
a susceptible genotype, were thicker (0.42 mm) than those of 
Lorrie, a check with the thinnest leaves (0.31 mm) (Table 4).

Under interaction between sites and genotypes, the ambi-
ent-leaf temperature difference of the genotypes was not sig-
nificantly different. However, at Chakanka, it was signifi-
cant among the genotypes (Table 4). Entries 39 and 48 had 
the least difference between ambient and leaf temperatures 
regardless of the location, however, at Chakanka this dif-
ference was less than at UNZA, − 8.29 °C and − 10.96 °C, 
respectively. Kwale, a susceptible genotype which was the 
exception, had contrasting temperature at both sites. At Cha-
kanka, its difference between ambient and leaf temperature 
was the lowest (− 4.19 °C), while at UNZA, it was the high-
est (− 8.12 °C) (Table 4).

Relationship between yield, leaf thickness, chlorophyll 
content, and ambient‑leaf temperature difference

The results from the regression analysis indicated that irre-
spective of a genotype’s response to heat stress, their chlo-
rophyll content was 89.02% related to yield (R2 = 0.8902) 
(Fig. 3a). However, this relationship was stronger among 
the tolerant genotypes, at 89.93% (R2 = 0.8993) (Fig. 3b), 
than susceptible genotypes, at 89.49% (R2 = 0.8949) 
(Fig. 3c). Similarly, leaf thickness and yield followed that 
trend (R2 = 0.9013) (Fig. 3d); they showed a significantly 
stronger relationship between yield and tolerant genotypes 
(R2 = 0.9175) (Fig. 3e) in comparison to susceptible geno-
types (R2 = 0.8947) (Fig. 3f). The relationships between rela-
tive chlorophyll, leaf thickness and yield were positive i.e. 
an increase in either parameter led to rise in yields—more 
so of heat-tolerant genotypes than susceptible genotypes. 
The closer the ambient-leaf temperature difference was to 
zero, the lower the yields of all the genotypes (Fig. 3g). In 
addition, any increase in ambient-leaf temperature difference 

Fig. 2   a HSI of various genotypes calculated using means of yield 
and yield parameters and categorized into tolerant (HSI < 1) and 
susceptible (HSI > 1) using Fischera and Maurer, (1978). Any value 
below zero indicates that the yield parameter is more tolerant to heat 

than the checks. b–k The difference between heat susceptibility index 
(HSI) of various genotypes and the checks—Loerie II and Shunga. 
DTF—days to 50% flowering, GPS—number of grains per spike, 
TGW—thousand grain weight
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affected yields of the susceptible genotypes more than the 
tolerant ones.

Discussion

Filling the wheat yield gap through breeding is necessary, 
however, this process must be site-specific to achieve the 
objective. Most wheat varieties in Sub-Saharan Africa are 
cultivated in agro-ecologies where they are less adapted, this 
is in addition to some being outdated and cannot cope with 
the current vagaries of climate. Certainly, this is the case in 
Zambia, thus continuous breeding is necessary. Although 
conventional breeding is a complex and time-consuming 
process, here we identified traits that can be early meas-
ured easily under field conditions. Furthermore, genotypes 
that are adapted to heat stress and specific agro-ecological 
zones of Zambia were identified. For example, Entry 48 per-
formed better under the heat stress environment (Chakanka), 
its yield being more heat tolerant than Loerie II—a check.

In general, the yield of each genotype was higher at 
UNZA than at Chakanka. This could be attributed to the 
favourable weather conditions. The rainfall amounts at 
UNZA were higher than at Chakanka (Fig. 1), thus the 
cumulative residual soil moisture from the rainy season 
and the irrigation was advantageous to the genotypes at 
UNZA. Also, the atmospheric average temperature dur-
ing the growth period at UNZA (23.2 °C) was within the 
optimal range for higher yields than at Chakanka (26.3 °C) 
(Fig. 1). Acevedo et al. (2002) stated that the optimal atmos-
pheric temperature is 20–25 °C, the temperature at UNZA 
was within this range. Furthermore, the initial soil analysis 
at UNZA indicated more macronutrients, (except for N), 
micronutrients, organic carbon and higher pH than at Cha-
kanka (Table 2). The presence of these nutrients probably 
boosted wheat nutrition at UNZA, despite basal application 
of N, P and K.

