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A B S T R A C T

Seed priming is known to often alleviate salinity stress during seed emergence and subsequent crop growth. This
study compares the effects of salinity stress on the germination and emergence of wheat (Triticum aestivum L.)
seeds untreated (control) and primed with ascorbic acid (Asc), potassium silicate (K2SiO3), proline (Pro),
spermidine (Spd) and Lake Urmia saline water (LUsw). Saline water from Lake Urmia (Iran) was diluted to
produce salinities with electrical conductivities (EC) of 2, 4, 6, 8, 10, 12, 14, 20 dSm−1, while distilled water (EC
≈ 0 dSm−1) was used for the control. Two independent sets of experiments were conducted. The first experi-
ments were used to select the most effective concentration of each priming agent based on the final germination
percentage (GP) and germination rate (GR). The second set of experiments aimed to analyze the measured data
in terms of salinity response functions in order to quantitatively determine the most effective priming agent(s).
The first experiments showed that the most effective concentrations of Spd (0.5 mM), Pro (25mM), K2SiO3

(1.5 mM) and LUsw (100mg L−1) mitigated the negative impacts of salinity on GR by 32, 18, 17 and 22 %,
respectively. The second experiment showed that the Maas and Hoffman (1977) and van Genuchten and
Hoffman (1984) salinity response functions provided effective descriptions of seedling and early growth re-
sponse to salinity stress. Mean values of the salinity threshold (EC*) and the salinity at which a given trait was
reduced by 50 percent (EC50) in these functions were 3.4 and 10.8 dSm−1 for the control, respectively. By
comparison, the EC* values for the K2SiO3, Pro, Spd and LUsw primed seeds were 5.3, 4.5, 4.7, and 4.2 dSm−1,
respectively, and the EC50 values were 12.4, 11.4, 11.9, and 9.4 dSm−1, respectively. The beneficial effects of
K2SiO3 on seedling growth were more evident than those of the other priming agents. K2SiO3 had the highest
effect on EC* and EC50 of the vitality index (VI), showing increases of 151 and 34 %, respectively. The highest
increases of EC* and EC50 for seedling dry weight (72 and 24 %, respectively) were obtained with Spd and
K2SiO3. The findings provide much insight on relieving the negative effects of salinity through cost-effective seed
priming operations so as to improve the production of wheat under saline conditions.

1. Introduction

Soil salinity causes major losses in crop production, especially in
arid and semi-arid regions where 110 million out of 270 million ha of
irrigated lands are located (Smedema and Shiati, 2002). Salinity is
becoming more extensive as a result of land clearing and unsustainable
irrigation and salinity management practices, as well as increasingly by
bringing marginal lands into production (Kang et al., 2013; Munns and
Gilliham, 2015; Kopittke et al., 2019). Salinity stress causes plants ex-
posed to three major challenges, including increasing osmotic pressure,
misbalancing ion uptake, and oxidative stress (Tahjib-Ul-Arif et al.,

2018). The response to this stress at each stage of growth varies not
only among plant species, but also among cultivars (Bojović et al.,
2010). Most crop species are sensitive to salinity stress at early growth
stages, including the germination and seedling establishment stages
(Wang et al., 2009). During germination and emergence, plant survival
is likely the most vital indicator of salinity tolerance, whereas after-
wards yield and growth reduction may be considered as the final tol-
erance criterion (Saadat and Homaee, 2015). The severity of salinity
stress is often determined best by measuring seedling growth since
rapid and uniform seedling emergence is a crucial prerequisite to
achieve full yield potential and, ultimately, maximum profitability of
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annual crops (Sadeghi and Robati, 2015).
There are several strategies to improve plant growth in salinity-af-

fected environments. One strategy is through selection and breeding.
Numerous attempts have been made to improve the salt tolerance of
crops using traditional breeding programs. Unfortunately, the com-
plexity of the basic tolerance mechanisms involved, a lack of optimal
selection criteria, and variations in plant response to salinity at different
growth stages have resulted in limited commercial success (Taie et al.,
2013). Another strategy is to prime the seeds with different agents and/
or to use exogenous applications of these materials prior to their
planting (Ali et al., 2017; Subramanyam et al., 2019). Many advocate
for this purpose the use of seed priming as a practical, cost-effective,
and low-risk alternative to improve seed germination and seedling
emergence by inducing the metabolic activity of pre-germination under
adverse conditions (Jiménez-arias et al., 2015; Migahid et al., 2019).

