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Selectable Traits in Sorghum Genotypes for Tolerance to

Salinity Stress
E. Shakerit, and Y. Emam*”

ABSTRACT

Sorghum [Sorghum bicolor (L.) Moench] is moderately tolerant to salinity and it is
important as a candidate crop for both fodder and grain in salt-affected areas. This pot
experiment was conducted at Research Greenhouse of College of Agriculture, Shiraz
University, Iran, to evaluate the relative effectiveness of biochemical traits and stress
tolerance indices contributing to genotypic differences in salinity tolerance in 30 lines and
14 cultivars of sorghum. In addition, a new indicator, Storage Factor Index (SFI), was
defined and used to quantify the Na* partitioning between shoot and root. Among the
indices, stress tolerance index was found useful as a selection criterion. Furthermore, the
tolerant genotypes had higher K*/Na* ratio in shoot and root with greater SFI, indicating
that most of Na* was stored in their roots. Although peroxidase and superoxide dismutase
were enhanced under salinity conditions in both sensitive and tolerant genotypes, only
Catalase (CAT) activity was found to be promoted in tolerant lines/cultivars. Proline
accumulation did not appear to be related to salinity tolerance in sorghum lines/cultivars.
Overall, our findings suggested that salinity tolerance in sorghum genotypes was not only
associated with Na* exclusion from the shoot, but also with the enhancement of CAT

activity.
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INTRODUCTION

Increased salinization is one of the major
factors limiting plant growth and productivity,
especially in arid and semi-arid areas (Barati et
al., 2017). Among crops, sorghum is one of
the candidate crops for salt-affected areas, due
to its high flexibility for extreme conditions
(Kafi et al., 2013) as well as high tolerance to
drought and salinity stress (Bavei et al., 2011).
Several workers have reported that substantial
genotypic variations have been recorded for
sorghum cultivars under salinity conditions
(Krishnamurthy et al., 2007; Bavei et al.,
2011). However, some researchers have
attributed the higher salinity tolerance in
sorghum genotypes to a higher phytomass
production (Krishnamurthy et al., 2007).
Generally, tolerance to salinity has been

defined as the ability of a plant genotype to
thrive under saline conditions, thereby
minimizing yield loss (Arzani and Ashraf,
2016). Plants have developed various
strategies including biochemical and bio-
physical mechanisms to alleviate salinity stress
on plant growth (Arzani and Ashraf, 2016).
Proline can act as a compatible solute,
osmoprotectant, and a protective agent for
cytosolic enzymes and cellular organelles
Furthermore, proline can be a carbon and
nitrogen source, a membrane stabilizer and
scavenger for free radicals (Verbruggen and
Hermans, 2008). Although some workers have
shown that salinity tolerance in many plant
species is accompanied by  proline
accumulation (Arzani and Ashraf, 2016;
Bazrafshan and Ehsanzadeh, 2016), some
other researchers have indicated that proline
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accumulation has only been a reaction to salt
stress, and  salinity-sensitive  cultivars
accumulated higher amount of proline than
salinity-tolerant genotypes, for instance, in
sorghum (Lacerda et al., 2003, 2005; Bavei et
al., 2011) and wheat (Houshmand et al., 2005;
Poustini et al., 2007). To counteract salt-
induced oxidative stress, plants commonly
generate antioxidative enzymes such as
SuperOxide Dismutase (SOD), Catalase
(CAT) and Peroxidase (POD) (Pessarakli,
2011). It is generally demonstrated that
tolerant cultivars have an enhanced or higher
level of antioxidant activity compared to
sensitive cultivars (Gupta and Huang, 2014),
albeit it has also been suggested that,
sometimes, the cultivar more sensitivity to
salinity stress is associated with higher level of
antioxidant activity (Tari et al., 2013). It is
widely accepted that selective uptake of K*
over Na" is one of the most important
mechanisms related to salinity tolerance
(Bavei et al., 2011; Shabala et al., 2013; Tari
et al., 2013; Almodares et al., 2014; Pandolfi
et al., 2016). Therefore, several workers
suggested that greater K*/Na® ratio and Na*
exclusion could be used as a reliable criterion
for screening and breeding salt tolerant
cultivars (Netondo et al., 2004; Krishnamurthy
et al., 2007; zZhu et al., 2016). It seems that
salinity-affected sorghum plants have high
ability to restrict Na* and CI" translocation
from the roots to the shoot (Tari et al., 2013;
Almodares et al., 2014; Yan et al., 2015).
Although some researchers have already
reported the physiological responses of
sorghum cultivars to salinity, they normally
have considered a few cultivars (Lacerda et al.,
2003, 2005; Netondo et al., 2004; Bavei et al.,
2011). Those researchers who have compared
many sorghum genotypes responses to salinity

have not focused on all aspects of
physiological attributes including proline
accumulation, antioxidants, and ion

distribution (Krishnamurthy et al., 2007;
Almodares et al., 2014). Therefore, the main
objective of the present investigation was to
evaluate the possible physiological indices
correlated to salinity tolerance in a large
number of sorghum genotypes.
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MATERIALS AND METHODS
Plant Materials and Growth Conditions