Balla et al., (2019), reported that heat stress at any stage 
of wheat development leads to a reduction in grain yield. In 
our study, the yields of all genotypes evaluated under heat 
stress were lower than those under optimal environment. 

Table 3   Yield and various yield parameters of the genotypes at non-heat stress (UNZA) and heat stress (Chakanka) environment

Means with different letters are significantly different in a column at p < 0.05; ± SE (standard error) within a site

Site Genotype Yield (kg ha−1) 1000 grain 
weight (g)

Number of 
grains (num-
ber ear−1)

Number of 
spikelet (num-
ber ear−1)

Number of 
tillers (number 
0.5 m−2)

Grain filling 
duration 
(days)

Days to 50% 
flowering

Chakanka Entry 48 5866.5 ± 547.2a 41.9 ± 3.5a 59.9 ± 3.9ab 17.4 ± 0.5bc 156.0 ± 2.9d 40.3 ± 2.2a 53.8 ± 3.6f

Entry 39 5705.5 ± 489.5ab 37.9 ± 2.6a 45.3 ± 2.8de 16.5 ± 0.6 cd 182.3 ± 13.6abc 37.5 ± 2.4a 55.0 ± 2.0def

Entry 32 5216.0 ± 529.4abc 41.8 ± 1.5a 52.0 ± 5.5bcd 17.0 ± 1.0 cd 154.0 ± 12.5d 35.0 ± 3.7a 54.0 ± 2.4ef

Entry 22 4523.5 ± 343.2bc 41.5 ± 2.6a 54.1 ± 1.6abcd 17.5 ± 0.2bc 183.3 ± 14.5abc 38.8 ± 1.7a 62.0 ± 1.4a

UNZA WV II 4922.0 ± 318.9abc 38.5 ± 3.6a 53.5 ± 3.8bcd 17.5 ± 0.7bc 166.8 ± 8.3 cd 36.8 ± 3.3a 56.8 ± 1.3cde

Kwale 2864.0 ± 491.9d 32.0 ± 5.1a 42.7 ± 2.8e 17.2 ± 0.7 cd 163.1 ± 2.4 cd 36.8 ± 1.9a 62.8 ± 1.0a

Harrier 5536.5 ± 484.3ab 33.2 ± 2.8a 55.6 ± 1.8abc 17.4 ± 0.5bc 196.0 ± 6.4a 36.2 ± 1.3a 56.0 ± 2.3cdef

Pungwa 4742.0 ± 297.2abc 30.9 ± 1.0a 55.9 ± 0.6abc 18.8 ± 0.5ab 169.9 ± 6.5bcd 36.5 ± 4.7a 58.5 ± 4.2bc

Chacha 5053.5 ± 519.2abc 35.7 ± 2.3a 62.9 ± 2.5a 19.3 ± 0.2a 170.8 ± 4.1bcd 37.8 ± 1.3a 57.5 ± 1.3bcd

Choza 5012.5 ± 101.7abc 33.7 ± 1.4a 45.9 ± 1.7de 15.7 ± 0.2d 164.3 ± 4.2 cd 39.8 ± 3.4a 60.0 ± 0.0ab

Loerie II 4168.5 ± 303.4c 33.0 ± 5.6a 53.8 ± 4.2bcd 17.6 ± 0.8bc 191.3 ± 9.9ab 35.5 ± 3.7a 58.5 ± 1.3bc

Shungu 5640.0 ± 187.5ab 38.3 ± 3.4a 50.8 ± 3.7cde 16.8 ± 0.7 cd 164.7 ± 10.4 cd 38.3 ± 4.7a 56.0 ± 1.0cdef