Priming is not a simple emulation of the early imbibition stage of
germination, but rather is thought to impose moderate stress on seeds,
which then activates a stress-responsive system that confers a “cross
tolerance” on seeds when exposed to future stresses (Bhanuprakash and
Yogeesha, 2016). During pre-germination metabolic activities, struc-
tural (membrane protection during imbibition) and genetic repair, RNA
and protein synthesis and antioxidant mechanism take place in primed
seed, which ensure its proper germination and seedling development
(Saddiq et al., 2019). Several compounds such as silicon (Si), ascorbic
acid (Asc), salicylic acid (SA), and polyamines (PAs), have been pro-
posed as signal transducers and messengers, if used as a leaf spray or
soil nutrient, or for seed priming, they may have profound effects on
plant growth and development (Abu El-Soud et al., 2013; Kovácik et al.,
2009). For example, proline is an organic osmolyte which if used as a
seed priming, has been shown to enhance the GR and relative germi-
nation energy (RGE) of salinity-stressed rice seeds (Hua-long et al.,
2014). Spermidine (Spd), a low-molecular-weight aliphatic amine, si-
milarly improved GP, germination vigor, root viability and length,
while shortening the mean germination time under different water
stress conditions (Li et al., 2014). Ascorbic acid is one of the most im-
portant antioxidants in plants that alleviates different environmental
stresses. Silicon, the second most abundant mineral element on earth,
furthermore has been found to enhance markedly the capacity of an-
tioxidants and to improve protein metabolism to moderate oxidative
stress (Geng et al., 2018).

Wheat (Triticum aestivum L.), which is one of the most important
food crops in many parts of the world, often also suffers from salinity
(Tuna et al., 2008). Numerous studies have noted the potential of seed
priming to ameliorate the effects of salinity stress on wheat growth
(Bajwa et al., 2018; Jaafer et al., 2012; Saddiq et al., 2019). However,
there are differences in the response of wheat varieties to salinity and
seed priming. Moreover, little quantitative information exists about the
resistance of wheat during germination and seedling emergence, espe-
cially about the possible effects of salinity and seed priming at the
seedling stage.

Over the years, a number of salinity response functions have been
proposed for modeling plant tolerance to abiotic stresses, including
plant response to salinity stress (e.g., Maas and Hoffman, 1977; van
Genuchten and Hoffman, 1984). To our knowledge, such functions have
not been generally used to assess the effects of seed priming on plant
response to salinity stress. In this study we will apply the empirical
response functions of Maas and Hoffman (1977) and van Genuchten
and Hoffman, 1984) to identifying the most effective seed priming
agents for lessening the effects of different salinity levels (up to
20 dSm−1) at the seedling stage. Specific objectives hence are to 1)
investigate the ability of five different seed priming agents, notably
spermidine (Spd), ascorbic acid (Asc), proline (Pro), potassium silicate
(K2SiO3) and Lake Urmia saline water (LUsw), to improve the germi-
nation potential of wheat (Triticum aestivum L.) subject to salinity stress,
and 2) quantify the response of wheat to salinity using response func-
tions to investigate the performance of the seed priming agents at the

seedling stage.

2. Materials and methods

All experiments were carried out at the Seed Technology Laboratory
of the Agricultural Faculty of Urmia University (Urmia, Iran) during
2017. Wheat seeds (of the Chamran variety of Triticum aestivum L.) were
provided by the Cereal Laboratory of the Agricultural Research Center
of West Azerbaijan Province, Urmia, Iran. Mean seed dry weight per
100 seeds was 3.57 g, while the seed moisture content ranged from 9 to
10 %. Separate studies prior to the experiments showed that seeds ex-
hibited a 100 % germination percentage at a temperature of 25 °C as
assessed using Petri dishes. The seeds were surface-sterilized in a 1 %
sodium hypochlorite solution for 10min, then rinsed with distilled
water and dried before being used in the germination tests.

