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Abstract
Global warming and salinization are inducing adverse effects on crop yield. Drought priming has been proved to improve 
drought tolerance of plants at later growth stages, however, whether and how drought priming at early growth stage alleviat-
ing salinity stress at later growth stage and improving water use efficiency (WUE) of plants remains unknown. Therefore, 
two wheat cultivars were subjected to drought priming at the 4th and 6th leaf stage and subsequent moderate salinity stress 
at 100 mmol NaCl applied at the later jointing growth stage. The growth, physiological responses, ABA signaling and 
WUE were investigated to unravel the regulating mechanisms of drought priming on subsequent salinity stress. The results 
showed that drought priming imposed at the early growth stage improved the leaf and root water potential while attenuated 
the ABA concentration in the leaves  ([ABA]leaf) for the primed plants, which increased the stomatal conductance  (gs) and 
photosynthesis  (Pn). Consequently, the biomass under the salinity stress was significantly increased due to earlier drought 
priming. Moreover, drought priming improved the specific leaf N content due to the facilitated root growth and morphology, 
and this could benefit high leaf photosynthetic capacity during the salinity stress period, improving the  Pn and water uptake 
for the primed plants. Drought priming significantly improved plant level WUE  (WUEp) due to considerably enhanced dry 
biomass compared with non-primed plants under subsequent salinity stress. The significantly increased leaf δ13C under 
drought priming further demonstrated that the improved leaf δ13C and  WUEp was mainly ascribed to the improvement 
of  Pn. Drought primed plants significantly improved  K+ concentration and maintained the  K+/Na+ ratio compared with 
non-primed plants under subsequent salinity stress, which could mitigate the adverse effects of excess  Na+ and minimize 
salt-induced ionic toxicity by improving salt tolerance for primed plants. Therefore, drought priming at early growth stage 
could be considered as a promising strategy for salt-prone areas to optimize agricultural sustainability and food security 
under changing climatic conditions.
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Introduction

Drought and salinity are the major causes for inhibited plant 
growth and development, which are becoming the major 
threats for wheat cultivation in many regions of the world 
(Farooq et al. 2014; Wang et al. 2018; Zhang et al. 2016; 
Isayenkov 2019). Wheat (Triticum aestivum L.) is moder-
ately salinity tolerant, covering around 32% of the global 
region under cereal cultivation and providing food to over 
35% of the worldwide population (FAO 2015). Soil salinity 
can reduce its grain yield by about 60% (El-Hendawy et al. 
2017). Globally, more than 45 million hectares of irrigated 
lands have been interrupted, and every year around 1.5 mil-
lion hectares are taken out from production due to high soil 
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salinity (Munns and Tester 2008; Robin et al. 2016). The co-
incidence of drought and salinity always exists in field con-
dition, which can lead to multiple abiotic stresses for plants.

Drought stress always causes stomatal closing, which 
limits the diffusion of  CO2 to the leaf, leading to a reduc-
tion in carbon assimilation and other photosynthetic pro-
cesses (Guan et al. 2015; Voesenek and Sasidharan 2013). 
Abscisic acid (ABA) maintains stomatal closure under water 
deficit (Finkelstein et al. 2002), which plays a vital role in 
reducing abiotic stress oxidative disruption (Larkindale and 
Knight 2002). Besides, higher transpiration leads to more 
water loss and a decrease of leaf water potential (ψ1), and 
this could be prevented by closing of stomata, which pre-
vents water vapor and  CO2 transport and ultimately reduces 
photosynthesis and transpiration (Nishida et al. 2009). Salt 
stress influences physiological processes from germination 
to plant development, leading to less growth and yield due 
to decreased leaf area (Arif et al. 2019) and changed photo-
synthetic light phase (Qiu et al. 2003) by tiggering ionic and 
osmotic stress (Ashraf 2004). Physiological changes under 
salinity stress include biochemical imbalance and low soil 
water capacity due to excess  Na+ and  Cl− ions (Villalta et al. 
2008). Soil salinity may restrict  K+ uptake due to the major 
interaction with  Na+ at the root surface. Plant’s salt toler-
ance depends on their ability to maintain  K+/Na+ homeo-
stasis, with low level of  Na+ while high level of  K+.  K+ acts 
as a major agent that can alleviate  Na+ stress, thereby the 
ability of plants to survival salinity is heavily dependent on 
their  K+ ion (Ahanger et al. 2019). Therefore, to lessen the 
adverse effects of  Na+, plants tend to decrease salt-induced 
ionic toxicity to improve salinity tolerance by lowering the 
level of  Na+ in the photosynthesis system (James et al. 2006) 
and enhancing  K+ levels, leading to increased  K+/Na+ ratio 
(Ahanger et al. 2019; Shabala and Cuin 2008). It has been 
proposed that a high cytosolic  K+/Na+ ratio in the cytoplasm 
is required for plant survival during salt stress. Roots are 
important in plant growth and grain yield, as they provide 
anchoring for plants and aid in nutrient and water uptake 
(White and Brown 2010). The acquisition of sufficient 
water and nutrient resources as a result of better root system 
results in a larger leaf area with improved photosynthesis, 
consequently increasing crop production (Farooq et al. 2012; 
Imran et al. 2013).

Multiple studies have reported that priming has signifi-
cant implications in physiology of crop stress by triggering 
a quicker and stronger activation of defense mechanisms 
faced with subsequent stress occurrences (Abid et al. 2016, 
2018; Backhaus et al. 2014; Banik et al. 2016; Bruce et al. 
2007; Chen and Arora 2013; Pastor et al. 2013). Cui et al. 
(2019) noticed that drought primed plants at the tillering 
stage improved photosynthesis, leaf water potential, bio-
mass and grain yield. Abid et al. (2016) reported that pre-
drought priming during the vegetative growth stage showed 

high potential to tolerate drought stress through improved 
leaf water potential, chlorophyll content, leaf gas exchange 
and enzymatic antioxidant system, leading to a less yield 
loss. Pre-drought primed plants sustained lower ABA lev-
els during early grain filling stages, which led to a greater 
dry weight and grain yield compared to non-primed plants 
(Abid et al. 2017). Walter et al. (2011) found that drought 
priming enhanced biomass production and photoprotection 
in Arrhenatherum elatius under later drought stress.

