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Abstract

Forty cytoplasmic male sterile (CMS) sorghum lines were evaluated for different physiological and biochemical
traits under drought stress. Considerable genetic variability was found among all physio-biochemical traits i.e.
water potential (¥ w), stomatal conductance (g), photosynthetic efficiency, acid detergent fiber (ADF), neutral
detergent fiber (NDF), ash and sugar contents. Results indicated that ash contents were found to be most adver-
sely affected by drought stress followed by sugar contents and stomatal conductance respectively. However, the
values of crude protein, acid detergent fiber (ADF) and neutral detergent fiber (NDF) were observed to be incre-
ase under stress condition. Principal component analysis (PCA) was applied to recognize drought tolerant lines.
Selection criteria was based upon findings of correlation analysis among all studied traits. The positive association
of water potential, stomatal conductance and photosynthetic efficiency with desirable traits viz. ash and sugar
contents; and NDF association with undesirable traits viz. ADF and NDF revealed a way forward to design future
breeding programs of sorghum crop under the prevailing scenario of climate change.

Introduction arid conditions (Rostamza et al., 2011). Drought is the
state of water shortage due to abnormal rainfall for a
prolonged period of time. Agriculture drought is the
lack of sufficient moisture essential for normal crop
growth and development to complete life cycle. In
general, drought stress at any growth stage showed
detrimental and negative effects on development
and growth of crop, depending upon the crop growth
stage and severity of drought stress. Drought affects
the biochemical, morphological and physiological
processes in crop plants. Significant consequences of
drought on crop include a reduction in cell expansion
and division rate, impaired germination, reduction in
leaf size, disturbed stomata oscillation, decreased
chlorophyll contents.

Climate anomalies such as biotic and abiotic stresses
due to global warming adversely affects the yield and
growth of agricultural crops (Atkinson et al., 2013;
Suzuki et al., 2014; Pandey et al., 2015). Different
abiotic stress conditions such as heat, cold, salinity and
drought indirectly affect the crop plants by favoring the
spread of insects, pathogens and weeds (McDonald et
al., 2009; Peters et al., 2014). These stresses also directly
affect the crop plants by decreasing photosynthesis
and whole plant growth, stomatal closure and wilting
(Sanchez et al., 2002). Additionally, abiotic stresses
such as drought boost the weeds competition with
crops as numerous weedy plants show enhanced water
use efficiency than crop plants (Valerio et al., 2013).
The Earth is a water-scarce planet; feeding more people
by using less water is the major goal (Foley et al., 2011).
To cop this drought challenge, crops having high
adaptability in drier regions should be used. Among
these, sorghum is one of the best choices grown for
feed, food, fuel and fiber (Paterson et al., 2009; Qadir
et al., 2015).

Among these abiotic stresses, drought stress is one
of the most damaging factors that causes significant
loss of crop yield (Amelework et al., 2015; Boyer and
Westgate, 2004). Drought is the most edaphic stress
that damages cellular homeostasis and hinders the
plant growth (Dai 2011; Pandey and Shukla, 2015).
Water demand for irrigation is continuously increasing
while there was a drastic reduction in the availability of  Sorghum (Sorghum bicolor L.), also known as sorgo,
water, this condition is more critical in semi-arid and  chari or jawar, is an important summer forage crop of
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Pakistan (Rooney et al., 2007). Sorghum represents an
excellent choice for single cut system and has yield
potential comparable to maize. Higher biomass with
higher dry matter, wide adaptation to soil and climatic
conditions (Dolciotti et al., 1998; Reddy and Reddy,
2003), quick growth, effective C4 photosynthesis
(Reddy et al., 2004; Taylor et al., 2010) and drought
tolerance capable sorghum as superior forage crop.
Sorghum is suitable in dry areas; when properly
managed it can provide super feed supplement during
lean periods in the form of hay (Brouk and Bean,
2011) and silage (Zhang et al., 2016). It was previously
reported that water stress negatively influenced the
chemical characteristics by affecting crude fiber, sugar,
total ash, nitrogen free extracts and protein (Bibi et al.,
2012; Kuchenmeister et al., 2013). Plants facing drought
stress accumulate more lignin and neutral detergent
fiber (NDF) (Amaducci et al., 2000; Carmi et al., 2006).
Drought stress also negatively affects the physiological
traits (chlorophyll, osmotic potential, photosynthesis,
relative water contents) of sorghum (Premachandra et
al., 1995; Qadir et al., 2015; Inoue et al., 2013; Tsuji
et al., 2003). So, the sorghum lines showing a better
physiological and biochemical response against
drought stress should be screened. Germplasm
from different sources has been extensively used in
breeding improvement program around the world.
The genetic variation among these germplasm makes
them as dynamic donor of different genes to develop
desired variety. So, in this study selection criteria will
be developed to screen sorghum lines for drought
tolerance. These lines will be used in development of
sorghum-sudangrass hybrids for cultivation in drought
prone areas of Pakistan.

