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The Sensitivity of Grain Sorghum (Sorghum bicolor L.)
Developmental Stages to Salinity Stress: An Integrated Approach
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ABSTRACT

To understand the effects of salinity stress on four different growth stages of sorghum,
a greenhouse experiment with 10 treatments, considering all possible combinations of
salinity stress and salt- free periods was carried out. The four growth stages for stress
application included: emergence until growing point differentiation, growing point
differentiation until half bloom, half bloom until soft dough, and soft dough until
physiological maturity. Treatments were arranged based on randomized complete block
design with 3 replications at the Research Greenhouse of the Ferdowsi University of
Mashhad in 2010-2011. Salinity stress during early growth and panicle differentiation
declined the plant height and tiller number. The highest biological yield was obtained
from the control treatment, but it was the lowest when plants were salinized throughout
the growing season. When plants were stress-free at 2-3 early stages and then subjected to
salt stress, reductions in total dry matter were remarkably less than those experienced
when salinity was imposed in later growth stages, especially if salinity occurred at a late
individual stage. Continuation of salt stress from emergence to both blooming and soft
dough stages led to remarkably adverse effects on grain yield. The effect of salinity
appears to be most effective on yield components that are growing or developing at the
time the salt stress is imposed. The critical period of salinity stress for biological yield was
more distinct than that of the grain yield. This indicates that sorghum is not sensitive to
salinity at seed setting and seed filling periods.
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INTRODUCTION germination (Maas ef al. 1986) but these
findings are not supported by other researchers
(Houle et al., 2001; Casper et al., 2006).

Yield components are subject to the
environmental conditions that prevail during
their initiation and growth, hence, analysis of
each component could provide a post-harvest
assessment of when the environmental stress
occurred and how severe it was (Desclaux et
al., 2000). Ion absorption, which may lead to

documented. however. some  studies have ion toxicity or imbalance, is also affected by
shown 110 ’Variation (iuﬁng the life stages time of salt stress (Shariat Jafari et al., 2009).

. . . Jogeswar et al. (2006) subjected seedlings of
F t al., 1994; Houle et al., 2001; Y o
(Francois et a oueerd an sorghum varieties to 150 mM NaCl stress for
72 hours and reported that plants failed to
exhibit efficient ion exclusion mechanisms

Typical crops require about 6,200 to 9,300
m’ water ha” annually. Since irrigation water
contains 0.5 to 3.5 mt of salt per 1,000 m’, 0.3
to 32 mt of salt may be added per hectare of
irrigated soil (Wilson ef al., 2000). Alterations
of various physiological and biochemical
processes of plants of different growth stages
in the presence of salinity have been

et al., 2011). In many plants, seedling growth
is more sensitive to salinity than seed
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like that of salt tolerant species, but in turn
resulted in higher accumulation of Na and Cl
ions over a period of 72 hours salt stress. In
addition, accumulation of calcium, potassium
and proline in seedlings of sorghum varieties
was moderate in short-term NaCl stress. But
Sabir ef al. (2011) reported that accumulation
of proline and antioxidant enzyme activities
were not found to be effective criteria for
discriminating the  Panicum  miliaceum
accessions for salt tolerance. Mahmood et al.
(2010) investigated the possible involvement
of exogenous salicylic acid in salinity
tolerance of sorghum and found that
increasing salinity treatments reduced the fresh
and dry mass of both root and shoot. Plants
treated with salicylic acid showed no recovery
from salt induced reduction in biomass
production.

Sorghum is well adapted to water limitation
and is a moderately salt tolerant crop which
often grows in the areas of relatively low
rainfall, high temperature and saline soils
(Netonda et al., 2004). This crop is more
tolerant to salinity at germination than the later
stages of growth. This study has been
conducted to determine whether sorghum
plants of different developmental stages
respond differently to salinity stress, regarding
growth or reproduction, and to find the most
sensitive/tolerant growth period to salt stress.
Using the results of this study assists us to
identify CPSSC, through which the irrigation
program cane be promoted and the integrated
environmental stress management (IESM) for
sorghum can be improved.