Previous studies have demonstrated that drought priming 
at early growth stage could increase the drought tolerance 
of plants, but whether and how drought priming alleviat-
ing subsequent salinity stress at later growth stages remains 
unknown. It is hypothesized that drought priming can alle-
viate the salinity stress by improving leaf gas exchange and 
plant water status as well as modulation of plant hormones. 
Therefore, the objective of the present study was to assess 
whether and how drought priming at the early growth stage 
regulated plant growth, physiological responses, ABA sign-
aling, plant water status and WUE at the later growth stages 
under subsequent salinity stress and unravel the underly-
ing mechanisms for drought priming on subsequent salinity 
stress.The findings could be beneficial for understanding the 
physiological reactions of crops against multi-occurrence 
stresses that are essential for more accurate assessment of 
crop performance under climate changes.

Materials and methods

Experimental setup

The experiment was carried out in the glasshouse at Chi-
nese Academy of Agricultural Sciences from April to 
August 2019. Two wheat cultivars (Triticum aestivum L. var. 
Heng0628 and XR4347) were cultivated in the pots with 
22 cm height and 16 cm diameter. During the experimental 
period, the average day/night temperature was maintained 
at 27/22 °C and the density of photon flux ranged between 
450 and 800 µmolm−2  s−1. The seeds were sown on 15th 
April, 2019. The pots comprised 6.72 kg air-dried sandy 
loam soil with pH at 7.6, electrical conductivity (EC) at 
128.1 µs  cm−1, pot water holding capacity at 34.3%, per-
manent wilting point at 10.8% and soil bulk density at 1.2 g 
dry soil  cm−3. Sixteen surface-sterilized seeds were planted 
in free-draining pots and leaching was not observed during 
the experimental period. First thinning was carried out on 
10 days after germination and six seedlings were removed 
per pot. After 7 days from first thinning, the second thin-
ning was done and seven uniform seedlings were kept per 
pot. Fertilizer doses before seeding included 1.0 g N as the 
form of ammonium nitrate  (NH4NO3), 3.0 g P as mono-
potassium phosphate  (KH2PO4) and 3.0 g K as potassium 
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sulfate  (K2SO4) applied in each pot to avoid nutrient defi-
ciency. Before the beginning of drought priming, the pots 
were watered to 85% of soil water holding capacity (SWHC).

Experimental treatments

The experiment was a complete randomized design. The 
treatments consisted of two wheat cultivars, two drought 
priming levels (drought priming and non-drought prim-
ing) and two salinity levels (moderate and non-salinity). 
The plants were subjected to moderate drought stress at 
60% SWHC for 6 days applied at the 4th and 6th leaf stage, 
respectively, as outlined in the experimental description 
(Table 1). After drought priming, the crops were instantly re-
watered to 85% SWHC for recovery. The control pots con-
tinued to be irrigated at 85% SWHC throughout the growing 
period. Drought stress was maintained by weighing the pots 
and re-filling the water loss. Moderate salinity stress (100 
mmol NaCl) was applied during the jointing growth stage 
after drought priming. During the experimental period, all 
the pots were rotated several times to minimize the impact 
of spatial exposures to the environment. To maintain soil 
water contents at the target levels, the experimental pots 
were evaluated daily.

Sampling, measurement and analysis

Net photosynthetic rate  (Pn) and stomatal conductance  (gs) 
of leaves were recorded weekly with photosynthetically 
active radiation at 1500 µmol photon  m−2  s−1 and 400 ppm 
 CO2 concentration using Li-6400 Portable Photosynthesis 
System (Li-Cor Biosciences, Lincoln, NE, USA) from 9:00 
to 11:00 a.m. on upper completely expanded leaves. The 
intrinsic water use efficiency  (WUEi) was computed as the 
ratio between net photosynthesis rate  (Pn) and stomatal con-
ductance  (gs).

The soil water content in the pots was controlled by 
weighing method. During the experimental period, the 
plant water use was estimated based on the amount of irri-
gation and soil water stored in the pots. The water used for 
irrigation was tap water with negligible quantities of nutri-
ents. All the plants were harvested manually at the heading 
and flowering stage and the dry biomass was determined 
after oven drying at  70◦C to constant weight. Plant water 
use efficiency  (WUEP) was calculated as the ratio between 
the above ground dry biomass and plant water use during 
the experimental period.

The leaf area was measured using a leaf area meter 
(LI-3000 C, Li-Cor Inc., NE, USA). Root sections were 
tapped to remove adhering soil particles, briefly blotted 
with absorbent paper, and instantly put and secured within 
a plastic sample cup (< 10 s) for measurement of root 
water potential (Ψl). For leaf water potential (Ψr), the top 
fully extended leaf was separated from the plant in each 
pot. Then, it was instantly put inside a plastic cup and 
sealed. The time spent was less than 10 s from excision 
to sealing in the chamber. The Ψl and Ψr were determined 
by Dewpoint PotentiaMeter (WP4C, Meter Group Inc., 
WA, USA).

The dry leaves, stems and roots were ground and then 
digested in  HNO3 by a Microwave Digestion System (CEM 
corporation, NC, USA). The  Na+

,  K+ and  Ca2+ concentra-
tions were determined using the Atomic Absorption Spec-
trophotometer (AAS) (ICE3500, Thermo Fisher Scientific 
Inc., MA, USA).

At the end of the experiment, the upper-canopy fully 
expanded four leaves were sampled and frozen in liq-
uid N immediately. In addition, a few of root segments 
(about 0.5 g) were excised from the root system in each 
pot, washed in tap water to remove adhering soil par-
ticles, blotted with absorbent paper, frozen in liquid N 
immediately. The leaf and root samples were stored at 
− 80 °C before further analysis. The ABA concentration 
was determined by the indirect enzyme-linked immuno-
sorbent assay (ELISA) (Yang 2001). Using an Elemental 
Analyser System (vario PYRO cube, Elementar Analysen-
systeme GmbH, Germany) combined with an Isotope Mass 
Spectrometer (Isoprime 100, Elementar Analysensysteme 
GmbH, Germany), the plant samples were determined for 
carbon isotopic composition (δ13C). The carbon isotope 
composition was calculated as: 

where  Rsample and  Rstandard are the 13 C/12 C ratio of the sam-
ple and the Pee Dee Belemnite standard, respectively.

