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Abstract

One of the critical growth and development stages that is vulnerable to drought and heat stress
even in hardy staple crops is germination. Sorghum is a critically essential, resilient, and
diverse crop that displays genotypic variations in its ability to withstand such harsh condi-
tions, limiting crop stand and ultimately leading to yield losses. Therefore, the goal of this
study was to evaluate the performance of 50 high potential genotypes of African sorghum,
including landraces, breeding lines and check varieties to simulated drought and heat stress
at germination stage. The study used a split plot arrangement for temperature treatments, laid
in a completely randomized design with three replications. Final germination percentage, mean
germination time, germination index and coefficient variation of germination time (CVt) were
determined. Data was subjected to generalized linear model, principal component analysis, hier-
archical agglomerative cluster analysis andprincipal coordinate analysis todetermine statistical dif-
ferences in genotypes and visualize groups of genotypes according to their overall performance in
assessed germination parameters. Drought stress and supra-optimal temperatures suppressed and
delayed germination. The genotypeswere grouped into six distinct clusters based on their perform-
ance.GenotypesNPGRC1593,NPGRC1782,NPGRC1476 and IS224426performedexceptionally
well under both stressors and outperformed check varieties in almost all parameters assessed. To
improve crop establishment and increase agricultural yields, breeding and crop improvement pro-
grams should focus on genotypes that can withstand both stresses.

Key points
• Drought and heat stress significantly reduced the number of seeds that germinated and
delayed germination in sorghum genotypes as independent factors not in combination.

• Genotypes were classified into six distinct groups according to their overall performance
with check varieties that were assessed i.e. ‘SV4 and Macia’ classified with moderate
performers.

• Genotypes NPGRC1593, NPGRC1782, IS30015, NPGRC1476 and IS13837 showed superior
tolerance to heat stress.

• Genotypes NPGRC1593, NPGRC1782, NPGRC1156, IS24426, IS13837 and NPGRC1476
showed superior tolerance to drought stress.

Introduction

Three salient stages of early crop growth that contribute to the attainment of optimum yield
are germination, emergence and seedling establishment. Thus, farmers who target high yields
invest a lot of time and resources in land preparation, securing and planting quality seeds to
ensure these critical stages are uninterrupted. Irrefutably, seed quality is one of the most essen-
tial inputs that determines crop productivity. Seed viability, optimum edaphic and environ-
mental factors are the conspicuous prerequisites for germination, a weighty and incipient
process that spans from seed imbibition to radicle emergence in early crop growth and estab-
lishment (Khaeim et al., 2022). Insufficient soil moisture and excessive temperatures in seed-
ing zones at planting are notable hindrance factors in crop production in semi-arid tropics
(SATs) (Bayu et al., 2005; Kapoor et al., 2020). Accordingly, these areas are characterized
by soils with poor water holding capacity, high evaporative demands due to excessive atmos-
pheric temperatures and erratic rainfall. However, changes and variability in climate character-
ized by excessive atmospheric temperatures, reduced, uneven spatial and temporal
distributions of rainfall coupled with porous soils renders concern on germination in rainfed
crop production systems (Geilbyo et al., 2018). It is more pressing for a small grain crop like
sorghum, which is climate smart and most suitable to aforementioned conditions of proven
drought and heat stress tolerance (Phiri et al., 2020; Nciizah et al., 2021).
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Critical and incipient stages like germination have been tar-
geted by plant breeders, physiologists and botanists especially in
screening germplasm for tolerance to abiotic stressors like heat,
drought and salinity (Krasenky and Jonak, 2012; Tsago et al.,
2014). However, most studies have evaluated the effects of
drought and heat stress on sorghum seed germination separately,
leading to inconclusive results (Abreha et al., 2022). Time and
resources are saved in such studies when large populations of
germplasm are evaluated for tolerance under combined condi-
tions like drought and heat stress, which often coincide in any
case (Fahad et al., 2017). Soil moisture deficit and salinity have
always been singled out as the most severe inhibitors of seed ger-
mination (Ndlovu et al., 2021). Imbibition marks the beginning of
the germination process, though it is a physical process driven by
the water potential gradient between dry seed and soil. Ideal soil
moisture content is estimated at 35 to 45% in germinating seeds
(Queiroz et al., 2019), and optimum germination temperature
range for sorghum is 20–28°C (Adamcik et al., 2016). Low soil
osmotic potential of 0 to 0.8 MPa has been proven to reduce final
germination percentage (FGP) and germination index (GI) by inhi-
biting seed imbibition (Shahriari et al., 2014; Queiroz et al., 2019),
whilemean germination time (MGT)was observed to be prolonged
by lower osmotic potential (Ahmad et al., 2009; Abreha et al., 2022).
Delayed germination increases the risk of losing seed to desiccation,
predators like birds, rats and other pests as well as pathogens.

