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Abstract
Sorghum is an important forage crop, and both quantity and quality of this crop are affected by drought stress. Accord-
ingly, in order to investigate the effect of drought stress on quantity and quality of morpho-physiological traits, a split-plot 
experiment was conducted based on randomized complete block design with four replicates in Isfahan, Iran, during 2017 
and 2018 crop seasons. Treatments were irrigation regimes with four levels (control, preventing irrigation at pollination, 
seed milky, and seed doughy stages) and three varieties of sorghum (Sepideh, Kimia, and Payam). The results showed 
that drought stress negatively influenced morphological and yield-related traits of sorghum, while its effect was positive 
on some quality-related traits such as total soluble carbohydrate, crude protein, and proline contents. According to the 
results, drought stress based on prevention of irrigation at doughy stage (representing moderate drought stress) caused 
inconsiderable reduction in sorghum yield. In addition, drought stress has effect on relationships between morpho-
physiological traits in sorghum. Considering morphological and yield-related traits together with susceptibility (stress 
susceptibility index) and tolerance (geometric mean product) indices indicated that Payam variety is more proper to be 
used in both drought stress and non-stress conditions. Furthermore, both Kimia and Payam varieties were shown to be 
suitable varieties based on quality-related traits, but because of having low NDF Payam variety might be more suitable.

Keywords Crude fiber · Crude protein · Proline · Cell wall—hemicellulose free · Correlation plot

Abbreviations
ADF  Cell wall—hemicellulose Free
DM  Dry matter
NDF  Neutral detergent fiber
SSI  Stress susceptibility index
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1 Introduction

Environmental stresses have been negatively affected on 
production of different crops (particularly cereals) under 
worldwide. Drought is the most important environmental 
stress which has limited the production of crops in arid 
and semiarid regions [1, 2]. Sorghum (Sorghum bicolor L. 
Moench), as a forage crop, is a serious crop of cereal family 
highly tolerant to drought in comparison with other crops 
of this family [3, 4]. It is the fifth most cultivated cereal in 
the world after wheat, rice, maize, and barley [4], but in 
some countries, e.g., Sudan it could be categorized as the 
most economical crop [5]. Sorghum is on par with maize, 
in terms of feed quality and its commercial value, though 
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there is a significant difference associated with their types 
of use. Sorghum is able to be consumed in different forms, 
i.e., silage, wet forage (high moisture), dried fodder, and 
direct grazing as pasture or after harvesting by livestock 
but maize is normally consumed as silage form [6]. Also, 
capability of being harvested as a multiple cuttings crop 
makes sorghum a more suitable crop in terms of economic 
benefit compared to maize [7].

The altered responses of different plant classes and 
order to environmental condition are related to their 
genetics backgrounds. Additionally, plants belonging 
to the same family such as maize and sorghum, and in 
a closer range, different genotypes of the same species, 
can have perceptible different responses to drought stress. 
Researchers have been examining different plants’ varie-
ties to categorize them into tolerant, semi-tolerant, and 
sensitive varieties in response to drought stress in order for 
making suggestions to farmers [8–12]. Ogbaga, Stepien (5) 
categorized two different varieties of sorghum as tolerant 
and sensitive to water shortage according to biochemi-
cal and physiological characteristics, since the study on 
response of different genetic backgrounds of different 
crops’ genotypes or varieties (especially sorghum) to 
stressful condition is required and it needs higher atten-
tion [13, 14].

According to Ogbaga, Stepien (5), sorghum, as a highly 
drought-tolerant crop, has remarkably obtained slight con-
sideration in terms of its mechanisms to cope with water 
shortage and its change feed quality under drought stress 
condition. Therefore, the aim of this study was to assess 
the effects of drought stress at different life stages of sor-
ghum includes pollination, seed milky, and seed doughy 
stages on its morpho-physiological traits and also its for-
age qualities regarding different genetic backgrounds.