All the roots in the pots were collected and washed with 
tap water to remove soil from root samples. Then the roots 
were preserved in 20% ethanol solution and scanned with a 

�
13C = [(Rsample∕Rstandard) − 1] × 1000

Table 1  The treatment design for the experiment. DP and NP indicate 
drought priming and non-drought priming. S0 and S1 denote non-
salinity and salinity stress. WW represents well-watered condition

Growth 
stages

Tillering/4th leaf 
stage

Tillering/6th leaf 
stage

Jointing 
stage to 
harvest

Before prim-
ing

Priming Recovery Priming Recovery Salinity

WW NP WW NP WW NPS0
NPS1

DP DP DPS0
DPS1
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root scanner (V800, Epson America Inc., CA, USA). The 
images were evaluated using WinRHIZO software (Regent 
Instruments Inc., Quebec, Canada).

Statistical analysis

The data were statistically analyzed by SPSS 23.0 software 
(IBM corporation, New York, USA). The data during the 
drought priming period were compared using independent 
t-test between the drought priming and control treatments. 
The one-way analysis of variance (ANOVA) was performed 
to analyze the differences among the treatments at the sig-
nificance level of 5%. Regression analyses were determined 
to assess the correlations between two parameters. Figures 
were made using OriginPro software (OriginLab Corpora-
tion, MA, USA) and Microsoft excel.

Results

Soil water dynamics

The daily average soil water content (SWC) for non-primed 
plants was kept around 23%, whereas the SWC for primed 
plants reduced from 23 to 14% for both cultivars for 6 days 
at the 4th and 6th leaf growth stage under drought priming 
(Fig. 1). The SWC was kept around 23% for all the plants 
during the water recovery period. The salinity stress was 

applied at the jointing stage and the SWC of all the treat-
ments was maintained at about 20%.

Leaf gas exchange and intrinsic WUE

The moderate water stress during the drought priming 
period significantly decreased the  Pn and  gs by about 9% 
and 26% in Heng0628 and 14% and 30% in XR4347 com-
pared to the non-primed plants, respectively (Fig. 2). The 
 WUEi was significantly improved by 48% in Heng0628 
and 36% in XR4347 cultivar under the drought stress. 
During the salinity stress period, significantly higher  Pn 
and  gs were found for the primed plants than the non-
primed plants. For the primed plants of Heng0628, the 
DPS1 increased the  Pn and  gs by 9% and 47% while 
significantly reduced  WUEi by 14% compared with the 
NPS1 plants under the salinity stress. For XR4347, the 
DPS1 increased the  Pn and  gs by about 10% and 23% 
while slightly decreased  WUEi by 4% compared to the 
NPS1 plants under the salinity stress.

Leaf and root water potential

The drought primed plants under DPS1 significantly 
increased Ψ1 by 11% in Heng0628 and 13% in XR4347 
compared with NPS1 plants under the salinity stress after 
drought priming (Fig. 3). Similarly, DPS1 treatment also 

Fig. 1  Changes of daily aver-
age soil water contents under 
drought priming (DP), recovery 
(R) and subsequent salinity 
stress period in two wheat 
cultivars. C1, C2, W, M, N and 
S denote Heng0628, XR4347, 
well-watered, moderate water 
stress, non-salinity and salinity 
stress. The shaded zones indi-
cate the drought priming period
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significantly improved the Ψr by 46% in Heng0628 and 66% 
in XR4347 cultivar compared with the NPS1 treatment. 
The Ψ1 under the DPS0 treatment slightly or significantly 

increased, while the Ψr was similar compared with the NPS0 
treatment.

Fig. 2  Effect of drought priming on A  net photosynthetic rate  (Pn), 
B stomatal conductance  (gs) and C  intrinsic water use efficiency 
 (WUEi) of wheat during drought priming and salinity stress. NP and 

DP indicate non-priming and drought priming. S0 and S1 denote non-
salinity and salinity stress. Difference letters above the columns indi-
cate significant differences at P < 0.05. Error bars indicate SE (n = 4)
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ABA concentrations in the leaf and root 
tissues

The NPS1 treatment decreased the  [ABA]leaf and  [ABA]root 
compared with the NPS0 treatment under subsequent 

salinity stress condition, and the differences were significant 
for Heng0628 (Fig. 4). However, the  [ABA]leaf and  [ABA]root 
were similar between the DPS0 and NPS0 treatment.

Fig. 3  Effect of drought priming on leaf and root water potential of 
wheat under subsequent salinity stress. NP and DP indicate non-prim-
ing and drought priming, respectively. S0 and S1 denote non-salinity 

and salinity stress, respectively. Difference letters below the columns 
indicate significant differences at P < 0.05. Error bars indicate SE (n 
= 4)

Fig. 4  Effect of drought priming on A   [ABA]leaf and B   [ABA]root of 
wheat under subsequent salinity stress. NP and DP indicate non-prim-
ing and drought priming, respectively. S0 and S1 denote non-salinity 

and salinity stress, respectively. Difference letters above the columns 
indicate significant differences at P < 0.05. Error bars indicate SE (n 
= 4)
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Na+,  K+,  Ca2+ concentrations and  K+:Na+ ratio 
in the shoots

The  Na+ concentration in the NPS1 plants was significantly 
higher than the NPS0 plants (Fig. 5). The  Na+ concentra-
tion of the primed plants under the DPS1 treatment was 
significantly or slightly higher than that of the non-primed 
plants under the NPS1 treatment. The primed plants under 
the DPS1 treatments significantly increased  K+ concentra-
tion in both cultivars compared with the non-primed plants 
in the NPS1 treatment under the salinity stress. The  Ca2+ 
concentration in the primed plants under the DPS1 treat-
ment decreased compared with the NPS1 plants under the 
salinity stress but increased compared to the NPS0 plants. 
The  K+:Na+ ratio of the primed plants under the DPS0 
was significantly higher than that under the NPS0 treat-
ment, whereas it was similar between the DPS1 and NPS1 
treatment.