The experiments were implemented in two consecutive phases. The
first phase aimed to evaluate the final germination percentage (GP) and
germination rate (GR) of the seeds. This enabled us to obtain some
preliminary data regarding plant response to different concentrations of
the various seed priming agents (and for a control using untreated
seeds) at the imposed salinity levels. The experiments allowed us to
select the best concentrations of the various seed priming agents to be
used for the next phase. For the priming we soaked the seeds into so-
lutions containing spermidine (Spd) (0, 0.5, 1 and 1.5 mM) for 10 h,
ascorbic acid (Asc) (0, 50, 75 and 100mM) for 24 h, or proline (Pro) (0,
12, 17 and 20mM) for 2 days, potassium silicate (K2SiO3) (0, 1, 1.5 and
2mM) for 6 h, or Lake Urmia saline water (LUsw) (0, 100, 150 and
200mg L−1 salt) for 10 h. These materials and their specific con-
centrations were selected following previous studies using similar
agents (Ahmed et al., 2016; Ibrahim, 2016; Sivritepe et al., 2003;
Torabi et al., 2012). Also, we note that Lake Urmia water was used,
rather than artificial solutions, since the ionic solution composition of
most nearby soils were fairly similar to that of the lake. Once primed,
the seeds were thoroughly rinsed with tap water followed by distilled
water, dried back to their original moisture content at room conditions
(about 25 °C and 42 % relative humidity) as determined by changes in
seed weight. All seeds subsequently were surface-sterilized in a 1 %
sodium hypochlorite solution for 10min for use in the main experi-
ments.

For the first phase we used nine salinity levels with electrical con-
ductivities of 0, 2, 4, 6, 8, 10, 12, 14 and 20 dSm−1. The salinity levels
were obtained by diluting saline water from Lake Urmia located in
northwest Iran. Samples of 300 treated seeds (three replicates of 100
seeds) were placed in covered 9-cm diameter Petri dishes containing a
single filter paper moistened with 7ml of each saline water treatment.
The Petri dishes were placed in a germinator at 25 ± 2 °C. Data were
collected every 6 h until no additional germination occurred for 48 h. At
the end of the experiments, the final GP and GR values were calculated
after Sajirani et al. (2011). GR is generally considered to be the most
important criterion since it reflects the vigor of the seeds. The most
efficient concentration of every seed priming agent was selected from a
linear regression of a particular trait (such as GP or GR) versus salinity.
The concentration of a given priming agent that provided a regression
line with the lowest slope was presumed to be the most effective con-
centration of that priming agent (Maggio et al., 2004; Steppuhn et al.,
2005), and then used in subsequent experiments.

The second phase of the experiments was used to test, for each
optimal concentration of the agents, the effects of the same range of
salinities on seedling development over a period of 14 days. These
experiments were carried out in a greenhouse having a temperature of
approximately 25 °C during the day and 20 °C at night, a relative hu-
midity of 50 ± 10 %, and a light intensity of 700 μmol m−2s-1. We
used for these experiments 16-cm high, 7-cm diameter PVC pots packed
with 540 g farm soil. The loam soil (sand, silt and clay percentages were
46, 33 and 21 %, respectively) was non-saline (the electrical con-
ductivity of the saturation paste was 1.1 dSm−1), contained 18.5 %
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equivalent CaCO3, and had a pH of 7.7. We sowed 10 seeds per pot,
which were thinned to 5 seedlings per pot after emergence. For every
treatment we used three replicates, thus providing us with data from
270 different pots (5 priming agents, 9 salinities, 2 phases, 3 replicates).

The various experiments produced estimates of the following traits:
Final maximum seed emergence percentage, Emax, being the

ratio of the number of seeds emerged over the total number of seeds
sown (×100 %).

Emergence rate, R50, being the rate at which 50 % of the seeds
emerged: R50= 1/D50, where D50 is the number of days needed to reach
50 % of emergence.

Vitality index, VI, given by the length of the seedlings × Emax
Reciprocal of the emergence uniformity, REU, given by

REU=1/EU where EU = D90-D10. D10 and D90 are the number of days
needed to reach 10 and 90 % emergence, respectively. As the difference
between D10 to D90 increases, the emergence uniformity (EU) hence
decreases and REU increases.

Seedling growth indexes given by certain seedling attributes such
as length, dry weight and fresh weight 16 days after planting.

Weight of mobilized seed reserve, WMSR, given by the dry
weight of the original seed minus the dry weight of the seed remnant.
The initial seed dry weight was found to be 0.033 ± 0.006 g per seed.