Materials and Methods

Germplasm comprising 40 cytoplasmic male
sterile (CMS) accessions of sorghum were collected
from Fodder Research Institute (FRI), Sargodha,
Pakistan, Maize and Millet Research Institute (MMRI),
Sahiwal, Pakistan, Jullundur Private Limited (JPL),
Rahimyar Khan, Pakistan, United State Department of
Agriculture (USDA), USA and Dryland Farming Institute
(DFI), China. The experiment was performed during the
growing seasons 2015 and 2016, in the field area of
Department of Plant Breeding and Genetics, University
of Agriculture, Faisalabad. Drought stress was created
by omitting the irrigation i.e. the normal field was
irrigated by two times i.e. 20 and 40 days after sowing
while drought field was irrigated only one time (20 days
after sowing). The sorghum lines were evaluated under
normal irrigation and drought stress for evaluating
physiological and biochemical traits, reported below.

Physiological Traits

Stomatal conductance (g )

Average counts of stomatal conductance for 10
randomly selected flag leaves of intact plants from
each accession were recorded with the help of a
porometer (Model MK-3, Delta-T Devices, 123, Burwell,
Cambridge England).

Water Potential (¥ w)

Water potential (¥w) was measured in units of
pressure using a pressure chamber (Model OSK2710,
OGAWA Seiki Japan).

Photosynthetic efficiency

The variable fluorescence (Fv) and maximum
fluorescence (Fm) values were measured through
chlorophyll fluorometer. The ratio of Fv over Fm were
used to calculate the photosynthetic efficiency (Fv/Fm).

Biochemical Traits

Randomly selected plants of sorghum form field were
oven dried at 80% for 72 hours. The oven dried plants
were ground in powder form and were put into NIR
(Near-Infrared Reflectance) integrating sphere of Agri-
NIR system for measurement of crude protein, acid
detergent fiber and neutral detergent fiber.

Ash contents (%)

Two gram of oven dried sample was placed in a clean
dry previously weighed china dish. The sample was
ignited in a furnace at 600 °C till white or grey ash was
obtained. The residue was cooled in desiccators and
weight was recorded.

Ash contents % = (Weight of ash / Weight of sample) x100

Sugar Contents (Brix%)

Sugar contents (brix) were recorded through digital
refractometer (MA871 Digital Brix Refractometer made
in Hungary).

Statistical analysis

Analysis of variance was used to determine the
genetic variability. The Principal component analysis
(PCA) was performed to select the lines for drought
tolerance. R program was used to find the genotypic
and phenotypic association among physiological and
biochemical traits
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Table 1 - Mean Squares from Analysis of Variance for biochemical traits in sorghum

Sou.rc? of Degree of Crude protein Acid c{etergent Neutralldetergent Ash contents Sugar contents
variation Freedom fiber fiber
Accessions (A) 39 7.37*% 72.36** 105.94** 35.06** 16.97**
Treatments (T) 1 95.50** 42.76** 123.85** 399.41** 198.92**
Interaction A x T 39 0.55** 0.79** 1.39** 1.54** 0.99**