Root morphology

The NPS1 treatment reduced the root length, diameter, area 
and volume compared with the NPS0 treatment (Fig. 6). 
The DPS1 treatment increased the root length, diameter, 
area and volume by 29, 14, 28 and 40%, respectively, in 
Heng0628, and elevated by 30, 21, 21 and 24%, respectively, 
in XR4347, compared with the non-primed NPS1 plants 
under the salinity stress.

Leaf area, dry biomass, plant water use,  WUEp, δ
13C 

and specific leaf N content

The NPS1 treatment significantly decreased the leaf area, 
plant water use, δ13C and specific leaf N content compared 
with the NPS0 treatment (Table 2). For the primed plants, 
the DPS1 treatment improved leaf area by 2% in Heng0628 
and 37% in XR4347 compared to the non-primed plants 
under the salinity stress. Similarly, the dry biomass in the 
DPS1 treatment was significantly improved compared to 
the NPS1 treatment under the salinity stress. Likewise, 

Fig. 5  Effects of drought priming on A   Na+ concentration, B   K+ 
concentration C   Ca2+ concentration and D   K+:Na+ ratio of wheat 
under subsequent salinity stress. NP and DP indicate non-priming 

and drought priming, respectively. S0 and S1 denote non-salinity and 
salinity stress, respectively. Difference letters above the columns indi-
cate significant differences at P < 0.05. Error bars indicate SE (n = 4)
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the DPS1 treatment improved the plant water use by 4% in 
Heng0628 and 5% in XR4347 cultivar compared with the 
NPS1 plants. The  WUEp significantly increased in the DPS1 

treatment by 7% in Heng0628 and 31% in XR4347 com-
pared to the NPS1 treatment. In addition, the drought primed 
plants under the DPS1 treatment significantly improved the 

Fig. 6  Effects of drought priming on A  root length, B  root average 
diameter, C root surface area and D root volume of wheat under sub-
sequent salinity stress. NP and DP indicate non-priming and drought 

priming, respectively. S0 and S1 denote non-salinity and salinity 
stress, respectively. Difference letters above the columns indicate sig-
nificant differences at P < 0.05. Error bars indicate SE (n = 4)

Table 2  Effects of drought 
priming on dry biomass, plant 
water use, leaf area,  WUEp, 
δ13C and specific leaf N content 
of wheat under subsequent 
salinity stress

Cultivar Treatment Leaf area
(cm2  pot−1)

Dry biomass
(g  pot−1)

Plant water 
use (L 
 plant−1)

WUEp
(g  L−1)

δ13C
(‰)

Specific 
leaf N 
content
(mg  cm−2)

Heng0628 NPS0 1473.5a 67.7ab 55.94a 1.21b − 32.03a 1.30a
DPS0 1131.5b 65.8b 51.18ab 1.29b − 32.28ab 1.29a
NPS1 1220.0b 65.2b 50.42b 1.26b − 32.51b 1.07b
DPS1 1245.5ab 70.4a 52.40ab 1.35a − 32.09a 1.26a

XR4347 NPS0 1264.8a 48.0a 49.39a 0.97ab − 31.76a 1.53a
DPS0 1051.3b 51.6a 48.13ab 1.07a − 32.17bc 1.41ab
NPS1 877.3c 36.1b 44.46c 0.81b − 32.25c 1.31b
DPS1 1203.0a 49.4a 46.59b 1.06a − 31.91ab 1.61a
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δ13C and specific N content compared with the NPS1 treat-
ment under the salinity stress.

Discussion

Drought and salinity are the major environmental limita-
tions on crop productivity, and they decrease plant water 
status, photosynthesis (Janda et al. 2016) and expansion of 
leaf area (Kozlowski 1997; Parida and Das 2005; Rahne-
shan et al. 2018). Previous studies have reported that prim-
ing can alleviate stress tolerance in wheat against post-
anthesis waterlogging (Li et al. 2011), heat (Wang et al. 
2014a, b), cold (Li et al. 2015), freeze (Wang et al. 2019) 
and drought stress (Wang et al. 2015). In the present study, 
whether drought priming can alleviate subsequent salinity 
stress and the underlying mechanisms was investigated. 
The results showed that drought primed plants achieved 
a stress imprint that minimized subsequent salinity stress 
as exemplified by the improvement of leaf gas exchange, 
plant water status and root growth as well as modulating 
plant hormones compared with the non-primed plants.

Photosynthesis  (Pn) can be greatly impaired by drought 
and/or salinity stress, resulting in a substantial loss of 
yield (Chaves et al. 2009; Downton et al. 1985; Farquhar 
et al. 1982). The reduction in photosynthetic rate under 
drought and salinity conditions is usually attributed to the 
suppression of mesophyll metabolism and stomatal clo-
sure at moderate and high pressure (Flexas et al. 2004; 
Chaves et al. 2009). In previous studies, improvement of 
leaf gas exchange was noticed in wheat after drought prim-
ing when plants suffered from drought stress at the later 
growth stage (Abid et al. 2017). Under subsequent salinity 
stress, it was noted that the primed plants improved the  Pn 
and  gs of leaves when compared to the non-primed plants 
(Fig. 2). The leaf and root water potential of primed plants 
were significantly higher than the non-primed plants under 
subsequent salinity stress due to drought priming imposed 
at the early growth stage (Fig. 3). In addition, drought 
priming maintained lower  [ABA]leaf for the primed plants. 
Both the improved plant water status and reduced ABA 
signaling improved the opening of the stomatal aperture 
and significantly increased leaf photosynthesis, which 
preserved grain production throughout the salinity stress 
period. Thus, the biomass was significantly increased 
due to earlier drought priming under the salinity stress 
in the priming treatment (Table 2). Furthermore, drought 
priming improved the specific leaf N content due to the 
facilitated root growth and morphology (Fig. 6), and this 
could benefit high leaf photosynthetic capacity during 
the salinity stress period, improving the  Pn for the primed 
plants. The improved specific leaf N content could also 

directly impact the photosynthetic process by influencing 
the Rubisco content (Heckathorn et al. 1996).