This experiment was carried out in a
controlled environment (Research Greenhouse
of College of Agriculture, Shiraz University,
Iran) using 30 lines and 14 cultivars of
sorghum (Table 1). The lines studied in this
experiment were bred under different agro-
climatic conditions in Iran and were released
in 2013. The cultivars were commercially
cultivated by sorghum growers and included:
Jumbo, Nectar, Speed-feed, Sistan, Ghalami-
herat, Pegah, Sepideh, KFS1, KFS2, KFS4,
Broom corn, Sweet-sorghum, Kimia, and
Moghan. Cultivars and lines of sorghum were
obtained from the Seed and Plant
Improvement Institute, Karaj, Iran. The pots
were irrigated either with saline water (EC= 12
dS m™) or normal (EC= 2 dS m™) irrigation
water. Plants were subjected to saline
irrigation water (2:1 weight ratio of NaCl:
CaCl,) from seed emergence to harvesting
time, representing farmers practice in most
sorghum growing areas. To maintain
consistency of salinity throughout the
experiment, EC of pot drainage was also
controlled by portable EC-meter (O’HAUS
ST-300C-G). The average minimum and
maximum temperature and relative humidity
were 18 and 30°C, and 60%, respectively.

The pots (19 cm diameter, 18 cm height,
containing 5 kg soil) were filled with 2:1 ratio
of field soil and sand and were watered
(+leaching fraction requirement) to reach the
field capacity level. The physicochemical
properties of the soil used for experimentation
are given in Table 2. The water needed for
keeping the soil moisture at field capacity level
was determined by daily weighing of the pots.
Ten seeds of each sorghum line/cultivar were
sown at a depth of 2-3 cm and, after
emergence; the seedlings were thinned to 5.
Forty-days old plants (at vegetative stage)
were harvested and divided into root and
shoot, dried in aerated oven at 72°C for 2 days
and the dry weights were recorded. Forty-days
shoot dry weight of salt treated plants versus
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Table 1. Mean values of shoot dry weight, tolerance indices and proline accumulation in 44 sorghum lines/cultivars.

Shoot dry weight (g plant™®)

Tolerance Indices Proline (UM g"1 FW)

Cultivars/Lines Control  Salinized % ssI© sTI GMP®  Control  Salinized _Changes
% S % S
KDFGS1 155 1.32 15 ns 027 028 143 353 4.86 38 ns
KDFGS2 1.82 1.03 43 *~ 080 026 137 281 5.16 84
KDFGS3 1.69 0.82 51 ** 095 019 118 3.5 5.66 80 **
KDFGS4 2.05 0.93 55+ 101 026 138  3.42 5.42 58
KDFGS5 1.45 0.64 56 ** 103 013 096  3.78 5.85 55
KDFGS6 1.88 0.95 49 ** 092 025 134 244 531 118 **
KDFGS7 1.85 0.78 58 ** 107 020 120 261 595 128 **
KDFGS8 171 1.02 40 ns 075 024 132 312 5.25 68 **
KDFGS9 1.92 0.75 61 % 113 020  1.20 24 594 148 **
KDFGS10 3.33 0.8 76 ** 141 037 163 198 589 197 **
KDFGS11 1.83 0.81 56+ 103 020 122 2.7 581 115 **
KDFGS12 1.76 0.93 47 ns 087 023 128  3.03 5.38 78
KDFGS13 1.98 0.63 68 ** 126 017 112 2.2 574 161 **
KDFGS14 1.87 0.69 63 ** 117 018 114 254 584 130 **
KDFGS15 4.41 2.43 -45 083 148 327 144 415 188 **
KDFGS16 1.81 1.03 -43 080 026 137  2.89 5.11 77
KDFGS17 1.84 1.06 42 ns 078 027 140 264 5.06 92
KDFGS18 3.81 0.9 76 ** 141 047 18 192 545 184 **
KDFGS19 3.92 2.13 46 ** 085 115 289 191 431 126 **
KDFGS20 1.64 0.89 46 ** 085 020 121 327 5.47 67
KDFGS21 1.86 0.65 65 ** 120 017 110 259 586 126 **
KDFGS22 1.96 0.94 52 ** 096 025 136  2.33 533 129 **
KDFGS23 4.85 0.86 82 ** 152 058 204 15 571 281 **
KDFGS24 1.79 1.00 44 % 082 025 134 292 5.29 g1 **
KDFGS25 1.95 0.75 62 ** 114 020 121 239 592 148 **
KDFGS26 4.23 0.84 80 ** 148 049 188 141 589 318 **
KDFGS27 1.44 0.85 41 ns 076 017 111 385 5.63 46
KDFGS28 153 0.88 42 * 079 019 116 357 5.51 54
KDFGS29 2.52 1.23 51 %% 095 043 176  2.00 454 127 **
KDFGS30 1.07 0.61 43 ns 080 009 081 387 603 56 **
Jumbo 471 2.63 44 ns 082 171 352 124 301 143 **
Nectar 4.77 0.79 83 *~ 154 052 194 121 608 402 **
Speed feed 459 2.6 43 080 165 345 152 380 150 **
Sistan 4.28 2.34 45 084 138 316 177 386 118 **
Ghalami Herat ~ 4.73 2.69 43 080 176 357 120 363 203 **
Pegah 452 2.55 -44 081 159 339 130 409 215 **
Sepideh 3.18 0.74 77 % 142 032 153 198 579 1092 **
KFS1 2.06 0.87 58 *x 107 025 134 214 556 160 **
KFS2 4.36 2.49 43 ** 079 150 329 154 424 175 **
KFS4 16 0.88 45 o+ 083 019 119 264 55 108 *
Broom corn 1.91 111 42 ns 078 029 146 243 495 104
Sweet 411 2.37 42~ 078 134 312 165 4.04 ox
sorghum 145
Kimia 2.09 0.83 60 ** 112 024 132 201 557 177 **
Moghan 4.68 2.54 46 ** 085 164 345 122 31 154 **
Mean 2.0 1.24 54 - - - 2.36 514 117 **
LSD (0.05) 0.49 0.45 - - - - - 1.02 157 -

2 Percentage of changes upon salinity stress; ° Significance level; © Stress susceptibility index; ¢ Stress tolerance index,

e

Geometric mean productivity. ™ Non-significant; * Significant at 0.05 probability level, ** Significant at 0.01 probability

level.
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Table 2. Some physicochemical properties of the experimental soil.