* Significant at 5% probability level, ** Significant at 1% probability level

Results
Genetic variability

Analysis of variance, respectively for biochemical
and physiological traits, (Table 1 and Table 2) indicated
the existence of significant genetic variability for all
the studied traits under normal irrigation and drought
stress. Interaction among genotypes and treatments
was also significant and indicated that selection of
treatments and genotypes was appropriate. So,

Table 2: Mean Squares from Analysis of Variance for physiological
traits in sorghum

Source of Degree of Stomatal Water Photosynthetic
variation Freedom conductance potential efficiency
Accessions (A) 39 53.33** 2.38** 1.96%*
Treatments (T) 1 1055.88**  60.33** 0.78**
Interaction A x T 39 5.92** 0.29** 0.20**

* Significant at 5% probability level, ** Significant at 1% probability level

variation of accessions over treatments could provide
an opportunity for breeding of biochemical traits
along with physiological traits under drought stress

conditions.

Performance of physiological and biochemical traits

The mean performance expression of all traits
except crude protein, acid detergent fiber and neutral
detergent fiber showed decrease under drought stress
as compared to normal irrigations during 2015 (Table 3).
Highest reduction (-21.68%) was observed for stomatal
conductance followed by ash contents (-18.50%)
whereas maximum increase (14.45%) was observed in
crude protein under drought stress during 2015. Similar
trends were also observed in 2016 (Table 4); stomatal
conductance, water potential, photosynthetic efficiency
decreased while crude protein, neutral detergent fiber
(NDF) and acid detergent fiber (ADF) increased under
drought stress. More in detail, highest reduction (-20%)
was observed for stomatal conductance followed by
ash contents (-19.16%) while highest increase (13.25%)
was observed in crude protein under drought stress
during 2016.

Principal component analysis

Principal component analysis (Fig. 1) was performed
to screen the sorghum lines. In PCA, lines FRI-A1,

Table 3: Range and average percentage increase or decrease under drought stress as compared to normal irrigation for physiological

and biochemical traits in sorghum during 2015

Average % decrease or increase

Sr. Traits Conditions Range in drought as compared to normal
irrigation

Normal 11.8-23.3

1 Stomatal conductance (mol m-2 s-1) -21.68
Drought 7.7-19.90
Normal -4.88--2.58

2 Water potential (MPa) -14.20
Drought -5.60--3.30
Normal 0.31-0.66

3 Photosynthetic efficiency 9.8
Drought 0.19-0.62
Normal 529

4 Protein (%) 14.45
Drought 6.1-10.2
. . Normal 22.62-36.82

5 Acid detergent fiber (%) 33
Drought 25.24-37.4
Normal 56.3-73.67

6 Neutral detergent fiber (%) 1.9
Drought 57.17-74.2
Normal 6.9-15.88

7 Sugar contents (%) -15.7
Drought 5.1-13.71
Normal 5.1-11.40

8 Ash contents (%) -18.5
Drought 4.3-9.60
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Table 4: Range and percentage increase or decrease under drought stress as compared to normal irrigation for physiological and bioche-

mical traits in sorghum during 2016

Average % decrease or increase

Sr. Traits Conditions Range in drought as compared to normal
irrigation

Normal 12.1-22.9

1 Stomatal conductance (mol m-2 s-1) -20%
Drought 8.2-19.6
. Normal -4.70- - 2.55

2 Water potential (MPa) -13.1
Drought -5.47--3.20
Normal 0.33-0.71

3 Photosynthetic efficiency -10.4
Drought 0.18-0.64
. Normal 5.25-8.7

4 Protein (%) 13.25
Drought 6.9-11.8
) . Normal 23.45-35.75

5 Acid detergent fiber (%) 25
Drought 25.75-36.42
Normal 54.6-72.9

6 Neutral detergent fiber (%) 2.1
drought 56.45-74.99
Normal 7-14.75

7 Sugar contents (%) -13.8
drought 5.2-12.76
Normal 6.2-11.15

8 Ash contents (%) -19.16
drought 4.3-9.10

FRI-A2, FRI-A5, FRI-A9, Red line, Y-1, Y-2, Y-6, PI
644512 and Pl 569994 gained position in Quadrate .
Therefore, these sorghum lines are considered drought
tolerant. While lines Y-3, Y-4, Y-7, P1 570821, Pl 570821,
Pl 217799, Pl 330036, Y-9 and FRI-A4, FRI-A3, FRI-A8,
FRI-A12, FRI-A13 fell in Quadrate IV so these result the
drought susceptible sorghum lines.