UNZA Entry 48 7500.0 ± 806.2ab 54.1 ± 1.1a 58.2 ± 2.7de 19.0 ± 0.5bcd 287.8 ± 23.8a 61.8 ± 3.6a 67.0 ± 2.0c

Entry 39 8900.0 ± 550.8a 48.0 ± 2.3abcd 62.0 ± 5.4bcde 19.7 ± 0.7abc 290.3 ± 6.7a 50.5 ± 14.0c 75.3 ± 15.9ab

Entry 32 7700.0 ± 806.2ab 50.5 ± 3.5abc 66.8 ± 3.7abc 19.1 ± 0.3abcd 266.3 ± 19.7a 57.0 ± 2.8abc 69.0 ± 1.6bc

Entry 22 6500.0 ± 191.5bc 51.1 ± 3.0ab 65.3 ± 5.9abcde 19.5 ± 0.7abc 239.5 ± 31.1a 54.5 ± 4.2abc 73.5 ± 1.7abc

UNZA WV II 6400.0 ± 588.8bc 40.4 ± 2.2ef 67.9 ± 1.9ab 20.2 ± 0.5a 283.0 ± 36.0a 53.5 ± 3.5bc 72.8 ± 2.1bc

Kwale 6000.0 ± 489.9bc 45.3 ± 2.6bcdef 59.2 ± 5.4cde 19.4 ± 0.6abc 274.0 ± 35.8a 53.8 ± 1.7bc 80.0 ± 2.0a

Harrier 6300.0 ± 191.5bc 46.0 ± 2.6bcde 61.3 ± 3.9bcde 18.7 ± 0.7 cd 239.5 ± 37.7a 52.0 ± 2.2bc 70.5 ± 2.4bc

Pungwa 6500.0 ± 660.8bc 43.6 ± 2.1def 70.7 ± 5.5a 20.1 ± 0.8ab 278.0 ± 24.9a 58.0 ± 4.2abc 72.5 ± 1.7bc

Chacha 7550.0 ± 450.0ab 48.4 ± 2.6abcd 63.2 ± 2.8abcde 19.9 ± 0.4ab 254.5 ± 8.8a 57.3 ± 3.5abc 72.0 ± 2.0bc

Choza 6700.0 ± 755.0bc 50.1 ± 2.3abcd 57.3 ± 5.0e 18.2 ± 0.9d 279.0 ± 14.7a 59.0 ± 4.1ab 72.8 ± 4.8bc

Loerie II 5500.0 ± 597.2c 38.6 ± 1.3f 65.9 ± 1.9abcd 19.3 ± 07abc 314.5 ± 21.7a 51.3 ± 4.6bc 73.0 ± 4.2bc

Shungu 6500.0 ± 597.2bc 43.8 ± 0.7cdef 65.5 ± 4.2abcde 19.3 ± 0.8abc 269.3 ± 14.7a 54.0 ± 1.4abc 68.5 ± 1.3bc
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Table 4   Relative chlorophyll content index, leaf thickness and ambient-leaf temperature difference among the genotypes at non-heat stress 
(UNZA) and heat stress (Chakanka) environments

Means with different letters are significantly different in a column at p < 0.05; ± SE (standard error) within a site. The pedigree information was 
from GRIS (Genetic Resources Information System for Wheat and Triticale), other searched databases were: WheatIS (Wheat Information Sys-
tem), WheatAtlas and GrainGenes, and from the authors of this article

Sites Genotype Pedigree Relative chlorophyll 
content index (SPAD)

Leaf thickness (mm) Ambient-leaf tem-
perature difference 
(°C)

Chakanka Entry 48 BABAX/LR42/BABAX/3/ER2000/4/PAURAQUE #1
CMSA08M002875S-040M-0NJ-1Y-0B