The effects of seed priming and salinity on the various traits were
investigated using several empirical salinity response functions.
Traditionally the most popular response function has been the linear
threshold slope model introduced by Maas and Hoffman (1977).
Written in terms of the soil electrical conductivity, EC, this response
model is given by
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where α is the specific trait being considered in relative terms (0≤α≤1)
as a function of soil salinity, EC (dS m−1), EC* is the salinity threshold
value and b is the slope of the response function. Since the linearity
assumption of Eq. (1) often does not fully meet actual field conditions,
van Genuchten and Hoffman (1984) proposed an alternative S-shaped
function of the form:
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where EC50 is the soil salinity at which α(EC) is reduced by 50 percent,
and p is a dimensionless shape parameter, presumably a function of
specific crop, soil and climate conditions. For many crops, the value of p
on average was found to be about 3 when Eq. (2) was applied to salinity
stress data (van Genuchten and Gupta, 1993). As shown by Steppuhn
et al. (2005) and van Genuchten and Gupta (1993), among others, Eq.
(2) was found to describe crop salt tolerance data equally well or better
than Eq. (1).

Dirksen et al. (1993) later included a threshold salinity in Eq. (2) to
enable a more flexible description of salinity response data at low
salinities:
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The above macroscopic response functions were fitted to the ob-
served data by minimizing the sum of the squared errors (SSE) between
measured (Oi) and model-predicted (Pi) values of the dependent vari-
able using unweighted least-squares regression (e.g., van Genuchten,
1983):
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where n is number of data-points. Since the response functions have

different numbers of fitting parameters, and more fitting parameters
normally will lead to a better fit (i.e. lower SSE values), the Akaike
information criterion (AIC) was used to compare the performance of the
models. When the number of data-points (n) is small in comparison to
the number of fitting parameters (q), such as in our study where n ex-
ceeds the number of fitting parameters by only four or five, one may use
the corrected AIC (Bolster and Hornberger, 2007; Razzaghi et al., 2016)
as follows:
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The response function with the lowest value of AIC will be assumed
to be the most accurate. To test if the improved accuracy is statistically
sound and justifies the extra parameters, the probability will be cal-
culated using (Bolster and Hornberger, 2007; Razzaghi et al., 2016):
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in which Δ is the absolute difference between the AIC values of the two
response functions being evaluated. P values were used to ensure that
the decrease in SSE, required to accept the more accurate response
function, is reasonable (Bolster and Hornberger, 2007; Razzaghi et al.,
2016).

Statistical operations, calculations, and fitting of response function
models were performed using Excel 2013 software and its Solver ex-
tension.

3. Results and discussion

3.1. Seed germination as influenced by salinity and priming

The germination percentage (GP) and germination rate (GR) were
both found to decrease with increasing salinity levels for both the
control and the primed seeds (Figs. 1 and 2). However, the impact of
salinity on GR was higher than on GP, with GR showing an almost 50 %
reduction at EC=20 dS m−1, while GP decreased by only 23 %. Ac-
tually, 20 % of the total reduction in GP occurred between 2 and 8 dSm-

1, while this amount was 45 % for GR. The main reasons for the higher
sensitivity of GR to salinity as compared to GP could be attributed to the
damages that salinity causes to the enzymes involved in germination or
the delay in their activity (KhoshKholgh Sima et al., 2013). Except for
Asc, all seed priming agents alleviated the inhibitory effect of salinity
stress on GP and GR. Many studies have shown that a capability to
rapidly re-start both Asc biosynthesis and APX activity is necessary for
successful seed germination. However, other studies (e.g., Takemura
et al., 2010) acknowledged that high Asc treatment may cause the

Fig. 1. Effect of salinity on the germination percentage of wheat untreated
(Con, control) or primed with the most effective concentrations of the seed
priming agents Spd (spermidine), Pro (proline), K2SiO3 (potassium silicate) and
LUsw (Lake Urmia saline water) used in this study.
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destruction of mesothelioma cells and prevent germination in wheat
seeds (Takemura et al., 2010). In agreement with these results, not only
did none of the concentrations of Asc in our study have a positive effect,
they actually reduced markedly the GP.