Association among physiological and biochemical traits

Association among the physiological and biochemical
traits under drought conditions, during 2015-2016,
(Table 5) showed that stomatal conductance has
a significantly positive genotypic and phenotypic
association with water potential, photosynthetic
efficiency, sugar contents and ash contents while
significantly negative association with crude protein.
Water potential also has positive association with
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Fig. 1 -Principal Component Analysis (PCA) for 40 accessions of sorghum under drought stress.
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Table 5: Genotypic and phenotypic association among physiological and biochemical traits in sorghum under drought stress during

2015-2016
sc wP PE Protein ADF NDF Sugar AC
contents
s G 1 0.60% 0.52%%  -0.40%* 0.11 -0.07 0.72% 0.32%
P 0.57%* 0.50%%  -0.39** 0.09 0.06 0.70%* 0.30%*
we G 1 0.44%%  0.32%* 0.23* 0.08 0.50%* 0.42%*
P 0.41%  0.32% 0.21%* 0.05 0.48** 0.39%
o G 1 0.39%* 0.18 -0.07 0.35%* 0.27%*
P -0.35% 0.14 0.05 0.33* 0.24*
. G 1 0.25% 0.29* 0.43* 0.21%
Protein
P 0.22% 0.27* -0.40%* 0.18
G 1 0.69% 0.11 -0.28*
ADF
P 0.65** 0.07 0.24*
G 1 0.08 0.10
NDF
P 0.07 0.08
G 1 0.41%
AC
P 0.38**

G Genotypic association, P Phenotypic association, SC Stomatal conductance, ADF Acid detergent fiber, WP Water potential

NDF Neutral detergent fiber, PE Photosynthetic efficiency, AC Ash contents

photosynthetic efficiency, sugar contents and ash
contents but negative correlation with protein, acid
detergent fiber and neutral detergent fiber. Acid
detergent fiber and neutral detergent fiber showed
significantly negative genotypic and phenotypic
association with all the traits except crude protein.
Results showed that sugar contents and ash contents
have a significantly positive genotypic and phenotypic
association with all the physiological traits while
negative association with all the biochemical traits.
Table 5 also showed that values of phenotypic effects
are lower than the those of genotypic effects.

Discussion
Genetic variability and mean performance of genotypes

Development of drought tolerant, high quality
sorghum hybrids and sorghum-sudangrass hybrids is
of prime importance for sorghum breeder. Effective
screening of germplasm for biochemical and
physiological traits especially under drought stress is
a valuable way of selecting material for development
of varieties and hybrids. The highly significant
differences observed between the accessions for all
the physiological and biochemical traits showed that
the sorghum germplasm has high variability and could
be effectively used for breeding purpose (Mwadzingeni
et al., 2016).

Drought stress induced a negative effect on
physiological and biochemical traits of sorghum (Bibi
et al., 2010; Qadir et al., 2015); stomatal conductance,
water potential and photosynthetic efficiency are