41.9 ± 5.6a 0.33 ± 0.01abc − 4.52 ± 0.74ab

Entry 39 BAJ # 1*2/KISKADEE #1
CMSS08B00880T-099TOPY-099M-099NJ-099NJ-

48WGY-0B

43.8 ± 4.9a 0.36 ± 0.04a − 3.77 ± 0.62a

Entry 32 KIRITATI/HUW234 + LR34/PRINIA/3/FRANCO-
LIN #1/4/BAJ #1

CMSS08B00737T-099TOPY-099M-099Y-3M-0WGY​

43.7 ± 6.8a 0.33 ± 0.01abc − 5.03 ± 0.74abc

Entry 22 WBLL1*2/BRAMBLING*2//BAVIS
CMSS08Y00915T-099TOPM-099Y-099M-099NJ-

10WGY-0B

42.4 ± 4.6a 0.33 ± 0.01abc − 5.41 ± 0.99bcd

UNZA WV II ATTILA/3*BCN
CMBW90Y4399-OYOPM-1Y-010M-010M-010Y-8M

43.8 ± 5.0a 0.32 ± 0.02abc − 4.86 ± 0.70abc

Kwale CORRECAMINOS/(SIB)ALONDRA/3/IAS-54–20/
(COP)COTIPORA//CNT-8[3589];

43.1 ± 5.5a 0.33 ± 0.01abc − 4.19 ± 0.57ab

Harrier CIANO-67(SIB)/NOROESTE-66/3/C-273//NP-
875/E-853.5.8/4/SIETE-CERROS-66/5/(SIB)
HORK[114];

41.2 ± 5.9a 0.29 ± 0.01c − 5.48 ± 0.71bcd

Pungwa SENGWA//RUSAPE/CP-103-83-6-8[4361] 42.2 ± 5.7a 0.33 ± 0.01abc − 5.42 ± 0.58bcd

Chacha BROCHIS//S-948-A-1/4*CIANO-67[416] 47.5 ± 5.7a 0.31 ± 0.01abc − 5.23 ± 0.87bc

Choza CALIDAD/INIA-66[2965]; 48.1 ± 5.6a 0.30 ± 0.01bc − 6.68 ± 1.05d

Loerie II KAVKAZ/(SIB)BUHO//KALYANSONA/BLUE-
BIRD[1281];

49.7 ± 5.0a 0.31 ± 0.02bc − 5.61 ± 0.90bcd

Shungu SOMATERIA-3/PHALACROCORAX-1//TRIDAC-
TILO-1/LOTUS-BIRD-4 [4361];

43.0 ± 6.9a 0.34 ± 0.02ab − 6.11 ± 0.88 cd

UNZA Entry 48 BABAX/LR42/BABAX/3/ER2000/4/PAURAQUE #1
CMSA08M002875S-040M-0NJ-1Y-0B

59.5 ± 1.1ab 0.33 ± 0.02a − 5.12 ± 0.52a

Entry 39 BAJ # 1*2/KISKADEE #1
CMSS08B00880T-099TOPY-099M-099NJ-099NJ-

48WGY-0B

54.5 ± 2.3bcde 0.36 ± 0.02a − 5.84 ± 0.68a

Entry 32 KIRITATI/HUW234 + LR34/PRINIA/3/FRANCO-
LIN #1/4/BAJ #1

CMSS08B00737T-099TOPY-099M-099Y-3M-0WGY​

60.0 ± 1.5a 0.33 ± 0.05a − 7.03 ± 0.65a

Entry 22 WBLL1*2/BRAMBLING*2//BAVIS
CMSS08Y00915T-099TOPM-099Y-099M-099NJ-

10WGY-0B

55.6 ± 1.3abcd 0.35 ± 0.02a − 5.92 ± 0.97a

UNZA WV II ATTILA/3*BCN
CMBW90Y4399-OYOPM-1Y-010M-010M-010Y-8M

53.3 ± 2.4cdef 0.39 ± 0.05a − 6.17 ± 0.77a

Kwale CORRECAMINOS/(SIB)ALONDRA/3/IAS-54-20/
(COP)COTIPORA//CNT-8[3589];