2  Materials and methods

2.1  Field experiment

A split-plot experiment was conducted based on ran-
domized complete block design with four replicates in 
Isfahan, Iran, during 2017 and 2018 crop seasons. Treat-
ments were irrigation regimes with four levels (control, 
preventing irrigation at pollination, seed milky, and seed 
doughy stages) and sorghum varieties (Sepideh (semi-
sensitive to stress), Kimia (sensitive to stress), and Payam 
(resistant to stress)). The varieties are among the Iranian 
cultivars of grain sorghum, which were provided from 
the seed and plant improvement institute, Karaj, Iran. 
Drought stress was applied by preventing irrigation at 
four different stages consisting of a) control (no irrigation 
prevention), b) prevention irrigation in pollination stage 

(PIP), c) prevention irrigation in milky grain stage (PIM), 
and d) prevention irrigation in doughy grain stage (PID) 
on three common cultivated sorghum varieties in Iran, 
where drought stress arranged in main plot and variety 
in sub-plot.

After a deep tillage and disk lever, seeds were planted 
on the ridge with density of 167 thousand seeds per hec-
tare in early May (based on common planting date of the 
region) for both years. Length of each ridge in every plot 
(four plots or replicates per treatment) was 7 m and dis-
tance between ridges was 60 cm; therefore, the distance 
of planted seeds was 10 cm. Based on soil test results 
(Table 1) and suggestion of agronomists in the station, 
ammonium phosphate fertilizer was applied at the rate 
of 250 kg.ha−1 at planting time and 100 kg.  ha−1 urea ferti-
lizer was applied as dressing at just before flowering stage. 
Based on normal irrigation in the region, every seven-day 
irrigation was done till the stage of irrigation treatments. 
One week after applying the last treatment of stop irriga-
tion (doughy grain), soil water availability was measured. 
For calculating the soil water content, each plot in depth 
0–30, sampling was done and inside the container (avoid 
evaporation) dried in an oven at 80 °C for 72 h. Soil water 
availability was 0.13, 0.10, 0.06, and 0.03 cm−3  cm−3 for 
control, PIP, PIM, and PID, respectively. The average pre-
cipitation in Field Station was 98.5 mm and 112.3 mm for 
2017 and 2018, respectively.

2.2  Measurement of traits

Morphological and grains-related traits such as plant 
height, tiller number per plant, panicle length, panicle 
weight, number of grains per panicle, 1000-grain weight, 
grains tannin [15] and grains yield per unit area were stud-
ied after harvesting.

Plant’s samples were cut in the field and instantly trans-
fers to laboratory were forced dried in an oven at 64 °C for 
74 h. The dried samples were then grounded and passed 
through a 2-mm sieve and biochemical traits were then 
assessed. Biochemical traits as compositional character-
istics were contained total protein by Talei et al. method  
[16], dry matter, raw fiber, Neutral Detergent Fiber (NDF), 
Cell wall—hemicellulose Free (ADF) [17], crude ash, crude 
fat [18], total soluble carbohydrate (TSC) [19], total starch 
(TS) [20], and proline [21].

2.3  Statistical analysis

Data were collected and analysis of variance (ANOVA), 
mean comparison, correlation coefficient, and principal 
component analysis (PCA) for determination of relation-
ship between measured traits were carried out by Agricola 
library in R statistical software (3.5.2). In order to measure 
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susceptibility and tolerance of sorghum varieties, stress 
susceptibility index (SSI) and geometric mean productiv-
ity (GMP) were assessed according to Fischer and Maurer 
[22] and Fernandez [23], respectively, using the following 
formula:

where Ys , Yp , and Yp are grain yield under stress condition, 
under normal condition, and average yield across all three 
varieties under normal condition, respectively.

3  Results

The analysis of variance of agronomical traits (Table 2) indi-
cated that the stages of water stress have significant effect 
on agronomical traits includes plant height, tiller number, 
panicle length, thousand-seed weight, panicle weight, 
grains weight per panicle, and grain yield. The analysis of 
variance (Table 2) indicated that, there were significant 
differences between cultivars in terms of plant height, 
tiller number, and panicle length; however, there was no 
significant difference in terms of traits for thousand-grain 
weight, panicle weight, grains weight per panicle and 
grain yield among cultivars. There was a significant inter-
action between the stress and the variety for 1000-grain 
weight.