Organic matter

EC (dS m?) (%)

pH

Nitrogen

(%)

Potassium
(mg kg™)

Phosphorus

B Texture
(mg kg

0.6 7.09 1.12

0.15

17 420 Silty loam

the control ones as shoot dry weight ratio
were used to evaluate the salinity tolerance
of sorghum lines/cultivars (Krishnamurthy
et al., 2007).

Stress Indices

Three stress indices including Geometric
Mean Productivity (GMP) (Fernandez,
1992); Stress Susceptibility Index (SSI)
(Fischer and Maurer, 1978), and Stress
Tolerance Index (STI) (Fernandez, 1992)
were applied to evaluate the genotypic
performance of lines/cultivars under saline
conditions.

Antioxidant Enzymes and Proline
Content

The last fully expanded leaves were cut to
measure oxidative damage status by
measuring the activity of some antioxidant
enzymes including SuperOxide Dismutase
(SOD) (EC 1.15.1.1), Peroxidase (POD)
(1.11.1.7) and Catalase (CAT) (1.11.1.6).
SOD, POD and CAT were determined using
Beauchamp and Fridovich (1971), Chance
and Maehly (1995) and Dhindsa et al.
(1981) methods, respectively. Proline level
was measured according to Bates et al.
(1973) method.

lon Distribution

The dried shoots (stem+leaves) and roots
were used to measure Na* and K
concentrations by  410-Corning  flame
photometer. The samples were ashed by Oven
(Paragon) at 600°C for 4 hours. Na and K
contents were measured using 2N chloride
acid extract (Horneck and Hanson, 1998).
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To quantify Na* ion partitioning between
root and shoot, we used Storage Factor Index
(SFI) calculated as: SFI= RI/TAIl (Pirasteh-
Anosheh and Emam, 2016).

Where, RI and TAI are root Na’
accumulation and total amount of Na*
absorbed, respectively. Indeed, the Storage
Factor Index (SFI) refers to the proportion of
any ion (e.g. Na" or CI') which remains in the
root cells. A zero value of SFI means that
almost all absorbed ions are transported to the
shoot; whereas a value of 1 means all absorbed
ions are stored in the root (Pirasteh-Anosheh
and Emam, 2016). More Na* accumulation in
roots and lower transportation to the shoot is
considered as a mechanism for higher salinity
tolerance in plants (Shabala et al., 2013;
Almodares et al., 2014); thus, higher SFI could
be used as an index for higher salinity
tolerance potential.

Statistical Analysis

A Completely Randomized Design (CRD)
with factorial treatments (30 lines and 14
cultivars and two salinity levels) with three
replications was used. Analysis of variance
was carried out using SAS (Statistical
Analysis System) (SAS release 9.2, 2002)
and the means were compared using the
Least Significant Difference (LSD) test at
P= 0.05. The Pearson correlation
coefficients between phytomass production
(under both conditions) and tolerance
indices were determined.

RESULTS AND DISCUSSION
Stress Indices

Shoot dry weight, tolerance indices and
proline level of genotypes are showed in
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Table 1. There was substantial variation
among genotypes with respect to shoot dry
weight under both control and stress
conditions (Table 1). Although the higher
shoot dry weight under normal conditions
was obtained by KDFGS23 line and Nectar
cultivar (Table 1), they showed remarkably
lower shoot dry weight under saline
conditions (82 and 83 percent reduction,
respectively). Similarly, lines number 10,
13, 14, 21, 26 and Sepideh and Kimia
cultivars showed similar pattern (Table 1)
indicating high sensitivity to salt stress.
Interestingly, SSI index also verified these
findings, where these lines/cultivars had
higher SSI index (Table 1). For example, the
highest value of SSI index was observed in
lines number 23 (1.52), 26 (1.48) and Nectar
cultivar (1.54) (Table 1). These differences
have normally been attributed to the genetic
potential capability of each genotype
(Krishnamurthy et al., 2007). Under saline
conditions, Ghalami-herat, Jumbo, Speed-
feed, Pegah, Moghan, KFS2, KDFGS15,
Sweet sorghum, and Sistan produced higher
shoot dry weight (Table 1). Indeed, these
genotypes also had higher shoot dry weight
under normal conditions and showed higher
value for STI (higher than 1) and GMP
(Table 1). Furthermore, highly significant
positive correlations were found between
GMP and STI (Table 3). In fact, indices
GMP and STI were equally able to identify
genotypes. Also, the correlation coefficients
revealed that SSI was negatively correlated
with shoot dry weight (r= -0.43") under
saline conditions and had no correlation with
shoot dry weight under normal conditions
(Table 3). These findings have also been

reported by Sio-Se Mardeh et al. (2006) who
showed negative correlation between SSI
and yield under stress conditions.