When combined, heat stress and drought stress are very detri-
mental to germination with far reaching implications as they often
coincide during early and late plantings (Fahad et al., 2017). In
SATs, soil temperatures are likely to be higher which results in
high evaporation of moisture especially in the uppermost soil
layer (in the range of 0–5 cm) which is the planting depth for
small seeded cereals like sorghum (Bayu et al., 2005). Despite
the increasing incidences of combined drought and heat stress
which has been proven to be very detrimental to all stages of
most crops, the two factors are often studied separately
(Bheemanahalli et al., 2022). Furthermore, most seminal work
has focused on flowering and grain filling stages. This study is
one of the few that seeks to investigate the two factors combined
at germination of sorghum landraces, breeding lines and check
varieties selected from a large pool of world and national gene
banks and have never been tested. The study will provide new
insights on the response of the selected high potential tropical
sorghum genotypes to drought and heat stress either combined
or occurring independently at germination. This offers a quick
and cheap screening technique of the germplasm that will inform
breeders and plant physiologists in crop improvement programs.

Field evaluation of emergence tends to be complicated by complex
interactions of soil properties and other field conditions, thus the
widespread adoption of an in vitro technique using polyethylene gly-
col (PEG) induced osmotic stress (Bobade et al., 2019). The technique
has proven to be effective, low cost, easy to handle and less laborious
for screening large pools of geneticmaterial for abiotic stress tolerance
(Tsago et al., 2014), to aid crop improvement programs. This study
was aimed at assessing the response of 50 sorghum accessions to
drought, heat and combinedheat anddrought stresses at germination.

Materials and methods

Experimental site and material

A laboratory experiment was conducted at Lupane State
University, Department of Crop and Soil Sciences laboratory.

Fifty sorghum genotypes acquired from the Genetic Resources
and Biotechnology Institute of Zimbabwe and International Crop
Research Institute of the Semi-Arid Tropics (ICRISAT) Matopo
were selected from a pool of 300 genotypes based on plant morpho-
physiological characteristics that included stem height, days to
maturity, susceptibility to lodging and 100 grainweight fromabase-
line study conducted from the previous season (2019/20). Two
commercial sorghum varieties namely ‘Macia’ and ‘SV4’ were
included as check varieties.

Treatments and management of the experiment

Seeds of fifty selected sorghum accessions (online Supplementary
Table S1) were germinated under controlled osmotic and tempera-
ture conditions in a laboratory as follows: osmotic stress only (20%
(m/v) PEG 6000 solution induced osmotic potential of −0.85MPa
according to a procedure by Foti et al. (2002), heat stress only
(45°C day and 25°C night incubation temperatures), combined
heat and osmotic stresses (a combination of the two aforementioned
treatments) and no stress (optimum temperatures of 25°C day and
22°C night incubation and deionized water) as a control.

Fifty seeds of homogenous size and age for each genotype were
surface sterilized by immersion in 1.5% sodium hypochlorite
solution for 5 min and then thoroughly rinsed five times in dis-
tilled water. Thereafter, they were placed in sterilized petri dishes
lined with double Whatman No. 2 filter papers moistened with
7 ml of either distilled water for no-stress treatments or 20%
(w/v) PEG 6000 solution of −0.85MPa osmotic potential for
osmotic stressed treatments. The petri dishes were sealed with
parafilm to reduce water loss.