Table 3 represents mean comparison for morphological 
and yield-related traits regarding stress levels and varie-
ties of sorghum. Plant height, tiller number, panicle length, 
1000-grain weight, panicle weight, and total grain weight 
were highest in control condition (no water stress). Differ-
ent levels of irrigation showed no difference one another 
for tiller number. No difference between control treatment 
and PID stage was observed for plant height and panicle 
weight. The PID stage showed higher mean values related 
to morphological and yield-related traits than the two 
other levels of PIM and PIP stages. Lowest mean values 
for morphological and yield-related traits were recorded 
for PIP stage, though the difference between PIP and PIM 
stages was not significant for plant height. The PIM and 
PID stages also showed no significant differences related 
to plant height, panicle length, 1000-grain weight, and 
total grain weight. Among compared varieties, Kimia 
variety obtained highest mean values for plant height, 
tiller number, panicle weight, and grain weight, but low-
est mean value for panicle length. Payam variety had the 
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lowest mean values for plant height and tiller number but 
Sepideh and Payam varieties had no significant difference 
of panicle length, panicle weight, and total grain weight. 
All three varieties showed statistically equal mean values 
for 1000-grain weight.

The highest grain yield was shared between control 
and PID stage, but its lowest value observed in PIP stage. 
Although Kimia variety   obtained highest grain yield 
mean, its difference with Payam variety was not signifi-
cant. The lowest  grain yield of sorghum was recorded 
for Sepideh variety. However, under control condition 
all three varieties shared statistically equal grain yield 
(Fig. 1). Payam variety obtained the highest grain yield 
under PIP stage, but the lowest under PIM stage. The 
highest   grain yield under PID stage was obtained by 
Kimia variety. Since the difference between control irri-
gation and PIP stage related to grain yield was the highly 
significant, stress susceptibility index (SSI) and geomet-
ric mean product (GMP) index were calculated based 
on grain yield of these two treatments (Table 4). Con-
sequently, the highest GMP and SSI were estimated for 

Payam variety. Although Kimia variety showed the low-
est GMP and SSI, its difference with Sepideh was not 
significant. 

Table 2  Variance analysis of some agronomical traits in sorghum varieties under irrigation regimes

** , *, ns: respectively, significant at level of 1 and 5 % and no-significant

SOV; source of variance, df: degree of freedom, and CV; Coefficient of variation

S.O.V Mean Squares

df Plant height Tiller number Panicle length 1000-grain weight Panicle weight Grains weight 
per panicle

Grain yield

Replication 2 11.19 0.01 0.58 4.48 489.9 407.27 824037
Stress (stage) 3 30.5** 0.02* 7.65** 339.4** 7530.2** 5468.5** 71978384**

Error (a) 6 2.38 0.003 0.62 4.42 150.2 142.1 773269
Variety 2 108.3** 0.27** 132.3** 10.8ns 416.4ns 391.6ns 189605ns

S× V 6 1.77ns 0.002ns 0.70ns 15.8* 648.5ns 566.9ns 1171188ns

Error (b) 16 2.79 0.006 0.99 5.11 565.1 340.1 1449261
CV (%) – 1.51 5.63 3.36 9.83 26.24 27.63 17.6

Table 3  Mean comparison of drought stress and variety of sorghum for morphological grain-related traits

Mean with the same letter(s) is not significantly different using Duncan’s multiple range tests (P ≤ 0.05)

PID; Prevented Irrigation at Doughy, PIM; Prevented Irrigation in Milky, PIP; Prevented Irrigation in Pollination

Factors Treatment Plant height (cm) Tiller number Panicle 
length 
(cm)

1000-grain 
weight (g)

Panicle weight 
(g)

Grain weight (g) Grain yield (kg.
ha-1)

Drought tress PIP 108.56c 1.31a 28.44c 50.19c 14.38c 31.52c 3240.07c
PIM 110.11bc 1.39a 29.44b 90.22b 22.96b 68.00b 5893.64b
PID 111.67ab 1.39a 29.89b 106.30b 26.41a 82.59b 9188.41a
Control 112.78a 1.41a 30.56a 115.70a 28.21a 84.89a 8990.18a