MATERIALS AND METHODS

Plant Growth

A greenhouse experiment was designed to
avoid the other environmental stresses and
provide a fast transition between stressful
and stress- free periods. The plants of line
M5 of sorghum (Sorghum bicolor L.) were
grown in well washed sand in the 60x40x32
cm plastic boxes, in the Research
Greenhouse of the Ferdowsi University of
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Mashhad, Iran, in spring and summer of
2010-2011. Sixteen seeds were planted in
each box and were thinned to 8 per box
keeping equal distance among the seedlings.
Plants were irrigated using an automated
dripping system in which the pumps in the
drums supplied nutritional solution as well
as salinity treatments for any group of 3
boxes (standing for 3 replications of each
treatment ), and the drainage of each group
circulated through its corresponding drum.
The sown seeds were irrigated by tap water
till emergence, thereafter, Hoagland nutrient
solution (Hoagland and Arnon, 1950) was
supplied instead of water. The plants were
watered daily during the experiment, and
were irrigated 15-20 minutes any time to
provide at least 50% leaching requirement,
in order to avoid accumulation of salts in the
root media. The evapotranspired water from
the containers was replaced daily, by adding
tap water to the desired level. The nutrient
solutions were renewed every other week to
maintain constant levels of nutrients and salt
in the solution. The plants were supplied
with natural illumination, average minimum
and maximum temperature of 18 and 30°C,
respectively and average relative humidity
of 60%. The plants were harvested at
complete maturation.

The plants were exposed to 150 mM NaCl
(Jogeswar et al, 2006) according to the
following salinity stress treatments. To
avoid osmotic shock of salinity, salt
treatment was imposed incrementally, by
increasing the concentration of 75 mM NaCl
every second day. For quick transition from
salinity to salt free conditions, the boxes
were fully washed until the complete
depletion of salt.

Treatments

To understand how tolerant any sorghum
growth period is and which periods are the
most critical to salinity, four major
developmental periods of growth were
selected (described by Vandrelip, 1993).
These periods were: (i) from emergence
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until growing point differentiation, i.e.
stages 1- 3; (ii) from growing point
differentiation until half bloom, i.e. stages 3-
6; (iii) from half bloom until soft dough, i.e.
stages 6- 7; and (iv) from soft dough until
physiological maturity, i.e. stages 7- 9.
Considering the above- mentioned stages,
and to find all possible combinations of
stressful periods, we combined three sets of
salt stress as following: (a) salinized set, in
which the plants were exposed to salt stress
from emergence until the growing point
differentiation (G6), half bloom (G7), soft
dough (GS8), and physiological maturity
stages (G1), respectively, and then after each
stage, the stress was relieved; (b) salinity-
free set, in which salinity was relieved until
the growing point differentiation (G2), half
bloom (G3), soft dough (G4), and
physiological ~ maturity  stages  (G5),
respectively; and then after each stage, the
plants were exposed to salinity stress; and
(c) individual stages of salinity stress set, in
which the plants experienced salt stress at
growing point differentiation up to half
bloom (G9), and at half bloom up to

Germination Growing point
differentiation

Blooming

flowering (G10), and the plants were stress
free before and after these growth stages.
Combination of these sets resulted in 10 salt
stress treatments (Figure 1).

Measurement of Plant Growth

Plant height and the number of leaves, as
well as phenological stages (Vardrelip 1993)
were measured in two individuals in each box
during the growing season. Two plants were
removed from the sand surface at the
beginning of each above- mentioned period
and were subsequently separated into leaf
blades, sheaths, stems and paniclespanicle
precisely. After the measurement of leaf
blades area (by Leaf Area Meter; Model LI-
31 DOC, LI-COR), the samples were oven
dried at 75'C for 48 hours and then weighed.
Two plants were harvested at physiological
maturity, were divided into leaf blades,
sheaths, stems and panicles, oven dried as
mentioned and weighed. Yield and yield
components were determined as well. The
number and the fresh weight of tillers were

Soft Physiological
dough maturity

v v

Figure 1. The imposition of salinity according to developmental stages from germination to
physiological maturity of sorghum. The treatments included salt stress (-) and stress free periods (---).
The length of solid line shows salinization and the length of dashed line shows salt free period.
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also measured.
Photosynthesis