51.9 ± 2.0def 0.37 ± 0.03a − 8.12 ± 1.46a

Harrier CIANO-67(SIB)/NOROESTE-66/3/C-273//NP-
875/E-853.5.8/4/SIETE-CERROS-66/5/(SIB)
HORK[114];

53.3 ± 1.4cdef 0.42 ± 0.06a − 6.83 ± 0.65a

Pungwa SENGWA//RUSAPE/CP-103-83-6-8[4361] 54.9 ± 3.2abcd 0.32 ± 0.03a − 6.62 ± 0.51a

Chacha BROCHIS//S-948-A-1/4*CIANO-67[416] 56.6 ± 1.0abcd 0.36 ± 0.07a − 7.04 ± 0.46a

Choza CALIDAD/INIA-66[2965]; 57.4 ± 1.2abc 0.40 ± 0.09a − 6.70 ± 0.73a

Loerie II KAVKAZ/(SIB)BUHO//KALYANSONA/BLUE-
BIRD[1281];

48.7 ± 2.9f 0.31 ± 0.03a − 6.77 ± 0.59a

Shungu SOMATERIA-3/PHALACROCORAX-1//TRIDAC-
TILO-1/LOTUS-BIRD-4 [4361];

49.6 ± 2.6ef 0.38 ± 0.05a − 6.26 ± 0.58a

Plant Physiol. Rep. (July–September 2023) 28(3):405–417 413



	

1 3

However, focusing on the heat stress environment (Cha-
kanka) revealed that Entry 48’s yield was the highest. 
This could be related to the high weight of grains and their 

number per ear. Moreover, it flowered earlier than the other 
genotypes, a trait observed as a drought escape strategy 
(Shavrukov et al., 2017), and yet important as a coping 

Fig. 3   The relationship between yields of: a all genotypes, b heat tol-
erant genotypes and c heat susceptible genotypes and relative chlo-
rophyll (SPAD); d all genotypes, e heat tolerant genotypes and f sus-

ceptible genotypes and leaf thickness; g all genotypes, h heat tolerant 
genotypes and i susceptible genotypes and ambient-leaf temperature 
difference. *p < 0.0
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mechanism under heat stress (Kazan & Lyons, 2016). It 
also took more days to fill its grains, this was contrary to 
other studies that observed shortening of the grain filling 
period under heat stress (Dias & Lidon, 2009). Combined, 
the above traits thus contributed to Entry 48’s higher number 
of full grains. These responses of Entry 48 were an indica-
tion of heat tolerance, a calculation of the heat susceptibility 
index (HSI) further confirmed the superiority of Entry 48’s 
yield against Loerie II. Cementing Entry 48’s superiority 
was a genotype like Kwale whose HSI indicated suscepti-
bility to heat stress, and produced low grain yields which 
corresponded to the lowest number of grains per ear. This 
strengthened the assumption that early flowering and longer 
duration of grain filling leading to production of large grains 
is a survival strategy to heat stress. This is contrary to other 
studies which observed decline in the sizes and the number 
of grains in an ear (Akter & Islam, 2017). However, these 
traits are only measured at harvesting; for early indication of 
heat stress, physiological traits would suffice. For example, 
ambient-leaf temperature differences, chlorophyll content, 
leaf thickness etc. Therefore, their inclusion is essential as 
early detection tools in conventional breeding strategies.