Similarly, Ali et al. (2013) found that SSI
index could not capture genotypes with both
high vyield potential as well as stress
tolerance. Our findings is also confirmed by
the results of Porch (2006) and Ali et al.
(2013) who found better performance and
more effectiveness for STI compared to SSI
to distinguish higher yielding genotypes
across different environments. On the other
hand, STI index considers genotypes with
high yield potential and stress tolerance
(Fernandez, 1993).

As a different face of the coin, Stress
Susceptibility Index (SSI) can introduce
genotypes with more stable yield under
stress conditions (Fischer and Maurer,
1978). Indeed, the lower values for Stress
Susceptibility Index (SSI) shows lower
difference in the yield between the stress and
normal conditions, which means more
stability in yield.

Proline Content

A significant accumulation of proline
occurred in all lines/cultivars as salinity
stress was imposed (Table 1); however, the
genotypes differed significantly in proline
accumulation (Table 1). The accumulation
of proline was higher in Nectar cultivar
(402%) and lines number 10 (197%), 23
(281%) and 26 (381%) which were found to
be sensitive genotypes based on tolerance
indices. In contrast, salinity tolerant
genotypes such as Ghalami-herat (203%),

Table 3. Correlation coefficients for tolerance indices and shoot dry weight.

Yp*? YsP SSI® STI® GMP*®
Yp 1
Ys 0.73" 1
SSI 0.23"™ -0.43" 1
STI 0.85" 0.97” -0.23"™ 1
GMP 0.89™ 0.96™ -0.18"™ 0.99™ 1

2 Shoot dry weight in non-stress conditions; ® Shoot dry weight in stress conditions; ¢ Stress
Susceptibility Index; ¢ Stress Tolerance Index, ¢ Geometric Mean Productivity. ** Significant at 1%

probability level, ™ Non-significant.



L

Shakeri and Emam

Jumbo (143%), Speed-feed (150%), Pegah
(215%), Moghan (177%), KFS2 (175%),
KDFGS15 (188%), Sweet sorghum (145%)
and Sistan (118%) had lower proline
accumulation under saline conditions (Table
1). It was also found that shoot dry weight
ratio i.e. shoot dry weight under
salinity/shoot dry weight under control was
negatively  correlated  with  proline
accumulation under saline conditions (r= -
0.52™) (data not shown). These findings are
supported by Lacerda et al. (2003, 2005)
who indicated that cultivars of sorghum
which were classified as salinity-sensitive
accumulated higher levels of proline.
Although proline accumulation is a common
response to wide range of stress conditions
which contributes substantially to the
cytoplasmic osmotic adjustment, yet, the
relationship between proline accumulation
and salinity tolerance is not proved
(Verbruggen and Hermans, 2008; Munns
and Tester, 2008; Yan et al., 2015). For
example, though several researchers have
already found that salinity tolerance is
normally associated with proline
accumulation (Arias-Baldrich et al., 2015;
Bazrafshan and Ehsanzadeh, 2016), some
studies have demonstrated that salt-sensitive
cultivars exhibited greater accumulation of
proline (Lacerda et al., 2003, 2005; Tavakoli
et al, 2016). Regarding the positive
correlation between Na* shoot concentration
and proline accumulation (r= 0.78™) (data
not shown), it seems that proline
accumulation for sensitive genotypes is
considered as a mechanism to survive under
stress conditions (Poustini et al., 2007).
Also, it appears that proline accumulation is
only a result of salt injury rather than an
adaption and acclimation to salinity
conditions. On the other hand, accumulation
of one mole of proline usually needs 41
mole of ATP consumption (Munns and
Tester, 2008), and this process usually
occurs at the expense of plant growth. So,
proline accumulation might be associated
with the reduction in plant growth.
Therefore, our findings add more evidence
supporting the idea that there might be no
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correlation between proline accumulation
and salinity tolerance.

Responses of Antioxidant Enzymes

Salinity stress stimulated SOD and POD
activities in all lines/cultivars (Table 4).
There were remarkable variations among
genotypes regarding antioxidant activities
(Table 4). Under saline conditions, greater
extent and more significant enhancing effect
on antioxidant activity was observed in
tolerant genotypes including Ghalami-herat,
Jumbo, Speed-feed, Pegah, Moghan, KFS2,
KDFGS15, Sweet sorghum, and Sistan
(Table 4). Based on the results of the present
investigation, tolerant genotypes had greater
O,»— scavenging ability compared to
susceptible ones. It has been reported that
POD can contribute to different processes
including lignification, oxidation of
phenolics, regulation of cell elongation and
detoxification (Chaparzadeh et al., 2004;
Seckin et al., 2010). SuperOxide Dismutase
(SOD), as a key enzyme can cope with
oxidative stress by rapidly converting Oy—
into H,0, and O, to maintain normal
physiological processes in plants (Hu et al.,
2012). CAT activity was enhanced in salt-
tolerant lines/cultivars (Table 4).
Interestingly, in contrast to POD and SOD,
consistent trend was not observed for CAT
activity in sensitive genotypes (Table 4). For
example, CAT activity was decreased in
some genotypes including lines number 13,
18, 21, 26 and Sepideh and KFS1 cultivars
(Table 4). Also, the changes of CAT activity
was not significant in Nectar, Sepideh and
Kimia cultivars (known as sensitive
genotype) (Table 4). Our results are in
agreement with previous reports by Hu et al.
(2012) and Lee et al. (2013) who found that
under salinity stress CAT activity decreased
in sensitive genotypes. Additionally, Xue
and Liu (2008) showed no significant
increases of CAT activity in leaves of salt-
sensitive cultivars. Chaparzadeh et al.
(2004) indicated that the changes in CAT
activity were dependent on the plant species,
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Table 4. Mean values of POD, SOD and CAT activity in 44 sorghum lines/cultivars.