Gas exchange and relative parameters were
measured by using a portable ADC leaf
chamber analyzer (model: LCA4), at PPFD>
950 umol m” s, atmosphere pressure 910
mbar, leaf chamber temperature at 33+2'C,
and between 11 am to 1 pm. All measurements
were carried out on the intact youngest fully
developed leaf at the soft dough stage, keeping
the chamber constantly vertical to solar
radiation, until stabilizing gas exchange in the
leaf chamber. More than 10 records were
obtained for each leaf after reaching the steady
state. All measurements of gas exchange
parameters were carried out at blooming and
soft dough stages, G3 and G4, respectively.

Statistical Analysis

Experiment was designed and analyzed in a
randomized complete block design with tree

Kafi et al.

replications, with salinity treatment at 10
levels with 3 replications.  Statistical
significance, where indicated, is at least at 5%
level as determined by analysis of variance
using Minitab 14 and Fisher’s LSD test.

RESULTS

Morphological Traits

Salinity imposed at different plant
developmental stages, led to various changes
in morphological traits. However, those
salinity treatments that were imposed at
vegetative phase caused adverse effects on
plants heights and tillering (Table 1). The
plants heights and number of tillers of
treatments G3, G4 and G10 in which sorghum
plants were salinized after blooming were
slightly decreased, whilst salinity stress during
early growth and panicle differentiation
substantially ~ affected  this  parameter,
especially for G1, G7 and G8 in which salt
stress continued up to panicle differentiation.
The final heights at maturity stage were

Table 1.The effects of salt stress imposed at various growth stages of sorghum on the plant height, leaf

number, tiller number, and leaf area per plant.

Growth stage

. > 4 Morphological Traits
imposed to salinity
Height (cm) Leaf Number Tiller Number Leaf areal(cm2 plant’
)

Gl 57.0 11.0 0.7 887
G2 94.2 11.8 0.3 1437
G3 99.2 10.8 2.3 1773
G4 103.7 11.0 2.5 1730
G5 104.5 11.5 3.0 1679
Go6 104.5 12.1 4.5 1543
G7 65.5 11.7 0.3 889
G8 83.0 11.7 0.8 971
G9 101.0 11.3 2.7 1602
G 10 102.5 11.7 2.8 1709
LSD (0.05) 9.8 1.8 1.7 386

“G1 to G10 refer to treatments in which the plants either were exposed to salinity from germination
to physiological maturity (G1), growing point differentiation (G6), half bloom (G7), and soft dough
(G8), respectively, and after each stage, the stress was relieved; or were out of salt stress from
germination to growing point differentiation (G2), half bloom (G3), soft dough (G4), and
physiological maturity stages (G5), respectively; and then after each stage, were exposed to salinity
stress; and individual stages of salinity stress from growing point differentiation to blooming (G9), and

from blooming to soft dough (G10) stages.
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significantly decreased for the treatments Gl1,
G7, G8 and G2 in which salinity stress
occurred at early growth stage (Table 1). Tiller
numbers per plant in G1, G2, G7, and G8 were
significantly lower than other treatments
(Table 1). The results indicated that salt stress
at early growth stage of sorghum plants,
especially from growing point differentiation
to blooming stages, had an adverse effect on
the number of tillers.

Salinization occurring at various growth
stages did not affect the final leaf number of
main stem significantly (Table 1). Although
we measured leaf area at different growth
stages, only the data referring to blooming
stage, which nearly overlaps canopy closure, is
shown here (Table 1). The leaf areas of
treatments G1, G7, and G8 in which salt stress
continued from emergence to blooming were
highly declined, while the others showed no
significant alterations (Table 1).