Since leaf temperature is highly dependent on the ambient 
temperature (Yu et al., 2015), the internal temperature of a 
heat tolerant genotype nears the ambient temperature than 
a heat susceptible genotype, as observed in Entry 48. This 
could be due to several reasons, one being regulation of the 
opening of the stomatal pores to control cooling of the plant, 
which is possibly associated with the thickness of the leaves. 
In fact, Deva et al., (2020) noted that heat-tolerant genotypes 
are cooler than heat susceptible genotypes because of leaf 
thickness. Moreover, thicker leaves, as was with Entry 48, 
a heat tolerant genotype, avoid thermal damage than thin-
ner leaves, they have more thermal stability (Leigh et al., 
2012). These plants with thicker leaves are more tolerant 
to heat stress (Nautiyal et al., 2008). The controlling of 
stomatal conductivity in thicker leaves regulates leaf tem-
perature through evaporative cooling driven by transpiration 
(Tricker et al., 2018), which contradicts most expectations. 
Reason being that they could loss more water through this 
process leading to wilting or even permanent wilting. Yet, 
they adapt to this because the thicker leaves have higher 
leaf water content i.e. the succulent leaves. This succulency 
and high reflectance help regulate leaf temperature (Leigh 
et al., 2012). The other reason for the almost comparable 
temperatures, is that thicker leaves offer a buffer between 
inner leaf temperature and the atmospheric temperature (Liu 
et al., 2020).

Thicker leaves positively correlate with chlorophyll con-
tent (Jumrani et al., 2017; Marenco & Nascimento, 2009). 
Unlike heat susceptible genotypes, leaf thickness in heat tol-
erant genotypes corresponded to their chlorophyll content. 
Feng et al. (2014) also observed low chlorophyll in heat 

susceptible genotypes. These traits of the heat tolerant geno-
types, especially in Entry 48, combined with increased sto-
matal opening under elevated temperatures (Reynolds-henne 
et al., 2010) probably led to enhanced gaseous exchange 
and stomatal conductance, and thus improved photosyn-
thesis (Marks & Lechowicz, 2007). In summary, Mcmillen 
and Mcclendon (1983) too observed an important relation-
ship between leaf thickness and photosynthesis, making leaf 
thickness a trait worth measuring in heat stress studies.

Altogether, the yield of Entry 48 was higher under heat 
stress conditions and more tolerant than all other genotypes, 
except Loerie II, one of the checks. Reynolds et al. (2007) 
observed that the drivers of yield under heat stress environ-
ments were soluble carbohydrates content, light interception, 
and canopy temperature. Canopy temperature is influenced 
by many factors, including leaf thickness and size (Konrad 
et al., 2021), a parameter measured in this study. Overall, the 
physiological factors measured indicated that some hidden 
processes which were not measured (stomatal conductivity 
or net photosynthesis) in this study might have influenced 
the yields too. However, working under certain conditions 
with limited resources, the traits measured here are still 
effective tools for screening of heat tolerance, and for the 
first time Entry 48 has been identified as a heat tolerant gen-
otype, yielding better under heat stress environment. The 
traits of Entry 48 identify it as a climate-smart variety, and a 
candidate in breeding for future heat tolerant and high yield-
ing wheat varieties. Furthermore, identification of genes that 
initiate heat tolerance in Entry 48 in future could improve 
breeding not only of wheat but other crops too.

Conclusion

Sustainable improvement of crop yields per acreage in the 
changing climate will combat Sub-Saharan Africa’s hunger, 
breeding of heat-tolerant crops is just one of the strategies, 
particularly of wheat, a crop consumed by many people. 
In as much as breeding has advanced in other parts of the 
world e.g. through genetic markers and gene editing, most 
of these tools are lagging behind in Sub-Saharan Africa, 
mostly due to minimum resources. Therefore, effective and 
efficient tools for conventional breeding and easily measura-
ble parameters that can detect heat stress early are important. 
This study has shown: (1) that even though yield and yield 
parameters are the ultimate indication of the best adapted 
genotypes to heat stress, early indicators such as chlorophyll 
content, leaf thickness, ambient-leaf temperature differences 
are equally important in screening for heat-tolerant geno-
types; (2) an increase in either of or both these parameters 
improves the yields of heat-tolerant genotypes than suscep-
tible ones; (3) Entry 48 is more tolerant to heat stress, and 
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only dwarfed by Loerie II’s HSI; and (4) among the meas-
ured parameters, Entry 48 derived its tolerance through early 
flowering and longer duration of grain filling, and hence 
improving the weight of grains in the ear and the number 
of grains.
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