The priming concentrations that produced the lowest reduction (less
negative slope) (Maggio et al., 2004; Steppuhn et al., 2005), and hence
most likely the highest increases in the GR and GP values, were used in
subsequent experiments. Ultimately, selected concentrations were
0.5 mM for Spd, 25mM for Pro, 1.5 mM K2SiO3, and 100mg L−1 for
LUsw (Figs. 1 and 2). The most effective concentrations of Spd, Pro,
K2SiO3 and LUsw mitigated the negative impacts of salinity on GR by
32, 18, 17 and 22 %, respectively, with their moderating effect on GP
always being less than 15 % (up to 3, 11, 11 and 9 %, respectively).
Seed priming hence had far more effect on the wheat germination rate
than on the germination percentage. Experimentally, higher GR values
of primed seeds are due to metabolic repair, with more metabolite
production required for germination during the imbibition process
(Saddiq et al., 2019). Moreover, Hua-Long et al. (2014) showed that the
improvement of GR for primed seeds with Pro was mainly due to an
increase in intracellular osmolytes and alleviation of water uptake im-
balances during germination phases II and III.

3.2. Seedling emergence as influenced by salinity and priming

Salinity had a major inhibitory effect on the growth and develop-
ment of seedlings as shown in Fig. 3, which provides results for the four
most important traits we investigated. Quantitative parameters re-
presenting the effects of salinity on seedling growth and development
are listed in Table 1 for all traits. Please note that all values in Fig. 3 are
relative, calculated as the value of the attribute for each level of
treatment (salinity and seed priming) relative to the control (i.e., the
value at zero salinity and without seed priming). Hence, every value
simultaneously reflects the coupled effects of salinity and seed priming.
The responses of the traits versus salinity were almost the same.
However, the intensities of the responses to salinity were not the same
among all salinity levels. The effects at lower levels of salinity were
generally milder, with most traits showing a negligible change up to
certain threshold salinity, while the inhibitory effects of salinity on the
traits increased beyond a certain threshold salinity (Fig. 3a–d). For
example, the relative values of Emax and R50 changed slightly to
EC=12 and 4 dSm−1, respectively, after which they declined by al-
most 87 and 82 %, respectively, to EC=20 dS m−1. In the same way,
for all of the seed priming agents, the values of the traits decreased only
modestly at low salinities. The changes were greater at higher salinities.
It seems that the behavioral patterns of the traits versus salinity did not
change much by seed priming. However, the rate of decrease and the

Fig. 2. Effect of salinity on the germination rate of wheat untreated (Con,
control) or primed with the most effective concentrations of the seed priming
agents Spd (spermidine), Pro (proline), K2SiO3 (potassium silicate) and LUsw
(Lake Urmia saline water) used in this study.

Fig. 3. Effect of salinity on relative values of Emax (a), R50 (b), VI (c) and
seedling dry weight (d) of wheat untreated (Con, control) or primed with the
most effective concentrations of the seed priming agents seed priming agents
Spd (spermidine), Pro (proline), K2SiO3 (potassium silicate) and LUsw (Lake
Urmia saline water) used in this study.
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threshold EC changed, with the changes not being the same among the
different seed priming agents. As an example, Fig. 4 visually shows the
effects of salinity on seedling growth for the control and the K2SiO3-
treated seeds.

In general, all priming agents considerably alleviated the adverse
effects of salinity (Fig. 3). The positive effects of seed priming in our
study can be considered from two perspectives: i) lessening the rate of
the salinity-induced decline of the traits, and ii) delaying the start of the
declining trend in the measured traits. Priming was more efficient in
term of the second perspective.

The effects of salinity and seed priming on the various traits were
analyzed next in terms of the numerical salinity response functions.
Fig. 5 shows the overall fit of the salinity response functions for Emax,
R50, VI and seedling dry weight for both the control and priming with
K2SiO3, the latter being the most efficient priming agent. Relative va-
lues of the traits remained more or less constant until they reached
some threshold EC, beyond which they decreased.

A box plot of the Akaike information criterion (AIC) for the response
functions over all of the traits considered showed that the van
Genuchten and Hoffman (1984) response function had the lowest AIC
values, followed by the Maas and Hoffman (1977) and Dirksen et al.
(1993) functions (Fig. 6). Mean and median AIC values for the van

Genuchten and Hoffman (1984) and the Maas and Hoffman (1977)
functions were −33.9 and −34.6 and −23.9 and −25.6, respectively.
The mean and median AIC values were, respectively, −18.1 and −17.5
for the Dirksen et al. (1993) function. The first to third quartile values
of the AIC for the van Genuchten and Hoffman (1984) function were
within the range of −38.8 to −29.9, while they varied from −29.5 to
−19.9 for the Maas and Hoffman (1977) function, and from −24.7 to
−13.0 for the Dirksen et al. (1993) response function (Fig. 6). While
there was generally no statistically significant difference between either
the Maas and Hoffman (1977) and the Dirksen et al. (1993) functions or
the van Genuchten and Hoffman (1984) and Maas and Hoffman (1977)
functions in terms of their AIC values (P≥ 0.05), the van Genuchten
and Hoffman (1984) response function provided fits that were statis-
tically superior (P < 0.05) to the Dirksen et al. (1993) function.
Table 1 lists, for all five priming agents, the fitted parameters of the van
Genuchten and Hoffman (EC50 and p) and Maas and Hoffman (EC* and
b) response functions.