Yield and Yield Components

Yield characteristics, including both

vegetative and reproductive growth of
sorghum plants, were drastically affected by
salinity when occurred at different growth
stages (Table 2, Figure 2). The highest total
dry weight was 80.28 g plant™ for the control
(G5) whereas the lowest total dry weight
was 22.3 g plant” for G1, in which the plants
were salinized throughout the growing
season (Table 2). The treatments G7 and G8
in which salt stress continued from
emergence to blooming and soft dough
stages produced 25.86 and 27.58 g plant”
dry weight, respectively, which showed no
significant difference with G1. Treatment
G6, in which the plants were under salt
stress only at early growth stages up to
panicle differentiation, also produced 37.61
g plant™ total dry weight, whilst for G2, G3,
G4, G9 and G10 in which the sorghum
plants were out of salt stress during early
growth, those amounts were 47.36, 49.29,
58.92 and 49.23 g plant’', respectively which
are not significantly different (Table 2).
Grain yield responded differently to
salinity. The greatest significant decrease
occurred in G1, G8 and G7 compared to the

Table 2.The effects of salt stress imposed at various growth stages of sorghum on yield components
per plant, including grain weight (g), grain number, 1,000 grain weight (g), stover weight (g), total dry
weight (g), and harvest index.

Yield components (per plant)

Growth Grain Grain 1000 Grains Stover weight Total dry Harvest
stage” weight (g) number weight (g) (2) weight (g) index
Gl 7.98 201.5 39.60 14.38 22.36 0.33
G2 13.20 373.2 35.37 34.16 47.36 0.28
G3 12.88 412.8 31.21 36.41 49.29 0.27
G4 22.98 576.7 39.84 36.89 59.87 0.38
G5 22.09 592.0 37.31 58.20 80.28 0.28
G6 18.11 462.2 39.19 19.05 37.16 0.48
G7 8.25 189.3 43.58 17.61 25.86 0.32
G38 6.19 143.8 43.04 21.39 27.58 0.23
G9 16.23 511.5 31.73 42.69 58.92 0.28
G 10 14.76 486.2 30.36 34.47 49.23 0.30
LSD (0.05) 4.1 70.3 5.59 8.35 10.07 0.11

“G1 to G10 refer to treatments in which the plants either were exposed to salinity from germination to
physiological maturity (G1), growing point differentiation (G6), half bloom (G7), and soft dough (G8),
respectively, and after each stage, the stress was relieved; or were out of salt stress from germination to
growing point differentiation (G2), half bloom (G3), soft dough (G4), and physiological maturity stages
(G5), respectively; and then after each stage, were exposed to salinity stress; and individual stages of
salinity stress from growing point differentiation to blooming (G9), and from blooming to soft dough
(G10) stages.
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Figure 2. The effects of salt stress imposed at various growth stages of sorghum on accumulation of
total dry matter. According to Figure 1. G1 and G7 refer to treatments in which the plants were either
exposed to salinity from germination to physiological maturity or half bloom, respectively, and then
the stress was relieved. G5 and G3 refer to treatments that the plants were out of salt stress in the
whole growth period or up to half bloom, respectively; and then were exposed to salinity stress.

control, when salinization continued from
emergence to maturity, soft dough, and
blooming stages, with the amount of 7.98,
6.19 and 8.25 g plant’, respectively. In G4,
in which salinity occurred at the last growth
phase, produced 22.98 g grain per plant that
is the nearest to the control (Table 2).

Grain number per plant varied among
treatments as well. G1, G8 and G7 which
were subjected to continuous salt stress from
germination to maturity, soft dough and
blooming stage, had the lowest numbers of
grain with the amounts of 201.5, 143.8 and
189.3 per plant, respectively (Table 2).
Salinization after blooming stage imposed
little influence on grain number, i.e. G4, G9
and the control (G5) had no significant
difference in grain number (Table 2).
Although salt stress led to some changes in
1000 grains weight, this yield component
was not affected markedly by salinity. The
treatments G7 and G8 produced the largest
seeds with the amount of 43.58 and 43.04 g
for 1,000 seeds, respectively, while G3, G2,
G9 and G10 produced the smallest seeds
(Table 2).

The treatments G5 and G1 had the highest
and the lowest stover yields of 58.20 and
14.38 g/plant, respectively, similar to total
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dry weight (Table 2). The stover yield for
treatments G6, G7 and G8 in which the
plants were subjected to salinity from
emergence to panicle differentiation,
blooming and soft dough stage, respectively,
also declined significantly, with the amounts
of 19.05, 17.61 and 21.39 g plant-1 (Table
2).