The present study showed that drought priming sig-
nificantly improved  WUEp due to considerably enhanced 
dry biomass compared with the non-primed plants under 
subsequent salinity stress, though the plant water use also 
increased for primed plants (Table 2). In order to further 
explore how drought priming regulated WUE in response 
to subsequent salinity stress, leaf δ13C was measured to 
demonstrate long-term utilization of water. It has been 
reported that drought and salinity stress increase leaf δ13C 
(Acosta-Motos et al. 2017; Flanagan and Farquhar 2014) 
when the stomata closure is a key factor in limiting pho-
tosynthesis. Consistently, drought primed plants increased 
leaf δ13C, indicating that the increased leaf δ13C and 
 WUEp for primed plants under subsequent salinity stress 
was due to the improved photosynthesis and/or decreased 
of  gs. Under this circumstance, the results clearly showed 
that the significantly higher leaf δ13C and  WUEp in the 
present study was mainly ascribed to the improvement of 
 Pn.

Drought priming increased root length, diameter, area and 
volume compared with non-primed plants under the salinity 
stress (Fig. 6). The stimulated root growth and root mor-
phological characteristics can increase water and nutrient 
absorption from the soil, allowing plants to cope with stress-
ful conditions (Arif et al. 2019). It was found that drought 
priming increased water consumption for the primed plants 
compared with non-primed plants under subsequent salinity 
stress (Table 2), implying further the enhanced water uptake 
from the soil for the primed plants due to the stimulated 
root growth and morphology. The stimulated root growth 
and water uptake could contribute to the better plant water 
status, increased  gs and enhanced shoot growth of the primed 
plants. The significantly increased specific leaf N content 
(Table 2) demonstrated that the enhanced root growth after 
drought priming enhanced nutrient uptake from the soil.

Salinity stress lowers carbon fixation and biomass pro-
duction in plants via reducing water availability,  Na+ toxic-
ity and ion imbalance (Ahanger et al. 2019). Maintaining 
cellular  K+/Na+ homeostasis is pivotal for plant survival 
in saline environments. El-Samad and Shaddad (1997) 
reported that plant reactions to salinity stress cause a drop 
in  K+ content in plant tissues, and the replacement of  K+ by 
 Na+ might result in nutritional imbalances. In the current 
study, drought primed plants significantly improved  K+ con-
centration than non-primed plants under subsequent salinity 
stress, and thus maintained the  K+/Na+ ratio, though the 
 Na+ concentration was increased by drought priming under 
the subsequent salinity stress. The improvement of  K+ level 
under salinity stress condition could mitigate the adverse 
effects of excess  Na+ plants and minimize salt-induced ionic 
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toxicity by improving salt tolerance (Ahanger et al. 2019). 
The decreased  Ca2+ concentration in the non-primed plants 
might compete with with  Na+ ion, resulting in reduced  Na+ 
absorption and concentration in the treatment compared with 
the primed plants.

Conclusions

Drought priming improved the plant water status while 
attenuated ABA signaling, which improved the stoma-
tal opening and thus significantly increased leaf photo-
synthesis. Consequently, the biomass under the salinity 
stress was significantly increased for primed plants. Fur-
thermore, drought priming facilitated the root growth and 
morphology, and thus improved the water and nutrient 
uptake. The increased specific leaf N content could ben-
efit leaf photosynthetic capacity during the salinity stress 
period and increased the photosynthesis significantly for 
primed plants. Drought priming significantly improved 
plant level WUE  (WUEp) due to considerably enhanced 
dry biomass compared with non-primed plants under sub-
sequent salinity stress, and the significantly increased leaf 
δ13C under drought priming further demonstrated that the 
improved leaf δ13C and  WUEp was mainly ascribed to the 
improvement of photosynthesis. Drought primed plants 
significantly improved  K+ concentration and maintained 
the  K+/Na+ ratio for the primed plants compared with 
non-primed plants under subsequent salinity stress, which 
could mitigate the adverse effects of excess  Na+ and mini-
mize salt-induced ionic toxicity by improving salt toler-
ance for primed plants. Therefore, drought priming at early 
growth stage could be considered as a promising strategy 
for salt-prone areas to optimize agricultural sustainability 
and food security through improving WUE of crops under 
changing climate. Based on the findings, hopefully, such 
innovative insight might provide directions in the research 
efforts aimed at improving synchronous drought and salin-
ity tolerance in wheat.

Acknowledgements We deeply acknowledge the financial support 
from the National Key Research and Development Program of China 
(2018YFE0107000), the Agricultural Science and Technology Inno-
vation Program, and the Elite Youth Program of Chinese Academy of 
Agricultural Sciences (CAAS). Ashutus Singha appreciates the Chi-
nese Government Scholarship (CGS) for supporting his study at CAAS.

Author contributions Y.W. designed the experiment. A. S. conducted 
the experiment with R.K.S., C.W., E.E.T.M and M.T. A.S. analyzed the 
data and drafted the manuscript. Y.W. and W.H. revised the manuscript. 
All the authors reviewed the manuscript and approved the content of 
this manuscript.

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

Abid M, Tian Z, Ata-Ul-Karim ST, Liu Y, Cui Y, Zahoor R, Dai T 
(2016) Improved tolerance to post-anthesis drought stress by pre-
drought priming at vegetative stages in drought tolerant and sensi-
tive wheat cultivars. Plant Physiol Biochem 106:218–227. https:// 
doi. org/ 10. 1016/j. plaphy. 2016. 05. 003

Abid M, Shao Y, Liu S, Wang F, Gao J, Jiang D, Dai T (2017) Pre-
drought priming sustains grain development under post-anthesis 
drought stress by regulating the growth hormones in winter wheat 
(Triticum aestivum L.). Planta 246:509–524. https:// doi. org/ 10. 
1007/ s00425- 017- 2698-4

Abid M, Tian Z, Zahoor R, Ata-Ul-Karim ST, Daryl C, Snider JL, Dai 
T (2018) Pre-drought priming: a key drought tolerance engine in 
support of grain development in wheat. Adv Agron 152:51–85. 
https:// doi. org/ 10. 1016/ bs. agron. 2018. 06. 001

Acosta-Motos J, Ortuño M, Bernal-Vicente A, Diaz-Vivancos P, 
Sanchez-Blanco M, Hernandez J (2017) Plant responses to salt 
stress: adaptive mechanisms. Agron 7:18. https:// doi. org/ 10. 3390/ 
agron omy70 10018