Variety Sepideh 110.92b 1.38b 31.58a 88.08a 22.35b 64.11b 6711.26b
Kimia 114.58a 1.53a 25.75b 97.33a 24.08a 73.31a 6961.09a
Payam 106.83c 1.23c 31.42a 86.39a 22.53b 62.83b 6811.88ab

0
0.2
0.4
0.6
0.8

1
1.2

Pollination

Milky

Doughy

Control Sepideh

Kimia

Payam

Fig. 1  Spider plot comparing yield of three sorghum varieties 
under different stress levels by preventing irrigation compared to 
control (treatment/control)
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Biochemical traits were statistically analyzed (Table 5), 
and the results of statistical variance analysis showed 
that the stages of water stress have significant effect on 
all studied biochemical traits. The results also indicated 
that, there were significant differences between cultivars 
in terms of crude protein, crude ash, NDF, and phenol 
contents, while other biochemical traits including proline, 
total starch, water-soluble carbohydrate, crude fat, ADF, 
crude fiber, and dry matter were not significant (Table 5). 
There was a significant interaction between the stress and 
the variety for the proline, NDF, and phenol contents.

Mean comparison of some biochemical traits related 
to the quality of sorghum is presented in Table 6. High-
est phenol content was obtained in control and PID stage 
treatments, while its lowest content was recorded for PIP 
stage. Control treatment also showed highest mean values 
for crude fat and total starch contents, while the lowest 
for crude fiber, neutral detergent fiber, and proline con-
tent. Longest stress period (PIP stage) showed maximum 
content of crude fiber, neutral detergent fiber, crude ash, 
total soluble carbohydrate, crude protein, and proline 
content, but minimum for phenol content, crude fat, and 
total starch content. Lowest content of total soluble car-
bohydrate, crude protein, and proline was shared between 
control and PID stage treatments. Dry matter presented 
no statistical difference among stress levels. Related to 
acid detergent fiber, PIP and PIM stages shared highest, 

while control and PIP stage shared lowest mean values. 
Although PIP stage led to maximum content of crud ash, 
no statistical difference was found among the other three 
stress levels. Comparing used varieties showed that no 
significant difference was detectable among these three 
varieties regarding dry matter, crude fiber, acid detergent 
fiber, crude fat, total soluble carbohydrate, total starch, 
and proline (Table 6). However, Payam var. showed highest 
content of phenol, and crude ash. Crude protein mean was 
the highest in Kimia var. Sepideh and Kimia var. showed 
low but no statistically different mean for phenol and 
crude ash. Similarly, no difference was detectable between 
Sepideh and Payam var. regarding neutral detergent fiber 
(sharing high content) and crude protein (sharing low 
content).

Due to the high significant difference between PIP 
stage and control treatments among stress levels, evalua-
tion of relationships related to measured traits was sepa-
rately carried out for these two treatments. Figures 2 and 
3 represent the correlation plots among measured traits 
in this study under control and PIP stage treatments, 
respectively. There were differences in values of the cor-
relations between measured traits, but in some cases the 
sign of the correlation was also changed. Correlation of 
plant height with 1000-grain weight, panicle weight, grain 
weight, grain yield crude fiber, and total soluble carbohy-
drate was negative and its correlation with phenol, ADF, 
crude protein, and proline was positive under control irri-
gation, while these correlations changed their signs under 
water stress condition. Tiller number showed negative 
correlations with 1000-grain weight, panicle weight, seed 
weight, grain yield crude fiber, crude fat, total soluble car-
bohydrate and positive with phenol, ADF, crude protein, 
crude protein under no water stress condition but these 
correlation’s signs were changed under stress condition. 
Except for the correlation of panicle length with tannin, 

Table 4  Stress susceptibility and tolerance indices of sorghum vari-
eties

Variety Yield (drought) Yield (normal) SSI GMP

Sepideh 2922.50 8871.41 −3.74 4997.60
Kimia 2701.69 9057.92 −3.82 4926.42
Payam 4096.02 9041.20 −2.00 6068.36