Harvest Index was also affected by salt
stress (Table 2). Treatment G8, in which the
grain weight showed higher decline as
compared with stover weight, had the
greatest reduction in harvest index
amounting 23%. Treatment G6 had the
highest harvest index (48%) which indicates
more proportional allocation of assimilates
to the grains, rather than the vegetative
organs.

Plant Growth

The growth of different plant organs
including leaf, stem, panicles and total dry
matter accumulation was affected by
different salinity treatments during the
growing season (Figure 2). The time courses
of growth were significantly affected from
the beginning of growth cycle by salinity
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stress. It could be deduced from Figure 2
that exposure of each growth stage to
salinity, particularly at vegetative growth up
to blooming, would lead to a remarkable
decline in growth rate. The slope of trend-
line of total dry matter accumulation
throughout growing season was 0.506 g
plant”’ d' for control, whilst as the plants
were under salt stress during all growing
cycles, i.e. G1, the slope was 0.137 g plant”
d”’', referring to a drastic decrease in growth
rate (Table 3).

Treatments G7 and G8, in which
salinization occurred from the beginning of
vegetative growth until blooming and soft
dough stages also had the lowest growth
slopes of 0.118 and 0.157 g plant’ d,
respectively. This implies that despite
cessation of salinity stress after vegetative
stages at G6, G7 and G8, the sorghum plants
could not restore the growth rate, as
compared with the control (Figure 3). The
rates of assimilate accumulation in leaves and
panicles were also variable among different
salinity stress treatments (Figure 3, Table 3).
The slope of dry matter accumulation in
leaves was the highest for the control (4.238 g

plant’1 d'l) and lower for treatments G1, G6,
G7 and G8 (1.92, 2.305, 1.878 and 2.591 g
plant' d"' respectively; Table 3, Figure 3),
which implies that the rate of leaf growth
declined dramatically when the plants were
imposed to salt stress either throughout the
growing season or at the primary vegetative
growth until blooming and seed filling stages,
and that the sorghum plants could not recover
leaf growth rate after salt stress removal.
Similar trends were observed for the rate of
panicles growth. The steepest slopes of
panicle dry matter accumulation belonged to
the control whereas the least was seen for G1,
G6, G7 and G8 (Table 3, Figure 3), which
indicates that salinization from the primary
growth would lead to a drastic decline in
reproductive organs growth rate. The stem
dry weight showed a conspicuous decline at
maturity stage for all treatments, and the
difference was the lowest for the control and
highest for G1, which was exposed to salinity
at all growing stages (Figure 3). These
alterations refer to remobilization of
assimilates from the stem to reproductive

Table 3.The effects of salt stress imposed at various growth stages of sorghum on the slope of trend-
line of dry matter accumulation of leaves, inflorescences, and total dry weight.

The slope of trend-line of dry matter accumulation (g plant” day™)

Growth stage imposed to

salinity” Leaf dry matter Inflorescence dry Total dry matter
matter
Gl 1.92 2.722 0.137
G2 3.371 7.298 0.301
G3 3.542 9.68 0.306
G4 3.973 9.116 0.389
G5 4.238 13.15 0.506
Go6 2.305 5.143 0.232
G7 1.878 3.629 0.118
G38 2.591 2.502 0.157
Go9 3.94 7.936 0.376
G 10 3.878 6.191 0.295

“G1 to G10 refer to treatments in which the plants either were exposed to salinity from germination
to physiological maturity (G1), growing point differentiation (G6), half bloom (G7), and soft dough
(G8), respectively, and after each stage, the stress was relieved; or were out of salt stress from
germination to growing point differentiation (G2), half bloom (G3), soft dough (G4), and
physiological maturity stages (G5), respectively; and then after each stage, were exposed to salinity
stress; and individual stages of salinity stress from growing point differentiation to blooming (G9),

and from blooming to soft dough (G10) stages.
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Figure 3. The effects of salt stress imposed at various growth stages of sorghum on dry matter changes of leaf, stem and
inflorescence against growth stages. G1 to G10 refer to treatments in which the plants either were exposed to salinity
from germination to physiological maturity (G1), growing point differentiation (G6), half bloom (G7), and soft dough
(G8), respectively, and then after each stage, the stress was relieved; or were out of salt stress from germination to
growing point differentiation (G2), half bloom (G3), soft dough (G4), and physiological maturity stages (G5),
respectively; and then after each stage, were exposed to salinity stress; and individual stages of salinity stress from
growing point differentiation to blooming (G9), and from blooming to soft dough (G10) stages.
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organs, which were accelerated in the
presence of salinity stress.