POD? (Units mint mg? protein)  SOD” (Units min mg™? protein) CAT® (Units min™t mg’? protein)

Cultivars/

Lines Control  Salinized %‘% Control Salinized % Control  Salinized %
KDFGS1 3.31 6.19 87 ** 7.10 18.38 159  ** 3.61 14.57 304  **
KDFGS2 3.20 5.92 85  ** 7.50 15.17 102 ** 3.12 13.58 335  **
KDFGS3 2.93 6.2 112 ** 9.06 19.83 119 ** 4.35 7.82 57  **
KDFGS4 3.83 6.25 63 ** 6.67 14.25 114 ** 55 7.53 37 ns
KDFGS5 2.72 5.71 110 ** 6.58 15.78 140 ** 4.28 10.79 152 **
KDFGS6 3.29 5.84 78  ** 7.17 16.18 126 ** 6.86 10.85 58 *
KDFGS7 3.36 5.98 78  ** 6.58 19.64 198  ** 5.10 7.66 50 wx
KDFGS8 2.59 4.27 65 ** 7.89 18.39 133 ** 6.97 13.04 87 *x
KDFGS9 3.58 7.14 99  ** 9.10 20.04 120 ** 3.17 4.89 45 *
KDFGS10 4.69 6.03 29 ** 10.33 17.29 67  ** 5.01 6.53 30 *
KDFGS11 3.54 6.16 74 ** 7.58 16.78 121 ** 4.67 5.12 10 ns
KDFGS12 3.09 6.68 116 ** 6.17 18.94 207  ** 4,78 10.69 124 **
KDFGS13 3.77 7.66 103 ** 7.76 16.42 112 ** 6.24 13.48 -12 ns
KDFGS14 3.47 7.10 105 ** 8.17 21.29 161 ** 5.67 6.69 18 *x
KDFGS15 4.20 9.31 122 ** 13.11 24.56 87 *x 5.17 14.25 176  **
KDFGS16 3.14 6.64 111 ** 8.67 20.59 137 ** 5.87 13.94 137 **
KDFGS17 2.80 5.7 104 ** 8.91 22.62 154  ** 4,57 10.05 120 **
KDFGS18 4,52 7.74 71 ** 11.61 19.74 70 ** 6.06 5.51 -9 ns
KDFGS19 4.56 8.94 96  ** 10.75 25.79 140 ** 441 16.60 276  **
KDFGS20 2.90 5.28 82 ** 7.68 19.86 159  ** 4,53 1051 132 **
KDFGS21 3.42 5.6 64  ** 8.55 18.91 121 ** 5.36 4.46 -17 ns
KDFGS22 3.70 6.85 85 ** 6.54 18.32 180 ** 4.70 8.93 90  **
KDFGS23 3.98 5.8 46 = 12.11 19.24 59  ** 4,79 5.55 16 ns
KDFGS24 3.10 6.44 108 ** 9.28 21.76 134 ** 5.12 12.04 135 **
KDFGS25 3.62 6.12 69 ** 9.93 18.31 84 ** 3.78 451 19 ns
KDFGS26 4,74 7.24 53 ** 7.89 16.21 105 ** 6.21 5.83 -6 ns
KDFGS27 2.88 4,75 65 ** 5.54 14.46 161 ** 6.26 14.04 124 **
KDFGS28 2.76 4.93 79 ** 7.78 18.63 139 ** 4.40 12.05 174 **
KDFGS29 3.98 8.27 108 ** 9.58 23.17 142 ** 5.14 7.81 52 *x
KDFGS30 3.01 5.83 94  ** 6.27 17.26 175  ** 5.53 10.95 98  **

Jumbo 4.09 9.75 138 ** 12.23 24 .97 104  ** 4.88 9.97 104  **

Nectar 4.05 6.85 69 ** 12.37 18.69 51 * 4.69 5.27 12 ns
Speed feed 4.76 9.22 94  ** 13.25 25.51 93  ** 6.29 14.62 132 **

Sistan 431 9.11 111 ** 12.75 25.88 103 ** 4.42 10.48 137 **

Ghalami —, »g 882 106 1352 2718 101 593 1373 131 **

Herat ' ' ' ' ' '