Ahanger MA, Qin C, Begum N, Maodong Q, Dong XX, El-Esawi M, 
Zhang L (2019) Nitrogen availability prevents oxidative effects of 
salinity on wheat growth and photosynthesis by up-regulating the 
antioxidants and osmolytes metabolism, and secondary metabolite 
accumulation. BMC Plant Biol 19(1):479. https:// doi. org/ 10. 1186/ 
s12870- 019- 2085-3

Arif MR, Islam MT, Robin AHK (2019) Salinity stress alters root mor-
phology and root hair traits in Brassica napus. Plants 8(7):192. 
https:// doi. org/ 10. 3390/ plant s8070 192

Ashraf M (2004) Some important physiological selection criteria for 
salt tolerance in plants. Flora Morphol Distrib Funct Ecol Plants 
199(5):361–376. https:// doi. org/ 10. 1078/ 0367- 2530- 00165

Backhaus S, Kreyling J, Grant K, Beierkuhnlein C, Walter J, Jentsch A 
(2014) Recurrent mild drought events increase resistance toward 
extreme drought stress. Ecosystems 17(6):1068–1081. https:// doi. 
org/ 10. 1007/ s10021- 014- 9781-5

Banik P, Zeng W, Tai H, Bizimungu B, Tanino K (2016) Effects of 
drought acclimation on drought stress resistance in potato (Sola-
num tuberosum L.) genotypes. Environ Exp Bot 126:76–89. 
https:// doi. org/ 10. 1016/j. envex pbot. 2016. 01. 008

Bruce TJA, Matthes MC, Napier JA, Pickett JA (2007) Stressful “mem-
ories” of plants: evidence and possible mechanisms. Plant Sci 
173(6):603–608. https:// doi. org/ 10. 1016/j. plant sci. 2007. 09. 002

Chaves MM, Flexas J, Pinheiro C (2009) Photosynthesis under drought 
and salt stress: regulation mechanisms from whole plant to cell. 
Ann Bot 103(4):551–560. https:// doi. org/ 10. 1093/ aob/ mcn125

Chen K, Arora R (2013) Priming memory invokes seed stress-toler-
ance. Environ Exp Bot 94:33–45. https:// doi. org/ 10. 1016/j. envex 
pbot. 2012. 03. 005

Cui Y, Tian Z, Hu J, Shao Y, Liu R, Jiang D, Dai T (2019) Drought 
priming during the vegetative stage can enhance post-anthesis 
drought tolerance by improving photosynthetic capacity in winter 

https://doi.org/10.1016/j.plaphy.2016.05.003
https://doi.org/10.1016/j.plaphy.2016.05.003
https://doi.org/10.1007/s00425-017-2698-4
https://doi.org/10.1007/s00425-017-2698-4
https://doi.org/10.1016/bs.agron.2018.06.001
https://doi.org/10.3390/agronomy7010018
https://doi.org/10.3390/agronomy7010018
https://doi.org/10.1186/s12870-019-2085-3
https://doi.org/10.1186/s12870-019-2085-3
https://doi.org/10.3390/plants8070192
https://doi.org/10.1078/0367-2530-00165
https://doi.org/10.1007/s10021-014-9781-5
https://doi.org/10.1007/s10021-014-9781-5
https://doi.org/10.1016/j.envexpbot.2016.01.008
https://doi.org/10.1016/j.plantsci.2007.09.002
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1016/j.envexpbot.2012.03.005
https://doi.org/10.1016/j.envexpbot.2012.03.005


367Plant Growth Regulation (2022) 96:357–368 

1 3

wheat. Arid Land Res Manag 33(2):183–199. https:// doi. org/ 10. 
1080/ 15324 982. 2018. 15314 40

Downton WJS, Grant WJR, Robinson SP (1985) Photosynthetic and 
stomatal responses of spinach leaves to salt stress. Plant Physiol 
78(1):85–88. https:// doi. org/ 10. 1104/ pp. 78.1. 85

El-Hendawy SE, Hassan WM, Al-Suhaibani NA, Refay Y, Abdella KA 
(2017) Comparative performance of multivariable agro-physio-
logical parameters for detecting salt tolerance of wheat cultivars 
under simulated saline field growing conditions. Front Plant Sci. 
https:// doi. org/ 10. 3389/ fpls. 2017. 00435

El-Samad HMA, Shaddad MAK (1997) Salt tolerance of soybean cul-
tivars. Biol Plantarum 39(2):263–269. https:// doi. org/ 10. 1023/A: 
10003 09407 275

FAO (2015) Crop prospects and food situation. Food and agriculture 
organization, global information and early warning system. Trade 
and Markets Division (EST), Rome

Farooq M, Wahid A, Siddique KHM (2012) Micronutrient application 
through seed treatments: a review. J Plant Nutr Soil Sci 12(1):125–
142. https:// doi. org/ 10. 4067/ S0718- 95162 01200 01000 11

Farooq MHM, Siddique KHM (2014) Drought stress in wheat during 
flowering and grain-filling periods. Crit Rev Plant Sci 33(4):331–
349. https:// doi. org/ 10. 1080/ 07352 689. 2014. 875291

Farquhar GD, Ball MC, Caemmerer SV, Roksandic Z (1982) Effect 
of salinity and humidity on δ13C value of halophytes evidence 
for diffusional isotope fractionation determined by the ratio of 
intercellular atmospheric partial pressure of  CO2 under different 
environmental conditions. Oecologia 52:121–124

Finkelstein RR, Gampala SSL, Rock CD (2002) Abscisic acid signaling 
in seeds and seedlings. Plant Cell 14(1):15–45. https:// doi. org/ 10. 
1105/ tpc. 010441

Flanagan LB, Farquhar GD (2014) Variation in the carbon and oxy-
gen isotope composition of plant biomass and its relationship to 
water-use efficiency at the leaf and ecosystem-scales in a northern 
Great Plains grassland: δ13C and δ18O in plant biomass. Plant Cell 
Environ 37(2):425–438. https:// doi. org/ 10. 1111/ pce. 12165

Flexas J, Bota J, Loreto F (2004) Diffusive and metabolic limitations to 
photosynthesis under drought and salinity in  C3 plants. Plant Biol 
6:269–279. https:// doi. org/ 10. 1055/s- 2004- 820867