Gas Exchange Characteristics

CO, assimilation rate, as measured at
blooming and soft dough stages, was
partially altered by various salinization
phases (Table 4). The lowest rate of CO,
assimilation was recorded at G4 and G5,
which were out of stress until seed filling
stage, with 18.2 and 18.4 pmol CO, m” s™'
at blooming and 19.4 and 17.8 pmol CO, m’
s at soft dough stages, respectively. Long
term exposure to salt stress in G1, G7 and
G8, increased CO, assimilation rate to 21.9,
22.3 and 21.9 pmol Co, m™ s™', respectively.
When the plants were subjected to short
term salinization in other treatments, the
photosynthesis rate exhibited little increase.
Transpiration rate as measured in the
abovementioned stages did not have a
particular pattern and did not noticeably
vary among treatments. Substomatal CO,
concentrations were 368.2 and 373.6 at
blooming and 361.2 and 366.9 umol mol™" at
soft dough stages, for G4 and GS,

respectively, but 394.2, 392.7 and 389.4 at
blooming and 389.6, 387.4 and 383.2 umol
mol at soft dough stages, for G1, G7 and
G8, respectively (Table 4). These rates are in
accordance with those of assimilation rate.

Critical Period of Salt Stress Control

Two approaches might be assumed to
determine the critical period in which the
salt stress could have the most adverse
effects on plant growth. The first approach is
the critical salinity-free period that is a
consequence of salinized stage which is
substituted by salinity free stage, gradually,
i.e. G1, G2, G3, G4 and G5, respectively, in
the current study, also called the minimum
time-span of salinity-free period (MTSF).
The second one is the critical salinized
period that is a consequence of salt-free
stages which are substituted by imposing
salt stress, gradually, i.e. G5, G6, G7, G8
and GI1, respectively, in the current
experiment, also called the maximum time-
span of salinization (MTS). The time
interval between MTSF and MTS would
reveal the critical period for salinity stress

Table 4.The effects of salt stress imposed at various growth stages of sorghum on assimilation rate,

substomatal CO, concentration, and transpiration rate.

Growth stage imposed to salinity”

Assimilation

Substomatal CO, (pmol mol ™)

(u mol CO, m?s™)

Blooming Soft dough Blooming Soft dough
Gl 21.9 21.2 394.2 389.6
G2 20.5 20.2 388.2 373.2
G3 19.1 19.9 371.5 370.1
G4 18.2 19.4 368.2 361.2
G5 18.4 17.8 373.6 366.9
G6 19.7 17.9 376.4 371.4
G7 223 19.1 392.7 387.4
GS8§ 21.9 223 389.4 383.2
Go9 19.9 17.9 381.2 373.5
G 10 18.7 21.3 373.6 387.7

“ G1 to G10 refer to treatments in which the plants either were exposed to salinity from germination to
physiological maturity (G1), growing point differentiation (G6), half bloom (G7), and soft dough (GS8),
respectively, and after each stage, the stress was relieved; or were out of salt stress from germination to growing
point differentiation (G2), half bloom (G3), soft dough (G4), and physiological maturity stages (GS5),
respectively; and then after each stage, were exposed to salinity stress; and individual stages of salinity stress
from growing point differentiation to blooming (G9), and from blooming to soft dough (G10) stages.
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Figure 4. The effects of salinity-free and salinized consequent periods on total dry weight (A), and
grain dry weight (B) expressed as the percentage of the control, against time from emergence.