Table 5  Variance analysis of some biochemical traits in sorghum varieties under irrigation regimes

** , *, ns: respectively, significant at level of 1 and 5 % and no-significant

SOV; source of variance, df: degree of freedom, and CV; Coefficient of variation

Mean Squares

SOV dF Proline Crude protein Total starch Total soluble
carbohydrate

Crude fat Crude Ash ADF NDF Crude fiber DM Phenol

Replication 2 0.01 0.46 2.78 0.004 0.46 0.10 1.18 0.02 0.05 0.46 0.01
Stress 3 0.21** 40.4** 588.6** 1.21** 4.26** 1.01** 47.2** 16.3** 2.63** 0.03ns 2.14**

Error (a) 6 0.0031 0.41 46.68 0.04 0.13 0.03 1.47 0.52 0.07 0.33 0.45
Variety 2 0.006ns 1.35* 2.89ns 0.09ns 0.08ns 0.14* 0.09ns 1.37* 0.09 0.22ns 0.31**

S× V 6 0.019** 2.00ns 4.97ns 0.06ns 0.13ns 0.03ns 0.60ns 1.66** 0.06ns 0.16ns 0.17**

Error (b) 16 0.003 0.28 13.28 0.05 0.06 0.03 0.32 0.22 0.04 0.10 0.02
CV (%) – 5.13 4.58 4.96 10.57 8.02 8.68 16.39 8 11.00 0.34 9.75
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dry matter, and total soluble carbohydrate, all other corre-
lations of panicle length were different under altered stress 
conditions. Correlations of 1000-grain weight with ADF, 
crude fat, total soluble carbohydrate, total starch, crude 
protein, and crude protein were also different under water 
stress and no stress treatments. Similarly, panicle weight 
changed its correlation signs with tannin, phenol, crude 
fiber, ADF, crude ash, total starch, and crude protein in 
response to water stress. Total grain weight showed cor-
relations with different signs under control and stress con-
dition related to tannin, crude fiber, ADF, crude ash, total 
starch, and crude protein traits.

Under control condition, the correlations of grain yield 
with dry matter, crude fiber, and crude ash were negative 
and its correlations with tannin, phenol, and total starch 
were positive, but these signs reverted under drought 
stress condition in sorghum varieties. Tannin showed 
reversed sign related to its correlations with phenol, dry 
matter, total starch, crude protein, and crude protein under 
the two different irrigation systems. Also, dry matter, NDF, 
total soluble carbohydrate, total starch, and crude protein 
showed different correlation trends with phenol under 
water stress and no stress conditions. Dry matter showed 
different signs of correlation with all remained biochemi-
cal traits except for crude fiber and NDF. Similarly, crude 
fiber correlations with other biochemical traits showed 
changed signs under different water stress conditions, but 
for NDF and ADF. ADF, total soluble carbohydrate, crude 
protein, and crude protein were reversely correlated with 
NDF under different water regimes. Under water stress 
condition, ADF showed different signs of correlations with 
crude ash, crude fat, and TS other than no stress condi-
tion. All remained correlation of crude ash showed a sign 
change in response to water stress condition. Total soluble 
carbohydrate with crude fiber, total soluble carbohydrate 
with total starch, and total soluble carbohydrate with 
crude protein are other correlations that reversed their 
signs under different water stress conditions according to 
the results presented in Figs. 2 and 3.

In order to more precisely consider the relationship 
changing between control condition (without stress) and 
prevention irrigation in pollination stage, principal com-
ponent analysis was conducted separately for these two 
conditions, and the results are summarized in Fig. 4. First 
and second components accounted for about 64% and 
66% accumulatively, under normal irrigation and water 
stress condition, respectively. Approximately all associa-
tions between measured traits and the angles between 
these traits were affected by change in irrigation regime; 
however, some of these associations were completely 
altered according to the change in their angles from acute 
to obtuse and vice versa. These results were somewhat in 
accordance with the results of correlation plots in which Ta
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water stress caused changes in the relationships between 
measured traits of sorghum varieties.