The experiment was laid in a split plot following a two factorial
completely randomized design with three replicates. The main
factor for splitting was the temperature at two levels, i.e. optimum
(25°C) and heat stress (45°C). The two sub-factors were the 50
genotypes and two levels of osmotic conditions, i.e. no osmotic
stress (PEG solution) and low osmotic potential (distilled
water). The resultant was 200 treatment combinations i.e. 50 geno-
types × 2 osmotic levels × 2 temperature levels were each replicated
three times to give 600 experimental units. The experiment was
kept in an incubator for 7 d. The experiment was repeated in order
to increase the sample size and the two sets were done in tandem.

Data collection

Count data on the germinated seeds was collected every 24 h for 5
d. Seeds that had between 1 and 2 mm protruding coleorhizae
were considered germinated. The following four germination
parameters were derived from the daily seed count:

i) Final germination percentage (FGP)

FGP = Number of normally germinated seeds
total number of sown seeds

× 100% (1)

ii) Mean germination time (day)

MGT = Ti × Ni

N
, (2)

where Ni is the number of newly germinated seeds at time Ti

Germination index

GI = Gt
Tt

(3)
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where Gt is the number of seeds germinated on day t, and Tt is
the number of days

a) Coefficient of variation of germination time (% seed/day)

CVt = St
t

( )
100, (4)

where St is the standard deviation of germination time and t is
mean germination time

Data analysis

Response of sorghum genotypes to the four most important ger-
mination parameters i.e. FGP, MGT, GI and CVt to heat stress,
drought stress and their interactions was modelled using general-
ized linear models with either Poisson or negative binomial
log-link functions in R studio packages. Principal component
analysis (PCA) of pooled means of the assessed germination para-
meters for 50 sorghum genotypes was conducted using the multi-
variate analysis PCA function in Minitab version 14. Furthermore,
the hierarchical agglomerative cluster analysis was performed
using dissimilarity coefficients and unweighted pair group
method arithmetic average (UPGMA) of clustering for tree con-
struction using DARwin 6.0.21 software. Principal coordinate
analysis (PCoA) was also performed using DARwin to illustrate
a two-dimension map of the distribution of genotypes based on
their performance in the treatments.

Results

Multivariate analysis of the influence of genotypes on
germination parameters under heat and drought stress

The generalized linear model results revealed significant differen-
tial responses within the sorghum genotypes under in vitro
induced environments, i.e. temperature and drought stress for
the four assessed germination parameters. GI is the only param-
eter that was significantly affected by the interaction between
the genotypes and temperature stress (G × T ). GI together with
FGP were significantly affected by the interaction of the genotype
and drought stress (G ×D). No significant influence was observed
from interaction of the three factors that were under investigation,
i.e. genotype, drought and temperature stress across all six para-
meters that were measured. However, significant main effects of
the three factors were noted on FGP and GI. Significant influence
of temperature stress was noted across all six parameters.
Hierarchical cluster analysis based on unweighted pair group
method analysis (UPGMA) (Fig. 3) and Principal Coordinate
analysis (Fig. 4) plots confirmed that the number of germinating
seeds and their speed of germination under temperature and
drought stress was dependent on genotype. The two complemen-
tary plots classified the genotypes into six distinct groups, accord-
ing to their overall performance in all six germination parameters
that were assessed in this study. The PCA indicated that the first
and the second components accounted for 62.5 and 17.3%
respectively, of the variation that existed among the germination
parameters (Table 1).

Principal component analysis of the germination parameters

Diversity in tolerance to drought and heat stress during germin-
ation in 50 sorghum genotypes that were assessed in this study

was expressed in some of the four germination parameters that
were measured. The first two significant components expressed
a cumulative variation of 80% in the assessed germination vari-
ables (Table 1) as shown by their Eigen values > 1. Most of the
variation attributed to the first component was contributed by
GI which had the highest positive factor loading value of 0.51.
FGP also contributed positively in the first component. The sig-
nificant relationship to diversity in germination of the genotypes
in the second component was due to the highest negative loading
value of −0.63 observed in MGT and FGP with a loading value of
−0.424. Some positive contribution by the coefficient variation of
germination time loading values of 0.41 was observed in the
second component.