3.3. Quantitative effects of seed priming on plant response to salinity

Increasing the salinity caused the values for all emergence indices to
decrease for the control and all priming agent. For example, Emax for the
control began to decrease at EC=12.3 dS m−1 (EC*) and was lowered
by 50 percent (EC50) at EC=16.2 dS m−1. This trait was the least af-
fected by salinity (see also Fig. 5a). We note here that all seed priming
agents improved seed emergence such that the average EC* and EC50
values increased to 15.6 and 17.3 dSm−1, respectively. The most ef-
fective seed priming agents for Emax was K2SiO3, which increased EC* to
16.2 dSm−1 and EC50 to 17.7 dSm−1.

The lowest EC* value of the emergency rate (R50) was observed for
seedlings of the control (EC*=1.6 dS m−1), and the highest value for
K2SiO3-treated seedlings (2.1 dSm−1). On the other hand, seed priming
decreased the seedling sensitivity to salinity by increasing EC* for R50.

Table 1
Obtained values of parameters in the van Genuchten and Hoffman (1984) and
Maas and Hoffman (1977) salinity response functions to quantitatively show
the effect of various priming agents used in this study to cope with salinity
stress.

Trait1 Parameter2 Seed priming agent3

Control Pro K2SiO3 Spd LUsw

Emax (%) EC* 12.3 16.2 16.2 15.4 14.5
b 0.106 0.202 0.194 0.172 0.113
EC50 16.2 16.4 17.7 17.3 17.7
p 8.6 7.7 9.3 10.7 7.2

R50 (1/day) EC* 1.6 1.9 2.1 1.8 2.0
b 0.051 0.062 0.048 0.055 0.053
EC50 9.7 9.7 10.8 9.9 10.3
p 2.5 3.0 2.4 2.9 2.7

REU (1/day) EC* 0.0 0.0 2.0 2.5 0.0
b 0.048 0.039 0.065 0.050 0.053
EC50 8.6 8.3 8.6 9.1 7.6
p 2.6 1.9 3.8 2.9 2.2

VI EC* 2.2 3.5 5.6 3.8 3.4
b 0.061 0.064 0.066 0.063 0.056
EC50 9.3 10.3 12.5 11.3 10.5
p 3.4 3.6 5.1 3.9 3.7

Seedling length (cm) EC* 2.6 3.3 5.2 3.5 3.6
b 0.060 0.058 0.058 0.056 0.055
EC50 9.9 10.7 12.9 11.8 11.2
p 3.4 3.2 4.1 3.2 3.4

Seedling fresh weight (g) EC* 2.3 2.7 3.2 3.3 2.8
b 0.058 0.051 0.053 0.055 0.058
EC50 9.7 10.3 11.3 11.0 10.1
p 3.3 2.8 3.0 3.1 3.3

Seedling dry weight (g) EC* 2.2 2.1 3.7 3.8 3.5
b 0.056 0.053 0.050 0.051 0.054
EC50 10.2 10.6 12.7 12.3 11.3
p 2.9 2.6 2.9 2.9 3.0

WMSR (g) EC* 4.2 6.5 4.6 3.5 3.7
b 0.054 0.058 0.054 0.050 0.054
EC50 12.5 14.7 13.0 12.9 12.2
p 3.4 3.9 3.2 2.8 2.9

1 final maximum emergence (Emax), emergence rate based on the rate
reaching 50 % emergence (R50), reciprocal of the emergence uniformity (REU),
vitality index (VI), weight of mobilized seed reserve (WMSR).

2 salinity threshold at which the reduction begins (EC*), reduction slope in
response to salinity (b), EC at which trait is reduced by 50 percent (EC50), di-
mensionless empirical shape parameter (p).

3 control (Con), ascorbic acid (Asc), proline (Pro), potassium silicate
(K2SiO3), spermidine (Spd), Lake Urmia saline water (LUsw).