Pegah 4.14 9.43 128 ** 13.38 28.09 110 ** 4,58 11.51 151  **

Sepideh 4.57 7.92 73 ** 10.38 18.61 79 *x 4.26 4.10 -4 ns

KFS1 3.86 5.38 39 ** 9.75 20.12 106 ** 5.65 5.03 -11  ns

KFS2 451 8.64 92  ** 11.95 21.94 84 *x 4.22 11.44 195  **

KFS4 2.68 4.58 71 * 9.83 17.29 76 *x 4.67 11.24 141 **

Broom corn 3.55 5.88 66 ** 9.33 19.10 105 ** 4.36 10.11 132 **

Sweet *x *x

4.80 9.1 90 13.26 2411 82 4.23 15.61 269  **
sorghum

Kimia 4,52 7.83 73 ** 7.88 16.95 115 ** 3.98 4.37 10 ns

Moghan 4.1 8.16 99  ** 11.17 27.61 147  ** 5.91 16.53 180 **

Mean 3.70 6.89 86 ** 9.38 20.08 114  ** 4,98 9.87 98  **

LSD (0.05) 0.74 0.88 - - 1.39 1.48 - - 0.53 0.83 - -

3 peroxidase; ® Superoxide dismutase; ¢ Catalase; ¢ Percentage of changes upon salinity stress, ¢ Significance level. ™ Non-
significant; * Significant at 0.05 probability level, ** Significant at 0.01 probability level.
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growth stage at which the stress is imposed,
as well as the duration and intensity of the
stress. It is also found that, in some cases,
the wvariation of CAT activity can be
different even between two cultivars of the
same species. Unlike the POD and SOD,
CAT activity was significantly and
positively associated with shoot dry weight
ratio (r= 0.727) (data not shown) under
saline conditions. Therefore, it can be
concluded that, at least in the sorghum
genotypes studied in the present experiment,
CAT activity may be one of the most
important mechanism involved in tolerance
to salinity. In other words, the current study
showed that increased CAT activity in
tolerant genotypes along with significant
enhancing of SOD and POD activities have
played a crucial protective role against the
oxidative stress caused by salt stress. These
results are in agreement with Noreen and
Ashraf (2009) who reported that only CAT
activity was a reliable marker for
recognizing salt-tolerant pea cultivars.

lon Distribution

A significant increase in Na* concentration
of shoot and root occurred in response to
salinity stress (Tables 5 and 6). The
magnitude of such increase in Na'
concentration differed among genotypes
(Tables 5 and 6). For example, Na* content
in sensitive genotypes such as lines 10, 13,
14, 23, 26 and Nectar cultivar was
significantly greater than tolerant genotypes
including Ghalami-herat, Jumbo, Speed-
feed, Pegah, Moghan, KFS2, KDFGS15,
Sweet sorghum, and Sistan (Table 5 and 6).
In addition, it was found that Na’
concentration in root (ranged from 1.03 to
3.15 and from 2.97 to 7.02 for the control
and saline treatments, respectively) was
higher than shoot (ranged from 0.2 to 0.75
and from 1 to 3.95 for the control and saline
treatments, respectively) (Tables 5 and 6).
Shoot dry weight ratio had negative
correlation with shoot (r= -0.65") and root
(= -0587) (data not shown) Na*
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concentration under saline conditions.
Control of Na* transport from root to the
shoot has been reported as an efficient
mechanism for salinity tolerance in sorghum
(Krishnamurthy et al., 2007; Bavei et al.,
2011; Almodares et al., 2014; Yan et al.,
2015).

We also used another index, namely,
storage factor, to show the proportion of Na*
ion which has been left in the root cells. Our
results showed that in both sensitive and
resistant cultivars, there was a general trend
of storage factor reduction under saline
condition. However, the lower reduction of
storage factor under salinity stress was
observed in tolerant cultivars such as
Ghalami-herat (8%), Jumbo (11%), Pegah
(8%), Speed-feed (10%), Moghan (14%),
Sweet-sorghum  (12%), Sistan (13%),
KDFGS15 (14%) and KFS2 (14%) (Figure
1), while greater reduction in storage factor
index under saline conditions has been
recorded in sensitive genotypes including
Nectar (17%), Sepideh (17%), KDFGS23
(24%) and KDFGS26 (27%) (Figure 2).

Shoot dry weight under salinity stress was
positively related to storage factor index (r=
0.52") (data not shown) indicating that the
lower rate of Na* transfer from the root to
the shoot is associated with salt tolerant
plants (Arzani and Ashraf, 2016). In contrast
to Na" ion, salinity significantly reduced K"
content in shoot and root of all genotypes,
particularly in sensitive genotypes (Tables 5
and 6). For example, K" concentration of
shoot and root in line 23, known as sensitive
line, decreased 60 and 78%, respectively,
whereas, the reduction in K content in
Jumbo, as a tolerant cultivar, were 28 and
48%, respectively (Tables 5 and 6). Similar
to Na" concentration, K'/Na* ratio
significantly decreased under salinity stress.
The overall mean of K'/Na* ratio in shoot
and root under saline conditions were seven
and five folds lower than the control,
respectively (Tables 5 and 6). Shoot dry
weight ratio was positively correlated to
shoot (r= 0.62™) and root (r= 0.58™) (data
not shown) K'/Na" ratio under saline
conditions. Regarding the close negative
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Table 5. Mean values of Na*, K™ and K*/Na" ratio in shoot in 44 sorghum lines/cultivars.