Evaluation of heat and drought stress using germination index

Following the significant influence of the main effects of drought
stress (D), heat stress (T ) and their interactions with genotypes
(G ×D) and (G × T ) in the GLM analysis, the GI means were
selected and used to screen the 50 genotypes for their tolerance
to drought and heat stress separately. Seeds germinated under
non-drought stressed conditions (distilled water) had a signifi-
cantly higher GI of 34.99 compared to 18.62 for their counter-
parts germinated in drought stressed conditions (lower osmotic
potential) simulated using 20% PEG solution. Supra-optimal tem-
peratures of 45°C also suppressed germination more than opti-
mum temperatures of 25°C. A statistically lower mean GI of
24.51 was observed in seeds germinated at 45°C compared to
29.51 for seeds germinated at 25°C. Both stressors independently
reduced the number of seeds that germinated and prolonged time
to germination. The differential response of the genotypes to these
stresses is presented in Figs. 1 and 2 respectively.

More than 40% of the accessions under the heat stressed treat-
ment had a GI mean higher than the overall GI mean of 20 and
showed no significant differences to about 60% of the accessions
germinated under optimal temperature conditions (Fig. 1).
Landraces IS13837 and NPGRC1156 performed exceptionally
well under both supra-optimal and optimum temperature condi-
tions. Five genotypes (Fig. 1) had GI means under optimum tem-
peratures which were not statistically different from their
counterparts germinated under supra-optimal conditions. ‘Macia’
and ‘SV4’ check varieties were amongst the poorest performing var-
ieties under supra-optimal conditions withmean germination indi-
ces of 17.22 and 20.11 respectively. However, the check varieties
were amongst the best performers under optimum temperatures.

Five genotypes exhibited a superior performance under drought
stress with GI means above 25 under drought stress which was not
statistically different from the top performing genotypes germinated

Table 1. Principal component analysis in 50 diverse sorghum genotypes for five
germination parameters

Variable PC 1 PC 2 PC3

FGP 0.461 −0.424 −0.046

MGT −0.293 −0.625 −0.458

GI 0.509 0.002 0.087

CVt 0.213 0.410 −0.878

Eigen values 3.752 1.037 0.847

Proportion of variance 0.625 0.173 0.141

Cumulative proportion 0.63 0.80 0.94
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under optimum osmotic conditions. Three of the five poorest per-
forming genotypes had GI means less than 10 under low osmotic
potential (drought stress) (Fig. 2). The two check varieties ‘Macia’
and ‘SV4’, usually grown in drought prone regions, performedmod-
erately well, yielding GI means of 21.15 and 20.24 respectively.
Though the combined effect of the two stressors was not statistically
significant, genotypes NPGRC1782, IS24426, NPGRC1593,
NPGRC1156 and NPGRC1476 showed superiority were the effects
of heat and drought stress when assessed independently.

Cluster analysis of 50 sorghum genotypes using four
germination traits

Agglomerative clustering of the 50 sorghum genotypes based on
overall performance in all the germination traits in the four
drought and temperature treatment combinations grouped the

genotypes into six distinct clusters. Cluster I and III were the lar-
gest groups with 15 and 13 genotypes respectively. While Clusters
V and VI had the least number of genotypes of 2 and 1 respect-
ively (Fig. 3). The performance of genotypes in each group is
detailed in Table 2.

The clustering was also confirmed by the principal coordinate
analysis (PcoA) plot (Fig. 4) which produces a map for visualiza-
tion of the genotypes based on their dis/similarity. The scattered
genotypes in all the four quarters of the PcoA plot show a high
degree of genetic variation among the assessed genotypes,
Furthermore the two-dimensional map gives a clear indication
on the proximity of the genotypes in each cluster based on the
distance computed using the variations in performance in PCA.
The closer the genotypes the more similar they are for example
IS9405 and NPGRC1868 in Cluster 2, IS2419 and IS9303 in
cluster III.