control (CPSC). Moreover, the crossing
point of MTSF and MTS, stands for the
equality point of salt-free and salt-stress. In
fact, this time-point might determine the
equality of any increase or decrease in crop
production/yield in response to salt stress
(Figure 4). The polynomial regressions of
critical salinity-free periods and critical
salinized period against time from
emergence are shown in Figure 4 for
biological weight and grain yield, as the
percentage of the control. The estimated
maximum period of salinity stress and
minimum period of salinity-free at 10 and
20% acceptable loss in biological yield as
well as grain yield are indicated in Table 5.
The maximum duration of salinization for
biological yield was 16.6 and 22.7 days after
emergence (DAE) at 10 and 20% yield loss,
respectively. Therefore, for instance, to
prevent more than 20% loss in biological
yield, salt stress should be ceased after 22.7
DAE, which coincide with the 5" leaf stage.
The minimum duration of salinity—free for
biological yield was 121.7 and 102.7 DAE at

10 and 20% acceptable yield loss,
respectively, which indicates that sorghum
plants need at least a period of 102.7 DAE
salinity free to avoid 20% yield loss, that
nearly coincided with the soft dough stage.
Hence, the critical period of salinity stress
for avoiding remarkable grain loss at
thresholds of 10 and 20%, were 68.6 and
45.7 days. This implies that in order to
prevent more than 20% decrease in grain
yield, the sorghum plants should be kept
against salinity stress for 45.7 days, almost
from the 5" leaf to blooming stage (Figure
4).

DISCUSSION

The growth of sorghum plants subjected to
150 mM NaCl salinity stress, especially
those of long-term salinization, was
considerably reduced. Decline in plant
growth might reflect the increase of
metabolic energy cost to manage salinity
stress and reduced carbon gain. It also

Table 5. Maximum duration of salinity stress, minimum duration of salinity- free, and duration
of critical period, at 10% and 20% loss in biological, grain and stover yields of sorghum.

Biological yield loss Grain yield loss
Duration (days) 10% 20% 10% 20%
Maximum duration of salinity stress 16.6 22.7 20.6 27.4
Minimum duration of salinity-free 121.5 102.7 89.2 73.1
Duration of critical period 104.9 80 68.6 45.7
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reflects salt impacts on tissues and reduction
in photosynthetic rates (Ashraf, 2004;
Karimi et al., 2005; Yan et al., 2011). Many
studies show that the plants performance
under salinity is variable and time-dependent
(Wilson et al., 2000; Houle et al., 2001; Del
Amour et al., 2001).

The sorghum plants were markedly
smaller, when salinity occurred all during
the growing season or in the early vegetative
stages. This implies that the factors
determining plant height including those of
internode and panicle height are established
during early vegetative growth and panicle
differentiation stages. Afterwards, the plant
height is almost constant and salinity stress
does not change it significantly. Maas et al.
(1986) found that although salinity
significantly decreased plant height during
the vegetative stage, the plants recovered
considerably during reproductive and
maturity stages, however, salinization at the
maturity stage had no effect on plant height
since the plants were fully grown at that
stage. According to our findings, salt stress
at early growth stages of sorghum plants,
especially from germination to panicle
differentiation, had adverse effects on
biomass production and tillering potential.
Studying the timing of salinity stress of rice
(Zeng et al, 2001) also indicated that
reduction in tiller number per plant was
significant only when plants were salinized
for 20 days before panicle initiation.

Biological yield of sorghum plants was
dramatically affected by salinization
throughout full growing season, if salt stress
of 150 mM occurred at all growing cycles.
Salinity stress from emergence to soft dough
and blooming stage also had the same
adverse effect on biological yield and plants
could not restore the growth, if salinity
discontinued later.