important traits for drought tolerance. Exposure

of plants to drought stress decreased the water
potential (Siddique et al., 2001). Reduction in stomatal
conductance under drought stress showed the partial
closing of stomata to preserve water (Sumayao, 1977,
Munamava and Riddoch, 2001). Reduction in stomatal
conductance is due to accumulation of abundant
abscisic acid (ABA) under water stress (Yang et al.,
2011). Stomata are very sensitive to reduction in leaf
water potential (Clark, 1982), however, sorghum has
ability to keep stomata open even at very low water
potential (Ackerson et al., 1977). Any reduction in
stomatal conductance can limit the uptake of CO,
which ultimately results in reduction of photosynthetic
activity (Haworth et al., 2016). Photosynthetic efficiency
was also reduced under drought stress due to
reduction in leaf area (Munamava and Riddoch, 2001).
Photosynthetic efficiency decreased under drought
stress, as was also reported by Blanco et al. (2000) and
Samarah and Alqudah (2011). Drought stress inhibits
the photosynthetic efficiency by reducing chlorophyll
contents and damaging the photosynthetic apparatus
(Ormaetxe et al, 1998) and causing metabolic
impairments or stomatal closure (Tezara et al., 1999).
Water potential is reduced under water stress, as was
also previously reported by Sgherri et al. (1995) and
Pennypacker et al. (1990). The reduction in water
potential may be due to change in osmotic pressure
(Siddique et al., 2001).

Results of biochemical traits indicated that drought
stress increased the crude protein, same results were
also reported by Bibi et al. (2012); Kuchenmeister et
al. (2013) and Qadir et al. (2015). While Liu et al. (2018)
found a small reduction in crude protein under water
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stress. Carter and Sheaffer (1983) reported that crude
protein remains unaffected in alfalfa during water
stress. Hale and Orcutt (1987) observed that plant
synthesize special high molecular proteins during water
stress to assist them in resisting the effect of water
stress. On the contrary, CP, NDF and ash contents were
not affected and remain at the same level during water
stress and normal irrigation (Dominguez et al., 1996).
Peterson et al. (1992) reported inconsistency in crude
protein concentration in forage legumes. Moreover,
current study showed that sugar contents (brix value)
were decreased under drought stress. Almodares et al.
(2013) also found negative effects of drought on sugar
production as well as sugar accumulation in sorghum.
Post flowering drought also affect the sugar production
in sorghum (Tovignan et al., 2016). Reduction in forage
quality like sugar, crude fiber, nitrogen free extract (NFE)
and protein by drought stress was also reported by Bibi
et al. 2012 and Kuchenmeister et al. 2013. Ash contents
were reduced with increasing water stress (Qadir et al.,
2015). Bibi et al. (2012) and Kuchenmeister et al. (2013)
also found a negative effect of drought on ash contents
in sorghum. Results showed that drought did not affect
significantly the neutral detergent fiber (NDF) and acid
detergent fiber (ADF). There is little increase in ADF and
NDF under drought. Udomprasert and Sawasdiphanich
(1995) also found no effect of drought on ADF. While
Seguin et al. (2002) found that drought increases ADF
concentration but a little effect on NDF concentration
was observed. On the other hand, drought decreases
ADF and NDF content in alfalfa (Abid et al., 2016) and
in forage legumes (Peterson et al., 1992). Halim et al.
(1990) also reported an NDF reduction in both stem and
leaves under drought. Contrary to these, Dominguez et
al. (1996) observed no effect of drought on ADF and
NDF which remained the same under normal as well as
drought conditions.

Association Analysis

Association analysis provides the strength of
relationship among two traits and allows finding
direction and amount of association among them which
is essential for creating an effective and efficient crop
improvement procedure. For present study, correlation
coefficients were figured among physiological and
biochemical traits. During development of variety, the
breeding could be very effective when there is positive
association among the desired traits, but it could be
very difficult if these traits are negatively associated
(Nemati et al., 2009). The sugar contents and ash
contents should be high under drought stress while
NDF and ADF have negative impact so their content
should be lower in plants under drought stress. The
positive association of stomatal conductance, water

potential and photosynthetic efficiency with sugar and
ash contents and negative association with ADF and
NDF showed that sorghum drought tolerant plants
could be selected based on these physiological traits.
The negative association of protein content with
physiological traits is due to the increased protein
production under drought stress (Dhindsa and Cleland,
1975; Cao et al.,, 2017). The lower association values
of phenotypic traits than genotypic ones showed that
these traits are less affected by the environments and
traits are under genetic control.
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