Figure 1. Mean germination indices of sorghum genotypes germinated under in vitro induced temperature stress (supra-optimal 45°C) and optimum (25°C) envir-
onments. The vertical bars at the apex of each bar denote the standard error of means and bars marked with different letters show significant differences in GI
means. Genotypes have been arranged in descending order of their observed GI means under heat stressed conditions.

Figure 2. Mean germination indices (GI) of sorghum genotypes germinated under in vitro induced drought stress and no stress conditions. The vertical bars at the
apex of each bar denote the standard error of means and bars marked with different letters show significant differences in GI means. Genotypes have been
arranged in descending order of their GI means under drought stressed conditions.
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Comparison of the clusters under selected key germination
parameters

Comparative analysis of performance of the six clusters under the
four selected germination parameters indicated that cluster II had
the highest number of genotypes that exhibited tolerance to inde-
pendent effects of drought and heat stress followed by cluster I
(Table 2). Genotypes in cluster II had the highest mean FGP of
75.6%, GI of 30.26 and the lowest MGT of 1.48 d. The least tolerant
genotypes to heat and drought stress, i.e. IS26191, IS9405 and
IS9303 as presented previously (Figs. 1 and 2) were found in clus-
ters III and IV. Cluster IV had the lowest GI of 23.86 and as
expected the highest MGT of 1.67 d. The check varieties fell into
different groups with ‘SV4’ in cluster I and ‘Macia’ in cluster V.

Discussion

Differential response of genotypes in seed physiological tests like
germination under limiting factors like drought and heat stress

has been established in an array of crops including sorghum
(Shahriari et al., 2014; Moyo et al., 2015; Nyoni et al., 2020).
Diversity in germination related parameters under stress condi-
tions was confirmed by the cluster analysis results which grouped
the genotypes into six distinct groups (Table 2). Most of the tol-
erant genotypes were landraces from semi-arid areas of Zimbabwe
like Chiredzi and KwaZulu-Natal Province of South Africa. This is
suggestive of coevolution of these landraces in these hot, dry
environments which allows them to adapt to such unfavourable
conditions. The two check varieties ‘Macia’ and ‘SV4’ were
grouped with genotypes that performed moderately under
drought stress but showed lack of tolerance to heat stress, indicat-
ing that the major target of their improvement was probably
drought stress more than heat stress. Recent studies have also con-
firmed the existence of genotypic differences in tolerance of
drought and heat stress in sorghum (Masetto et al., 2017;
Govindaraj et al., 2021). The results of this study followed suit
in exhibiting some variations in response of genotypes to heat
and drought stress, though the significant dual effect of two

Figure 3. Dendrogram by hierarchical agglomerate cluster analysis of the 50 assessed sorghum genotypes.

Figure 4. Principal coordinate analysis (PCoA) for 50 genotypes based on their overall performance in the 5 assessed germination parameters.
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stressors on genotypes was not observed in this study as hypothe-
sized. This means the two stressors influenced in vitro germin-
ation of the assessed genotypes independently, though in the
field they often occur together and are likely to interact signifi-
cantly to delay and reduce germination. Occurrence of different
genotypes with tolerance to both and each of the factors separ-
ately could be indicative of independent genetic mechanisms con-
trolling both.

The complex interactions of genotypes, temperature and
drought stress during germination is not conclusively understood
(Abreha et al., 2022). Evidence points to elevated osmotic pressure
in hot soils due to depletion of moisture, more so in saline con-
ditions (Dehnavi et al., 2020). Maize is reported to be more sensi-
tive to both heat and drought stress than sorghum, a study by
Khaeim et al. (2022), observed that maize seeds failed to germinate
at 40°C. In a separate study by Mingli et al. (2015) of two maize
varieties on the effects of drought stress of almost the same
intensity with the one used in the present study revealed that
germination percentage was reduced by a margin of between 28
to 50%.