4  Discussion

Among the phenological stages of sorghum reproductive 
development, the pollination stage is more sensitive to 
drought stress, as the transfer of pollen grains from male 
to female organs and contact with the eggs in the ovary 
requires sufficient moisture [24, 25]. So that, preventing 
irrigation at pollination stage of sorghum plants caused 
highest decrease in yield due to the lack of insemination 
of eggs inside the ovary. Due to the previous formation of 
seeds in milky stage, the reduction rate of the yield was 
less than the pollination stage. Decreased yield in milky 
level is due to a decrease in the rate of transfer of starch 
from the leaves and stems to the grain; however, pre-
vention of irrigation in milky stage led to a reduction in 
these traits compared to control with no drought stress. 
The existence of a significant correlation between starch 
content and yield under stress conditions confirms this 
relationship (Fig. 4). Because a large proportion of starch 
is transferred from the leaf and stem to the seed before 

the dough stage, in most of the morphological and yield-
related traits, especially grain yield [26], no statistical 
significant differences between stress at doughy stage 
and control treatment were detectable, and the damage 
caused by the cessation of irrigation in the dough stage 
was minimal.

These results showed that water deficit stress after or at 
ending stages of sorghum grain filling might have no sig-
nificant negative impact on morphological and also yield 
components; therefore, farmers should be able to man-
age their water sources to provide more water in period of 
before grain filling to reach maximum productivity.

Moreover, assessing the influence of drought stress by 
evaluation of association between traits under different 
stress treatments showed that induction of drought stress, 
in addition to direct decrease in morphological and yield-
related traits in sorghum, is able to change the relationship 
between these traits as well, and this issue was verified by 
the results of correlation plot and principal component 
analysis. The change in the relationship between biochem-
ical traits and yield under stress conditions is due to plant 
response mechanisms. For example, shift of starch from 
grain to leaf for osmotic regulation through the produc-
tion of proline and other amino acids can be one of these 

Fig. 2  Correlation plot for 
measuring association 
between measured traits 
of sorghum under normal 
condition. (PH; Plant height, 
TN; Tiller number, PL; Panicle 
length, TSW; 1000-seed weight, 
PW; Panicle weight, SWP; Seed 
weight per panicle, Y; Grain 
yield, Tan; Proline, Phen; Phe-
nol, DM; dry mater, Cfi; Crude 
fiber NDF; Neutral Detergent 
Fiber, ADF; Cell wall—hemicel-
lulose Free , CA; Crude Ash, Cfa; 
Crude fat, TSC; Total soluble 
carbohydrate, TS; Total starch, 
CP; Crude protein)
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mechanisms [27]. The study by Craufurd and Peacock [28] 
showed that grain yield of sorghum lines (both early and 
late flowering) was affected by both the timing and the 
severity of the drought stress. Also, in consistent with 
our results, this study indicated that moderate drought 
showed no significant effect on most of growth-related 
traits, but they were negatively impacted by drought 
with longer duration (initiating at early stages of flower-
ing). However, Cho, Toler [29] study resulted in significant 
decrease in yield-related traits and biomass production 
of sorghum under severe water deficit, but they showed 
that symbiosis of Glomus intraradices with sorghum plants 
was able to suppress the negative influences of drought 
stress up to a point. In line with our results, Symanczik, 
Lehmann [30] showed that drought stress in addition to 
decrease water uptake capability, it influences the uptake 
of nutrients in sorghum indicating that drought stress 
might cause deficiency in some nutrients as well.