Fig. 4. Seedling growth of wheat in response to different concentrations of
salinity for (a) the control (no seed priming), and (b) primed with K2SiO3. A
considerable effect of seed priming was observed for intermediate salinities
(i.e., for salinity levels of between 6 and 12 dSm−1).
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R50 of the control seedlings decreased by 50 percent (EC50) at
EC=9.7 dS m−1, while the EC50 values for Pro, K2SiO3, Spd and LUsw
were 9.7, 10.8, 9.9 and 10.3 dSm−1, respectively (Table 1). Among the
seed priming agents, only K2SiO3 slightly decreased the value of b for

R50. Nonetheless, b for R50 increased with other priming agents. Con-
sequently, a comparison of the parameters for Emax and R50 showed that
the sensitivity of R50 to salinity was more than Emax. Besides, the ability
of seed priming to alleviate the adverse effects of salinity on EC50 of
both traits was very similar. Still, the greater difference between EC* of
the control and the primed seeds for Emax, as compared to R50, indicates
that seed priming was more efficient in reducing the adverse effects of
salinity on Emax.

A comparison of reciprocal emergence uniformity (REU) values as
affected by seed priming shows that all priming agents had very little
effect. EC*and EC50 increased only with K2SiO3 and Spd. REU values
obtained with Pro and LUsw priming showed slightly lower EC50 values
compared to the control. Also, b of REU using Pro as the priming agent
decreased slightly while increasing for the other priming agents relative
to the control.

EC* and EC50 for the control vitality index (VI) were 2.2 and
9.3 dSm−1, respectively. The positive effect of priming on VI is shown
by the increased values of EC* and EC50. K2SiO3 and LUsw had the most
and least effect on EC* (151 % and 53 % higher than the control EC*,
respectively). Furthermore, priming raised EC50 by an average of
11.1 dSm−1, of which K2SiO3 and Spd exceeded the average. On the
other hand, b increased when using K2SiO3, Pro and Spd, but decreased
with LUsw priming.

Increasing the salinity caused seedling length to decrease. A possible
reason for reducing seedling length, one of emergence indices, may be
due to lowering the turgor pressure at relatively high salinities as a
consequence of slowing down water uptake by the seedlings, which
should reduce cell enlargement (Migahid et al., 2019) and may shorten
the shoot (Izzo et al., 1991). Another probable reason is a reduction in
the mobilized seed reserve (WMSR). During seed germination under
salinity, not only seed reserve utilization decreases, but also its effi-
ciency, because of increased respiration so that the dry weight of
growing seedlings always became lower than that of the mobilized
substrates (Chen and Arora, 2011). However, seed priming had a po-
sitive effect on seedling length. As an example, EC* for seedling length
increased up to 24, 97, 33 and 36 % using Pro, K2SiO3, Spd and LUsw,
respectively, compared to the control. By comparison, the value of b
was not significantly affected by priming. Seed priming similarly in-
creased EC50 of seedling length by an average of 17 % relative to the
control EC50. The effects of Pro and K2SiO3 on seedling length were,
respectively, the least and most significant compared to the other seed
priming agents.

The adverse effects of salinity on seedling fresh weight were com-
pensated by increasing EC* and EC50 for all seed priming agents.
Seedling fresh weight for the control was not affected by EC up to
2.3 dSm−1. The highest EC* and EC50 values (the averages increased 41
and 15 %, respectively) were obtained using Spd and K2SiO3.

Fig. 5. Overall fit of the applied response functions to the experimental data for
Emax (a), R50 (b), VI (c) and seedling dry weight (d) versus salinity for the
control and the K2SiO3 primed seeds.

Fig. 6. Box plot of the Akaike information criterion (AIC) values for comparison
among the response functions used, as averaged over all of the traits studied.
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The EC* and EC50 values of seedling dry weight, which for the
control were 2.2 and 10.2 dSm−1, respectively, increased also with
seed priming (except for EC* for Pro). The highest increases of EC* and
EC50 (72 and 24 %, respectively) were obtained with Spd and K2SiO3.
Although Pro reduced EC* by 0.1 dSm−1, it increased EC50 of seedling
dry weight by 0.4 dSm-1 and decreased b by 0.003. Other seed priming
agents reduced b as well.