GI was selected to represent the germination parameters in
screening for tolerance in genotypes due to its highest contribu-
tion to the variation in the first component observed in the
PCA. GI, a function of FGP and MGT, is a very accurate and com-
prehensive measure which takes into account the extent and speed
of germination (Kader, 2005). A higher GI indicates a higher FGP
and a lower MGT, i.e. more seeds germinating within the shortest
period of time. The energy and time taken for germinating seeds
to osmotically adjust under high osmotic pressure renders the dif-
ferential response to speed and extent of germination signified by
the variations in the GI (Shahriari et al., 2014). Generally, in this
study, drought stress suppressed germination more than heat
stress as shown by a difference of 10 units between the highest
values recorded for mean GI for the two factors. Accordingly, gen-
otypes such as NPGRC1782, IS24426, NPGRC1593, NPGRC1156
and NPGRC1476 that exhibited high GI under the main effects
of the two factors have potential and further studies on the genetic
basis of their tolerance mechanisms could inform plant breeding
efforts that intend to exploit the material as parents.

Supra-optimal temperatures above 25°C have been proven to
inhibit germination even when soil moisture conditions are

favourable (Patane et al., 2012). The antagonistic effects of
heat stress on germinating seeds are reportedly amplified by
imbibition at high temperatures (Wen, 2015). This is attributed
to the inhibition of enzyme dependent reactions and even total
halt due to changes at supra-optimal temperatures. Though not
significant to over 90% of the assessed genotypes, three geno-
types appeared in the top of the list in both main heat and
drought stress treatments namely; NPGRC 1782, NPGRC1593
and IS13837.

Conclusions and recommendations

Drought and heat stress independently affected germination in
sorghum genotypes. Their dual effect was not statistically signifi-
cant in the sorghum genotypes that were assessed in this study.
Supra-optimal temperatures of 45°C differentially delayed ger-
mination and suppressed the extent of germination in sorghum
genotypes. A similar and even more detrimental effect was
observed with in vitro induced drought stress. Ten genotypes
showed the highest tolerance to heat stress and two genotypes
showed the highest tolerance to drought stress benchmarked
using the overall mean GI. A huge diversity in drought and
heat stress tolerance was exhibited in the assessed germplasm.
The genotypes were grouped into six classes based on their per-
formance in terms of extent and time taken to germinate. No
exceptions where observed in the performance of the assessed
genotypes but genotypes NPGRC1782, NPGRC1593 and
IS13837 were among the top three performing genotypes, and
IS26191, NPGRC9405 and IS12391 were among the least per-
forming genotypes under the main effects of the heat and drought
stress. The results can be used in selecting the tolerant genotypes
in either heat or drought stress during germination for crop
improvement purposes depending on the trait of interest.
Further screening of the genotypes that showed potential in this
study is recommended under field conditions.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1479262124000212.
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Table 2. Overall mean performance of clusters for different germination parameters in 50 sorghum genotypes

Cluster

Germination parameters

FG% MGT GI CVt
Number of
genotypes Names of genotypes

I 71.49 1.58 27.50 32.06 15 IS24426, NPGRC1222; NPGRC1862; IS2427; IS13996; NPGRC1592; IS9405;
IS3574; NPGRC1695; SV4; NPGRC1178; NPGRC3127; IS9548; NPGRC1619;
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II 75.6 1.48 30.26 31.18 10 NPGRC1782; NPGRC1476, NPGRC1699, IS13837, NPGRC3087; NPGRC3093;
NPGRC1868; IS30047; NGB1478, IS30164

III 68.77 1.62 26.17 31.94 13 NPGRC3195; IS9405; IS9567; NPGRC3133; NPGRC1704; IS30015; IS9303;
NPGRC3092; IS2419; NPGRC3283; IS13904; NPGRC1593

IV 64.72 1.67 23.86 32.80 9 NPGRC3101; NPGRC1156; NPGRC1759; IS6944; NPGRC3105; ICR26191;
NPGRC3124; NPGRC1628; NPGRC1197

V 71.6 1.7 25.7 34.8 2 Macia; IS13813

VI 67.33 1.57 26.26 34.69 1 NPGRC3102

Genotypes in bold were the most tolerant to both osmotic and temperature stress during germination.
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