Kimia variety showed highest mean values for most 
of the measured morphological and yield-related traits; 
however, low rate differences with other two varieties 
were observed. On the other hand, the interaction effect 
of drought stress and varieties showed that best variety, 
according to higher grain yield, under stress at pollination 

stage was Payam var., but Kimia and Sepideh at milky, and 
Kimia at doughy stage. Although a different response was 
obtained by inducing stress at different growth stages, the 
highest difference among varieties was observed at pol-
lination stage where the highest grain yield was achieved 
by Payam var. Based on abovementioned results, the high-
est negative effect of stress on morphological and yield 
component traits was observed in stress at pollination 
stage; therefore, SSI and GMP indices were evaluated to 
assess the response of the varieties to drought stress. Sub-
sequently, highest tolerance (GMP) and lowest suscepti-
bly (highest SSI) were achieved by Payam var. According 
to the morphological traits and yield assessment, Payam 
var. could be introduced as a more suitable variety under 
drought stress in general. Two different hybrids, E-57 and 
TX-671, were compared in response to drought stress in 
a study carried out by Wright, Smith [31]. Their results, as 
in line with our results, showed that E-57 was able to pre-
serve stomatal opening enabling it to maintain proper 
rate of photosynthesis leading to a significant difference 
between the two hybrids related to growth of both root 
and shoot and also plant production.

Some measured traits related to sorghum quality as 
a forage crop consisting of crude protein, proline, crude 

Fig. 3  Correlation plot for 
measuring association 
between measured traits of 
sorghum under stress condi-
tion (prevented irrigation at 
pollination stage). (PH; Plant 
height, TN; Tiller number, PL; 
Panicle length, TSW; 1000-seed 
weight, PW; Panicle weight, 
SWP; Seed weight per panicle, 
Y; Grain yield, Tan; Proline, 
Phen; Phenol, DM; dry mater, 
Cfi; Crude fiber NDF; Neutral 
Detergent Fiber, ADF; Cell 
wall—hemicellulose Free , CA; 
Crude Ash, Cfa; Crude fat, TSC; 
Total soluble carbohydrate, TS; 
Total starch, CP; Crude protein).
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fiber, NDF, ADF, crude ash, and total soluble carbohy-
drate showed their highest mean values in drought stress 
started at pollination stage. These traits were decreased 
as stress duration reduced from pollination stage to milky 
and doughy stages, and were the lowest in control with no 
drought, indicating that higher drought led to heighten 
the production of these biochemical traits. The accumu-
lation of  soluble sugars, protein and proline in plants 
under drought stress is a result of a series of metabolism 
interaction which has impact on formation or their transfer 
in the leaf [32, 33]. High thickness of these, beside a role 
which it has in reducing water potential, prevents from the 
oxidative destruction and helps in keeping the structure 

of proteins and membrane under average dehydration 
during drought period [34]. Conversely, phenol content, 
dry matter, crude fat, and total starch were maximum in 
control treatment and were decreased as the severity of 
drought (drought duration) increased. The results also 
showed that in most of the cases no significant difference 
was observed between control and stress initiation at 
doughy stage. According to Abdi and Habibi [35], fiber is 
required up to a low point for high quality of forage crops, 
while its higher content negatively influences the forage 
quality. Hence, PIP stage, as the most severe drought 
stress, is not suitable for the quality of the sorghum. How-
ever, some other traits such as crude protein and proline 

Fig. 4  Loading plot extracted 
from principal component 
analysis for showing associa-
tion among measured traits 
of sorghum. A; under normal 
condition, B; stressful condi-
tion by preventing irrigation 
at pollination stage. PH; Plant 
height, TN; Tiller number, PL; 
Panicle length, TSW; 1000-seed 
weight, PW; Panicle weight, 
SWP; Seed weight per panicle, 
Y; Grain yield, Tan; Proline, 
Phen; Phenol, DM; dry mater, 
Cfi; Crude fiber NDF; Neutral 
Detergent Fiber, ADF; Cell 
wall—hemicellulose Free , CA; 
Crude Ash, Cfa; Crude fat, TSC; 
Total soluble carbohydrate, TS; 
Total starch, CP; Crude protein).
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contents that increase forage quality were higher under 
drought stress conditions. Since both quality and quan-
tity of forage are important, sorghum plants that toler-
ate some not-severe levels of drought stress would show 
both characteristics. Therefore, based on the results of the 
current study, inducing drought stress at doughy stage 
could slightly decrease yield of sorghum, which indicates 
the resistance of it to stress. This case could use for manag-
ing water consumption in this plant under limited water 
conditions. Besides, assessment of influences of severe 
drought stress (longer duration of stress) showed that 
quality-related traits influenced the relationship among 
these traits and also their relationships with morphologi-
cal and yield component traits. Zhang and Kirkham [36] 
evaluated antioxidant capability of sorghum in compari-
son with Helianthus annuus and reported that sorghum 
has a higher antioxidant capability under drought stress 
condition which indicates high suitability of sorghum as 
forage crop according to its high antioxidant activities. 
Antioxidant activities resulted in elimination of reactive 
oxygen species and change it to low-risk material, that this 
the process is a kind of mechanism of stress tolerance in 
plants. Antioxidant activity includes enzyme activity such 
as superoxide dismutase (SOD), catalase (CAT), peroxidase 
(POX) and ascorbate peroxidase (APX) and other enzymes, 
including glutathione cycle and ascorbate [37]. As well as 
secondary compounds and metabolites similar phenolic 
compounds and flavonoids also have antioxidant proper-
ties and reduce the negative effects of stress [38].