For the treatments in which the plants
were stress-free at early growth stages and
then subjected to salt stress, reductions in
total dry matter were less remarkable,
especially if salinity occurred at a late
individual stage. Our findings showed that
sorghum biological yield is more sensitive

733

than grain yield, if imposed to salinity stress
from emergence until growing point
differentiation = and  blooming  stage,
especially for continuous stress, and could
not recover growth after stress cessation.
This variation in salt tolerance of biological
yield at different development stages has
been reported previously in wheat and rice
(Khatkar and kuhad, 2000; Zeng et al.,
2001). Khatkar and kuhad (2000) studying
short term salinization on two wheat
cultivars at different stages found that wheat
plants were most sensitive to salinity at
crown root initiation stage and the least at
soft dough stage. They found that, in wheat,
plant resistance to salinity increased with
age. Zeng et al. (2001) reported that shoot
dry weight of rice plants harvested at seed
maturity was significantly decreased only
when plants were under short-term salt
stress before booting. However, Lutts et al.
(1995), studying changes in the response of
rice varieties to NaCl during developmental
stages, showed that wvarietal levels of
resistance to salinity at different growth
stages were not necessarily independent
characteristics and varieties with the greatest
variability in salt stress responses during
vegetative phase showed the greatest
variability ~ during  the  reproductive
development as well.

Continuation of salt stress from emergence
to both blooming and soft dough stages as
well as throughout the growing season led to
remarkably adverse effects on grain yield.
The grain number per plant also showed a
similar pattern; however, salinization after
blooming stage had no significant effect on
grain number per plant. In general, the effect
of salinity appears to be most pronounced on
yield components that are growing or
developing at the time the salt stress is
imposed, which is in conformity with some
other studies (Francois et al., 1994; Zeng et
al., 2001). Francois et al. (1994) studied the
effect of time of salt stress on growth and
yield components of irrigated wheat. They
reported that salinity imposed prior to
terminal spikelet differentiation (TSD)
reduced the number of spikelet per spike and
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the number of tiller per plant, whereas
salinity imposed after TSD significantly
reduced only kernel number and weight. The
sorghum plants that were salinized during
early vegetative stage had the lowest grain
yield and the highest kernel weight (Maas et
al., 1986). Zeng et al. (2001) also concluded
that when rice plants were subjected to
salinity at different growth stages, the
reduction in spikelet per panicle and seed
weight per panicle were most pronounced if
plants were stressed between the 3™ leaf
stage and panicle initiation (PI) stage or
between PI and booting stages.

Net CO, assimilation of sorghum plants
exposed to salt stress did not significantly
decrease at 150 mM of salinity. Yan et al.
(2011) reported photosynthetic rate (Pn)
reduction of sorghum by salt treatment at
150 mm NaCl, which could be ascribed to
stomatal limitation. They reported that salt
stress had no effect on photosystem II (PSII)
activity. As for this pattern of photosynthetic
response, sorghum seems to be a reliable
crop species in the face of global warming
and increasing salinity of agricultural land
(Kafi, 2009).

Studying the critical period of salt stress
control (CPSSC) resulted in an interesting
concept. Our findings showed that the
critical period of salinity stress for biological
yield is much more distinct than that of the
grain yield. The maximum duration of
salinization, at both thresholds of 10 and
20% yield loss was more for grain yield than
biological yield. In the same manner, the
minimum duration of salinity-free at both
above-mentioned thresholds, was lower for
grain yield than that for biological yield.
Hence, for 10% acceptable yield loss, the
critical period of salinity stress for biological
yield was 104.6 days, nearly between the 3™
leaf stage and hard dough stage, and for
grain yield it was 68.6 days, nearly between
the 4™ leaf and soft dough stages. It should
be kept in mind that these values are gained
through calculation and may differ
depending on experimental conditions. In
addition, developmental stages of plant are
not exactly distinguished and may overlap

734

each other. Moreover, these results are
reliable at greenhouse conditions with 150
mM NaCl, and should be tested for other
levels of salinity.

In general, according to our findings,
depending on the developmental stage at
which the plant is exposed to salinity,
sorghum plant might be placed in different
tolerance groups. Regarding biological and
vegetative growth, sorghum is more
sensitive during early growth stages and
more tolerant at the late stages of growth,
while considering grain production it is
more tolerant after the soft dough stage.
Knowledge of the salt-sensitive and tolerant
stages of sorghum crop would make it
feasible to use brackish or salt water for
growing sorghum with minimum yield loss.
A broader application of the concept of
CPSSC is to apply low or high salinity water
in synchrony with salt-sensitive or salt-
tolerant growth stages, which will assist us
with better usage of saline water resources
for sorghum production.
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