The most significant differences between the various seed priming
agents were obtained for the weight of the mobilized seed reserve
(WMSR), especially in terms of EC*, but also EC50 (Table 1). While
WMSR declined with salinity for all seed priming agents and the con-
trol, the salinity thresholds for Spd and LUsw were less than those of the
control and the other priming agents. By comparison, WMSR for Pro
had the highest EC* and EC50, values (6.5 and 14.7 dSm−1, respec-
tively). Although the positive effect of K2SiO3 for WMSR was not as
much as those of Pro, K2SiO3 priming was able to increase EC* and EC50
by 10 and 4.1 %, respectively. b only increased by Pro. Our WMSR
findings are in agreement with recent studies by Bhanuprakash and
Yogeesha (2016), who reported that seed priming increased seed re-
serve utilization, seedling dry weight and the seed reserve depletion of
mountain rye and wheat.

The seed priming agents in most cases positively changed EC*, b and
EC50 for emergence and the other seedlings qualities, although each
priming agent had its unique impact on the traits. As a general trend,
the effect of seed priming was most pronounced for the EC* and EC50
indices. Values of EC* seemed to have been influenced by seed priming
more than the other parameters, with the highest increases occurring
for the vitality index (83 %) and seedling length (48 %). However, all
seed priming agents had a positive effect on the seedling traits, with
K2SiO3 being the best. Paul et al. (2017) and Shi et al. (2014) concluded
that improvements of seed germination and reductions in the effects of
oxidative stress on seedlings primed with Spd and Si were due to
boosting the antioxidant defense. Our findings on the valuable effects of
seed priming are consistent also with those reported by Anaya et al.
(2018) for broad bean and Patanè et al. (2009) for sweet sorghum.

When averaged over all the traits, seed priming increased the
minimum, maximum and mean salinity thresholds, EC*, compared to
the control (Table 1). For the most effective priming agent (K2SiO3),
these cardinal points were 2.0, 16.2 and 5.3 dSm−1, respectively,
compared to 0.0, 12.3 and 3.4 dSm−1 for the control (Table 1). Similar
increases, although less pronounced, were observed for all other
priming agents. For example, the EC* values averaged over all traits
increased to 4.5, 4.7, and 4.2 dSm−1 for the Pro, Spd and LUsw priming
agents, respectively. Moreover, the minimum and maximum EC50 for
the control treatment, which were 8.6 and 16.2 dSm−1, respectively,
were 8.6 and 17.7 dSm−1 for K2SiO3, the most effective pretreatment
(Table 1). But all seed priming agents had a positive effect: the mean
EC50 as averaged over all traits increased from 10.8 for the control to
11.4, 12.4, 11.9, and 11.4 dSm−1 for the Pro, K2SiO3, Spd and LUsw
priming agents, respectively. Among the various traits, the mean EC*
and EC50 (again, as averaged over all seed priming agents) improved
most for the vitality index (VI), seedling length and seedling dry weight.
Interestingly, the entries in Table 1 show that seed priming in general
had little effect on the p value of the van Genuchten and Hoffman
(1984) salinity response function (Eq. 2), although some exceptions are
apparent (especially for Emax). The average value of p for most cases
remained very close to 3.0 as noted by van Genuchten and Gupta
(1993) for many crops.

4. Conclusions

Our study showed that seed priming improved the salt tolerance of
wheat seedlings. This was supported by increasing values of several
traits under salinity stress. Seed priming increased the vitality index,
seedling length and seedling dry weight compared to other traits, im-
proved the development of seedlings, and mitigated the effects of

salinity stress. The principle purpose of this study was to quantitatively
analyze seedling response to the simultaneous effects of salinity and
seed priming. Analyses of our data showed that the salinity response
functions of van Genuchten and Hoffman (1984) and Maas and
Hoffman (1977) were able to describe the response of seedlings to
salinity and seed priming with remarkable accuracy. The functions and
their parameters provided useful insight into the overall effects of
priming and salinity, including showing that K2SiO3 was the most ef-
fective priming agent.

While overall findings of our study confirmed the positive effects of
seed priming on seed germination and establishment under saline
conditions, more investigations on plant response to salinity and
priming are needed, not only during early growth stages and using
salinized soils (in our case we used saline water from Lake Urmia), but
also with naturally salinized soils and for different environments.
Especially needed are studies investigating whether the positive effects
of seed priming on growth can be extrapolated to entire growth periods.
Results of such studies covering the complete plant life cycle would
provide much practical information for crop management in saline
environments.
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