) Shoot [Na] (mg g™* DM) Shoot [K] (mg g* DM ) Shoot [K/Na]
Clij.ltlvarS/ C | salinized Changes C | salinized Changes C | Salinized Changes
ines ontro alinized ———cp— Contro alinized —g—— Contro alinized — - —=——c—
KDFGS1 0.65 1.35 108 * 5.48 4.58 -16 ns 8.43 3.39 -60 *k
KDFGS2 0.53 1.47 177 el 6.63 5.16 =22 ** 1251 3.51 -72 *k
KDFGS3 0.61 2.33 282  ** 6.05 5.16 -5 ** 9.92 2.21 -78  **
KDFGS4 0.56 1.76 214 kel 7.37 4.80 -3b ** 13.16 2.73 -79 *x
KDFGS5 0.68 3.41 401 ** 5.76 3.10 -46  ** 8.47 0.91 -89  **
KDFGS6 0.43 1.74 305  ** 7.14 4.93 -31 * 16.60 2.83 -83  **
KDFGS7 0.47 2.65 464 el 6.98 3.95 -43 ** 14.85 1.49 -90 *k
KDFGSS8 0.59 1.72 192 falad 6.1 5.12 -16 ns 10.34 2.98 -71 *k
KDFGS9 0.41 2.68 554 el 7.17 3.65 -49  ** 17.49 1.36 -92 *k
KDFGS10 0.32 2.59 709  ** 8.01 4.00 -50  ** 25.03 154 -94 *x
KDFGS11 0.51 2.34 359 el 6.66 4.10 -38  ** 13.06 1.75 -87 *k
KDFGS12 0.57 1.84 223 el 6.34 4.74 -25 * 11.12 2.58 -77 *k
KDFGS13 0.39 3.83 882  ** 7.29 3.07 -58  ** 18.69 0.80 -96  **
KDFGS14 0.44 2.98 577 el 7.09 3.16 -55  ** 16.11 1.06 -93 *k
KDFGS15 0.34 131 285  ** 8.14 5.67 -30  ** 23.94 4.33 -82 *x
KDFGS16 0.56 171 205  ** 6.53 5.13 21 ns 11.66 3.00 -74 *x
KDFGS17 0.48 1.46 204 kel 6.85 5.19 -24 ns 14.27 3.55 -75 *x
KDFGS18 0.32 1.85 478 kel 8.04 471 41 ** 25.13 2.55 -90 *x
KDFGS19 0.35 1.35 286 el 7.78 5.59 -28  ** 22.23 4.14 -81 *k
KDFGS20 0.62 1.91 208  ** 5.99 4.67 -22  ns 9.66 2.45 -75 **
KDFGS21 0.45 3.24 620  ** 7.07 3.12 -56  ** 15.71 0.96 -94  **
KDFGS22 0.40 1.75 338 el 7.21 4,92 =32 ** 18.03 2.81 -84 *k
KDFGS23 0.2 3.24 1520 ** 8.33 3.33 -60  ** 41.65 1.03 -98  **
KDFGS24 0.53 1.74 228 kel 6.5 5.09 -22 ns 12.26 2.93 -76 *x
KDFGS25 0.40 2.88 620 *x 7.19 3.42 -52  ** 17.98 1.19 -93 *x
KDFGS26 0.29 3.67 1166  ** 8.07 3.12 -61 ** 27.83 0.85 -97 *x
KDFGS27 0.71 2.24 215 *x 5.22 3.42 -34 * 7.35 1.53 -79 *x
KDFGS28 0.64 1.97 208 falad 5.86 4.62 -21 ns 9.16 2.35 -74 *k
KDFGS29 0.32 141 341 falad 7.69 5.28 31 ** 24.03 3.74 -84 *k
KDFGS30 0.75 3.92 423 falad 5.09 3.04 -40  ** 6.79 0.78 -89 *k
Jumbo 0.26 1.15 342 falad 8.26 5.91 -28 * 31.77 5.14 -84 *k
Nectar 0.23 2.62 1039  ** 8.30 3.22 -61 ** 36.09 1.23 -97 *x
Speed feed 0.28 1.12 300 ** 8.2 6.25 -24  ns 29.29 5.58 -81 *x
Sistan 0.31 1.17 277 kel 8.12 5.99 -26 * 26.19 5.12 -80 *x
Gnae'gtm 0.26 1.00 285 ** 827 641 22 ns 3181 641  -80 **
Pegah 0.29 1.03 255 falad 8.17 6.32 -23 ns 28.17 6.14 -78 *k
Sepideh 0.35 2.94 740 falad 7.75 3.40 -66  ** 22.14 1.16 -95 *k
KFS1 0.35 2.12 506 falad 7.39 4.57 -38  ** 21.11 2.16 -90 *k
KFS2 0.29 1.32 355 kel 8.1 5.83 -28 * 27.93 4.42 -84 *x
KFS4 0.63 2.06 227 *x 5.89 4.61 -22 ns 9.35 2.24 -76 kel
Broom corn 0.42 1.44 243 *x 7.17 5.25 -27 * 17.07 3.65 -79 kel
Sweet 0.33 1.29 291 **  7.98 5.54 31 % 2418 4.29 82w+
sorghum
Kimia 0.38 2.33 513 falad 7.43 4.32 -42 ** 19.55 1.85 -91 *k
Moghan 0.26 1.30 400 *x 8.26 5.96 -28 * 31.77 4.58 -86 kel
Mean 0.43 2.07 376 *x 7.15 4.62 -35 * 19.08 2.75 -86 *k
LSD (0.05)  0.29 0.21 - - 007 0.56 - - 414 0.61 - -

3 percentage of changes upon salinity stress, ® Significance level. ™ Non-significant; * Significant at 0.05 probability level,
** Significant at 0.01 probability level.
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Table 6. Mean values of Na*, K" and K*/Na® ratio in root in 44 sorghum lines/cultivars.