Guan X-K, Song L, Wang T-C, Turner NC, Li F-M (2015) Effect of 
drought on the gas exchange, chlorophyll fluorescence and yield 
of six different-era spring wheat cultivars. J Agron Crop Sci 
201(4):253–266. https:// doi. org/ 10. 1111/ jac. 12103

Heckathorn SA, Poeller GJ, Coleman JS, Hallberg RL (1996) Nitrogen 
availability and vegetative development influence the response 
of ribulose 1,5-bisphosphate carboxylase/oxygenase, phospho-
enolpyruvate carboxylase, and heat-shock protein content to heat 
stress in zea mays L. Int J Plant Sci 157(5):546–553. https:// doi. 
org/ 10. 1086/ 297374

Imran M, Mahmood A, Römheld V, Neumann G (2013) Nutrient seed 
priming improves seedling development of maize exposed to low 
root zone temperatures during early growth. Eur J Agron 49:141–
148. https:// doi. org/ 10. 1016/j. eja. 2013. 04. 001

Isayenkov SV (2019) Genetic sources for the development of salt tol-
erance in crops. Plant Growth Regul 89:1–17. https:// doi. org/ 10. 
1007/ s10725- 019- 00519-w

James RA, Davenport RJ, Munns R (2006) Physiological characteri-
zation of two genes for Na exclusion in durum wheat, nax1 and 
nax2+. Plant Physiol 142(4):1537–1547. https:// doi. org/ 10. 1104/ 
pp. 106. 086538

Janda T, Darko É, Shehata S, Kovács V, Pál M, Szalai G (2016) Salt 
acclimation processes in wheat. Plant Physiol Biochem 101:68–
75. https:// doi. org/ 10. 1016/j. plaphy. 2016. 01. 025

Kozlowski TT (1997) Responses of woody plants to flooding and salin-
ity. Tree Physiol 17(7):490–490. https:// doi. org/ 10. 1093/ treep hys/ 
17.7. 490

Larkindale J, Knight MR (2002) Protection against heat stress-induced 
oxidative damage in Arabidopsis involves calcium, abscisic acid, 
ethylene, and salicylic acid. Plant Physiol 128(2):682–695. https:// 
doi. org/ 10. 1104/ pp. 010320

Li C, Jiang D, Wollenweber B, Li Y, Dai T, Cao W (2011) Waterlog-
ging pre-treatment during vegetative growth improves tolerance 
to waterlogging after anthesis in wheat. Plant Sci 180(5):672–678. 
https:// doi. org/ 10. 1016/j. plant sci. 2011. 01. 009

Li X, Topbjerg HB, Jiang D, Liu F (2015) Drought priming at vegeta-
tive stage improves the antioxidant capacity and photosynthesis 
performance of wheat exposed to a short-term low temperature 
stress at jointing stage. Plant Soil 393(1–2):307–318. https:// doi. 
org/ 10. 1007/ s11104- 015- 2499-0

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annu 
Rev Plant Biol 59:651–681

Nishida K, Khan NM, Shiozawa S (2009) Effects of salt accumulation 
on the leaf water potential and transpiration rate of pot-grown 
wheat with a controlled saline groundwater table. Soil Sci Plant 
Nutr 55(3):375–384. https:// doi. org/ 10. 1111/j. 1747- 0765. 2009. 
00368.x

Parida AK, Das AB (2005) Salt tolerance and salinity effects on plants: 
a review. Ecotoxicol Environ Saf 60(3):324–349. https:// doi. org/ 
10. 1016/j. ecoenv. 2004. 06. 010

Pastor V, Luna E, Mauch-Mani B, Ton J, Flors V (2013) Primed plants 
do not forget. Environ Exp Bot 94:46–56. https:// doi. org/ 10. 
1016/j. envex pbot. 2012. 02. 013

Qiu N, Lu Q, Lu C (2003) Photosynthesis, photosystem II effi-
ciency and the xanthophyll cycle in the salt-adapted halophyte 
Atriplex centralasiatica. New Phytol 159(2):479–486. . doi: 
10.1046/j.1469-8137.2003.00825.x

Rahneshan Z, Nasibi F, Moghadam AA (2018) Effects of salinity stress 
on some growth, physiological, biochemical parameters and nutri-
ents in two pistachio (Pistacia vera L.) rootstocks. J Plant Interact 
13(1):73–82. https:// doi. org/ 10. 1080/ 17429 145. 2018. 14243 55

Robin AHK, Matthew C, Uddin MJ, Bayazid KN (2016) Salinity-
induced reduction in root surface area and changes in major 
root and shoot traits at the phytomer level in wheat. J Exp Bot 
67(12):3719–3729. https:// doi. org/ 10. 1093/ jxb/ erw064

Shabala S, Cuin TA (2008) Potassium transport and plant salt toler-
ance. Physiol Plant 133(4):651–669. https:// doi. org/ 10. 1111/j. 
1399- 3054. 2007. 01008.x

Slaughter A, Daniel X, Flors V, Luna E, Hohn B, Mauch-Mani B 
(2012) Descendants of primed Arabidopsis plants exhibit resist-
ance to biotic stress. Plant Physiol 158(2):835–843. https:// doi. 
org/ 10. 1104/ pp. 111. 191593

Villalta I, Reina-Sánchez A, Bolarín MC, Cuartero J, Belver A, Ven-
ema K, Asins MJ (2008) Genetic analysis of  Na+ and  K+ con-
centrations in leaf and stem as physiological components of salt 
tolerance in tomato. Theor Appl Genet 116(6):869–880. https:// 
doi. org/ 10. 1007/ s00122- 008- 0720-8

Voesenek LACJ, Sasidharan R (2013) Ethylene–and oxygen signaling–
drive plant survival during flooding. Plant Biol 15(3):426–435. 
https:// doi. org/ 10. 1111/ plb. 12014

Walter J, Nagy L, Hein R, Rascher U, Beierkuhnlein C, Willner E, 
Jentsch A (2011) Do plants remember drought? Hints towards a 
drought-memory in grasses. Env Exp Bot 71(1):34–40. https:// 
doi. org/ 10. 1016/j. envex pbot. 2010. 10. 020