Also, their study was consistent with our result related 
to increase some quality-related and biochemical traits 
of sorghum under drought stress condition. Additionally, 
in agreement with the result of the current study, Nxele, 
Klein [39] showed that antioxidant activities of sorghum 
plants, representing higher quality of the forage, were 
higher under drought stress condition. Arivalagan and 
Somasundaram [40] showed that drought stress caused 
inhibition in overall protein production, but it led to higher 
proline, amino acid, glycine betaine, and total carbohy-
drate content compared to control condition which is 
in agreement with our results. On the other hand, Qadir, 
Bibi [41] showed that the crude protein, ADF, and NDF in 
sorghum plants were increased in response to drought 
stress condition indicating that drought has altered effect 
on quality of this plant as forage crop.

Comparing used varieties in the current study regard-
ing quality-related traits showed that no difference was 
observable for dry matter, crude fiber, ADF, crude fat, 
total soluble carbohydrate, and total starch. Payam var. 
showed highest mean values for phenol and crude ash, 
while Kimia var. obtained highest contents of NDF and 
crude protein. Both Kimia and Payam vars. were pointed 
out to be proper varieties based on quality-related traits, 

but because of having lowed NDF Payam might be more 
proper. Wright, Smith [31] showed that response of the 
two hybrids of sorghum (E-57 and TX-671) were different 
related to quality-related traits such as proline and pro-
tein content which is in line with the result of the current 
study. In another study by Masojídek, Trivedi [42], the com-
bination of drought stress and light stress led to different 
responses in three used varieties of sorghum. Two differ-
ent sweet sorghum inbred lines consisting of M-81E and 
Roma were responded alternatively to drought stress. In 
the study of Guo, Tian [43] quality-related traits containing 
of oxido-reductive activity and photochemical efficiency 
of PSII were lower in Roma than in M-81E under drought 
stress condition. In the study of Qadir, Bibi [41], 40 sor-
ghum lines, which were cytoplasmic male sterile, showed 
different contents of crude protein, ADF, NDF, and total sol-
uble carbohydrate under both drought stress and normal 
condition indicating high variability and selection ability 
in sorghum resources to reach higher-tolerant genotypes.

5  Conclusion

Overall results showed that drought stress negatively 
influenced morphological and yield-related traits of sor-
ghum, but its effect on some quality-related traits such 
as total soluble carbohydrate, crude protein, and proline 
contents was positive, in addition to being involved in 
stress tolerance mechanisms, these factors can increase 
the quality of grain nutrition. Therefore, according to 
the results of the current study, occurring drought stress 
based on prevention of irrigation at doughy stage (rep-
resenting moderate drought stress) could be suitable for 
production of sorghum. In addition, relationships among 
all measured traits were influenced by drought stress. 
Also, considering morphological and yield-related traits 
along with susceptibility (stress susceptibility index) and 
tolerance (geometric mean product) indices indicated 
that Payam is more proper to be used in both drought 
stress and non-stress conditions. Additionally, both 
Kimia and Payam varieties are proper varieties based on 
quality-related traits, but because of having lowed NDF 
Payam variety might be more proper.
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