Cultivars/ Root [Na] (mgg® DM) Root [K] (mg g DM ) Root [K/Na]

Lines Control  Salinized % Control  Salinized % Control  Salinized %
KDFGSL 241 419 74 > 314 2.75 12 ns 130 066 50 **
KDFGS2  2.19 4.09 87  ** 397 2.62 34 * 181 064 65 **
KDFGS3  2.44 5.69 133 ** 365 2.01 45  * 150 035 76 **
KDFGS4 171 451 164 * 440 2.46 44 o 257 055 79 **
KDFGS5  2.55 6.63 160 ** 307 1.14 63 * 120 017 86 **
KDFGS6 1.1 4.19 119 ** 423 2.54 40 e 221 061 73 **
KDFGS7 212 5.87 177 ** 418 1.95 53 w197 033 83 **
KDFGS8  2.41 4.15 72 % 378 259 31 w157 062 60 **
KDFGS9  1.85 5.89 218 ** 428 173 60 ** 231 029 87 **
KDFGS10 147 5.78 293 ** 540 1.98 63 ** 367 034 91 **
KDFGS11  2.18 5.75 164 ** 413 1.99 52 % 189 035 82 **
KDFGS12  2.36 4.60 95 ** 384 2.44 36 ** 163 053 67 **
KDFGS13  1.72 6.90 301 ** 432 11 75  *x 251 016 94 **
KDFGS14  2.03 6.37 214 ** 420 1.42 66  ** 207 022 -89 **
KDFGS15 158 321 103 ** 592 2.84 52 %% 375 088 76 **
KDFGS16  2.21 412 86 * 395 2.60 34 %179 063 65 **
KDFGS17  2.13 3.93 85 ** 414 2.66 36 ** 194 068 65 **
KDFGS18 142 471 232 ** 574 2.40 58 % 404 051 87 **
KDFGS19 163 3.89 139 ** 568 2.78 51 %% 348 071 79 **
KDFGS20  2.47 5.12 107 ** 358 2.28 36  * 145 045 69 **
KDFGS21  2.09 6.46 209 ** 419 1.41 66 ** 200 022 -89 **
KDFGS22  1.73 439 154 ** 430 253 41 % 249 058 77 **
KDFGS23  1.03 5.60 452 ** 633 1.37 78 615 024 96 **
KDFGS24  2.27 4.16 83 ** 304 2.56 35 * 1.74 062 65 **
KDFGS25  1.84 6.19 236 ** 429 163 62 o 233 026 -89 **
KDFGS26  1.39 5.59 302 ** 579 1.82 69 417 033 92
KDFGS27  2.62 5.3 102 * 291 221 24 ns 111 042 62 **
KDFGS28  2.50 4.98 99  * 349 2.28 35 % 140 046 67 **
KDFGS29  1.66 3.27 97  ** 439 2.70 38 % 264 083 69 **
KDFGS30  3.15 7.02 123 ** 288 1.00 65  ** 001 014 -84 **

Jumbo 1.17 3.11 166 *  6.18 3.20 48  ** 528 103 81 **

Nectar 1.10 5.80 427 631 155 75 % 574 027 95 **

i‘;izd 1.23 3.06 149  ** .09 3.10 49 % 495 101 80 **

Sistan 1.60 3.18 99 * 549 279 49 343 088 74 **
chaamt 113 297 163 ** 625 333 47 ** 553 112 80 **

Pegah 1.24 3.01 143 ** 601 2.92 Bl % 485 097 80 **
Sepideh  1.62 6.28 288 % 442 1.45 67 273 023 92 x

KFS1 1.79 5.22 192 ** 441 2.24 49 % 246 043 83 **

KFS2 1.31 3.16 141 ** 584 2.88 51 %% 446 091 80 **

KFS4 2.48 5.12 106 ** 352 2.27 36 % 142 044 69 **

ng;)nm 1.86 3.92 111 ** 426 2.69 37 % 229 069  -70 **
scf'r‘gﬁﬁtm 151 3.29 118 * 557 2.82 49 %% 369 086 77 **

Kimia 1.70 5.39 217 ** 445 217 51 v 262 040 -85 **
Moghan  1.19 3.12 162 ** 612 2.91 52 ** 514 093 82 **

Mean 1.86 475 155 ** 461 227 51 282 054 81 **

('5%2) 0.65 1.34 - - 058 0.48 - - o088 0.16 -

3 percentage of changes upon salinity stress, ° Significance level. ™ Non-significant; * Significant at 0.05 probability level,
** Significant at 0.01 probability level.

1328



Sorghum Genotypes and Salinity Tolerance

JAST

0.84

ot
eo

0.76 ~

0.72 1

Na* Storage lactor

0.68 1

02 dS/m
B212 dS/m

0.64

0.86 1
0.82 A1
0.78 A1
0.74 1

e
-
1

age factor

<

e

0.66 -
% 0.62 A
S (.58 -
0.54 -

stor

DYXYVYVYVYVYYYY YV

Na
‘“;i\

%

AR
Q@

B2 dS/m
012 dS/m

0.5

Nectar KDFGS23

KDFGS26

Figure2. Na" storage factor for sensitive genotypes.

relationship between shoot dry weight ratio
and Na® content under salinity stress, it
appeared that Na* content could be used as a
reliable selection criterion to screen the
tolerant genotypes.

CONCLUSIONS

It was concluded that more accumulation
of Na* in roots and selective uptake of K*
versus Na', i.e. higher SFI, was an effective
mechanism for salt tolerance in sorghum
lines/cultivars.

Furthermore, among antioxidant enzymes,
CAT activity was highly dependent on plant
genotypes and strongly correlated with
salinity tolerance. Proline concentration
increased in all genotypes as a general
response to salinity stress, therefore, it did
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not appear to be a suitable criterion for
selection of tolerant lines/cultivars.
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