Wang X, Cai J, Liu F, Dai T, Cao W, Wollenweber B, Jiang D (2014a) 
Multiple heat priming enhances thermo-tolerance to a later high 
temperature stress via improving subcellular antioxidant activities 
in wheat seedlings. Plant Physiol Biochem 74:185–192. https:// 
doi. org/ 10. 1016/j. plaphy. 2013. 11. 014

Wang X, Vignjevic M, Jiang D, Jacobsen S, Wollenweber B (2014b) 
Improved tolerance to drought stress after anthesis due to prim-
ing before anthesis in wheat (Triticum aestivum L.) var. Vinjett. 
J Exp Bot 65(22):6441–6456. https:// doi. org/ 10. 1093/ jxb/ eru362

https://doi.org/10.1080/15324982.2018.1531440
https://doi.org/10.1080/15324982.2018.1531440
https://doi.org/10.1104/pp.78.1.85
https://doi.org/10.3389/fpls.2017.00435
https://doi.org/10.1023/A:1000309407275
https://doi.org/10.1023/A:1000309407275
https://doi.org/10.4067/S0718-95162012000100011
https://doi.org/10.1080/07352689.2014.875291
https://doi.org/10.1105/tpc.010441
https://doi.org/10.1105/tpc.010441
https://doi.org/10.1111/pce.12165
https://doi.org/10.1055/s-2004-820867
https://doi.org/10.1111/jac.12103
https://doi.org/10.1086/297374
https://doi.org/10.1086/297374
https://doi.org/10.1016/j.eja.2013.04.001
https://doi.org/10.1007/s10725-019-00519-w
https://doi.org/10.1007/s10725-019-00519-w
https://doi.org/10.1104/pp.106.086538
https://doi.org/10.1104/pp.106.086538
https://doi.org/10.1016/j.plaphy.2016.01.025
https://doi.org/10.1093/treephys/17.7.490
https://doi.org/10.1093/treephys/17.7.490
https://doi.org/10.1104/pp.010320
https://doi.org/10.1104/pp.010320
https://doi.org/10.1016/j.plantsci.2011.01.009
https://doi.org/10.1007/s11104-015-2499-0
https://doi.org/10.1007/s11104-015-2499-0
https://doi.org/10.1111/j.1747-0765.2009.00368.x
https://doi.org/10.1111/j.1747-0765.2009.00368.x
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.1016/j.envexpbot.2012.02.013
https://doi.org/10.1016/j.envexpbot.2012.02.013
https://doi.org/10.1080/17429145.2018.1424355
https://doi.org/10.1093/jxb/erw064
https://doi.org/10.1111/j.1399-3054.2007.01008.x
https://doi.org/10.1111/j.1399-3054.2007.01008.x
https://doi.org/10.1104/pp.111.191593
https://doi.org/10.1104/pp.111.191593
https://doi.org/10.1007/s00122-008-0720-8
https://doi.org/10.1007/s00122-008-0720-8
https://doi.org/10.1111/plb.12014
https://doi.org/10.1016/j.envexpbot.2010.10.020
https://doi.org/10.1016/j.envexpbot.2010.10.020
https://doi.org/10.1016/j.plaphy.2013.11.014
https://doi.org/10.1016/j.plaphy.2013.11.014
https://doi.org/10.1093/jxb/eru362


368 Plant Growth Regulation (2022) 96:357–368

1 3

Wang X, Vignjevic M, Liu F, Jacobsen S, Jiang D, Wollenweber B 
(2015) Drought priming at vegetative growth stages improves tol-
erance to drought and heat stresses occurring during grain filling 
in spring wheat. Plant Growth Regul 75(3):677–687. https:// doi. 
org/ 10. 1007/ s10725- 014- 9969-x

Wang X, Zhang X, Chen J, Wang X, Cai J, Zhou Q, Jiang D (2018) 
Parental drought priming enhances tolerance to post-anthesis 
drought in offspring of wheat. Front Plant Sci. https:// doi. org/ 10. 
3389/ fpls. 2018. 00261

Wang W, Wang X, Zhang J (2020) Salicylic acid and cold priming 
induce late-spring freezing tolerance by maintaining cellular 
redox homeostasis and protecting photosynthetic apparatus in 
wheat. Plant Growth Regul 90:109–121. https:// doi. org/ 10. 1007/ 
s10725- 019- 00553-8

White PJ, Brown PH (2010) Plant nutrition for sustainable development 
and global health. Ann Bot 105(7):1073–1080. https:// doi. org/ 10. 
1093/ aob/ mcq085

Yang J (2001) Hormonal changes in the grains of rice subjected to 
water stress during grain filling. Plant Physiol 127(1):315–323. 
https:// doi. org/ 10. 1104/ pp. 127.1. 315

Zhang X, Wang X, Zhong J, Zhou Q, Wang X, Cai J, Jiang D (2016) 
Drought priming induces thermo-tolerance to post-anthesis high-
temperature in offspring of winter wheat. Env Exp Bot 127:26–36. 
https:// doi. org/ 10. 1016/j. envex pbot. 2016. 03. 004

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s10725-014-9969-x
https://doi.org/10.1007/s10725-014-9969-x
https://doi.org/10.3389/fpls.2018.00261
https://doi.org/10.3389/fpls.2018.00261
https://doi.org/10.1007/s10725-019-00553-8
https://doi.org/10.1007/s10725-019-00553-8
https://doi.org/10.1093/aob/mcq085
https://doi.org/10.1093/aob/mcq085
https://doi.org/10.1104/pp.127.1.315
https://doi.org/10.1016/j.envexpbot.2016.03.004

	Drought priming alleviated salinity stress and improved water use efficiency of wheat plants
	Abstract
	Introduction
	Materials and methods
	Experimental setup

	Experimental treatments
	Sampling, measurement and analysis
	Statistical analysis

	Results
	Soil water dynamics

	Leaf gas exchange and intrinsic WUE
	Leaf and root water potential
	ABA concentrations in the leaf and root tissues
	Na+, K+, Ca2+ concentrations and K+:Na+ ratio in the shoots

	Root morphology
	Leaf area, dry biomass, plant water use, WUEp, δ13C and specific leaf N content

	Discussion
	Conclusions
	Acknowledgements 
	References




