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K+ than WT and VC under salt stress. In vitro and in vivo 
activity assays revealed that PeJ3-overexpression upregu-
lated plasma membrane H+-ATPase activity and enhanced 
H2O2 signaling in salt-stressed Arabidopsis. Consequently, 
PeJ3-transgenic plants retained high H+-pumping activity 
under NaCl salinity, which contributed to K+/Na+ homeo-
stasis in roots. In conclusion, PeJ3 overexpression resulted 
in H+-ATPase activation through transcriptional AtPKS5 
suppression and/or interactions with AtPKS5 kinase. Under 
salinity stress, upregulated H+-pumps (i) promoted Na+/
H+ exchange across the Arabidopsis plasma membrane, 
(ii) reduced K+ efflux mediated by depolarization-activated 
plasma membrane channels, and (iii) stimulated H2O2 sign-
aling, which increased cytosolic free Ca2+ and stimulated 
Na+ extrusion through Salt Overly Sensitive signaling in 
Arabidopsis.

Keywords  Populus euphratica · DnaJ homolog 3 · PM 
H+-ATPase · NaCl · PKS5 · H2O2 · Arabidopsis · Ion flux · 
NMT

Introduction

H+-ATPases located in the plasma membranes (PMs) of 
plants and fungi sustain an H+ gradient to drive the trans-
port of minerals and metabolites (Palmgren 2001). The 
PM H+-pumps play vital roles in signal transduction, cell 
expansion, plant development, stomatal opening, and salt 
response (Palmgren 2001; Roberkleber et  al. 2003; Mer-
lot et  al. 2007; Sun et  al. 2010a, b). In plant cells, PM 
H+-ATPases contribute to maintaining ionic homeostasis 
in saline environments. Salt-resistant plants possess a great 
capacity for H+ pumping activity, which enables salin-
ized cells to retain K+/Na+ homeostasis and avoid ionic 

Abstract  NaCl induced PeJ3 (a DnaJ homolog) expres-
sion in Populus euphratica cell cultures. In contrast, salt 
treatment inhibited transcription of a J3-interacting protein 
kinase gene, PePKS5 (Salt Overly Sensitive 2-Like Protein 
Kinase 5). To clarify the mechanism by which PeJ3 con-
ferred salinity tolerance, we isolated PeJ3 from P. euphra-
tica and transformed it into Arabidopsis. PeJ3 overexpres-
sion inhibited AtPKS5 expression, but had no effect on AtJ3 
transcripts. After 10-day exposures to 100 mM NaCl, PeJ3-
transgenic lines showed prolonged survival (40–54.4%) and 
longer roots (43.8–51.1%) compared to wild-type (WT) 
and vector control (VC) plants. The observed differences in 
salt acclimation between transgenic and WT depended on 
their ability to exclude Na+ and maintain intracellular K+. 
PeJ3-transgenic Arabidopsis accumulated less Na+ in root 
cells, due at least in part, to the high Na+ efflux in roots. K+ 
flux recordings revealed that PeJ3-transgenic lines lost less 
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toxicity (Hasegawa et al. 2000; Blumwald et al. 2000; Zhu 
2001, 2003, 2016; Apse and Blumwald 2007; Munns and 
Tester 2008). Activated PM H+-pumps counteract salt-
activated K+ efflux, which is mediated by depolarization-
activated (DA) channels, e.g., outward rectifying K+ chan-
nels (KORCs) and non-selective cation channels (NSCCs) 
(Chen et  al. 2005, 2007; Shabala et  al. 2006; Britto and 
Kronzucker 2008). It is particularly important for plant cells 
to maintain their capacity for Na+ exclusion under NaCl 
stress conditions (Munns and Tester 2008). Na+ extrusion 
is mainly driven by H+-ATPases in the PM (Morsomme 
and Boutry 2000; Akbari and Labeau 2003; Chen et  al. 
2007; Munns and Tester 2008; Ding et al. 2010). Previous 
studies revealed that upregulated H+-ATPases promoted the 
exchange of Na+ with H+ across the PM (Blumwald et al. 
2000; Zhu 2003; Sun et  al. 2009a, 2010b). Furthermore, 
PM H+-ATPases were shown to accelerate H2O2 produc-
tion by activating NADPH oxidases (Foreman et al. 2003; 
Kwak et  al. 2003; Mittler et  al. 2004; Moshe and Robert 
2006; Chung et  al. 2008; Sun et  al. 2010b). It was found 
that H2O2 triggered Ca2+ influx through the P. euphratica 
PM, which led to elevated cytosolic Ca2+ concentrations 
(Sun et al. 2010b). Subsequently, elevated Ca2+ levels acti-
vated the Salt Overly Sensitive signaling pathway, which 
then activated the PM Na+/H+ antiporter (Shi et al. 2000, 
2003; Ottow et al. 2005; Wu et al. 2007; Sun et al. 2009b).

PM H+-ATPases are regulated by both transcriptional 
and post-translational pathways (Akbari and Labeau 2003). 
Genes that encode H+-ATPases are modulated by a num-
ber of environmental factors, including salinity (Ding et al. 
2010), hormones (Frías and Serrano 1996; Kim et al. 2001), 
mechanical stress (Oufattole and Boutry 2000), blue light 
(Zhang et al. 2004), and fungal elicitors (Xing et al. 1997). 
Apart from transcriptional regulation, PM H+-ATPases 
may undergo rapid post-translational modulation (Janicka-
Russak 2011). The phosphorylation of the C-terminal 
auto-inhibitory domain of the H+-ATPase induces it to 
form a complex with a positive regulator, 14-3-3 protein 
(Palmgren et al. 1991; Camoni et al. 2000; Svennelid et al. 
2000; Gévaudant et al. 2007). Conversely, in Arabidopsis, 
the PKS5 kinase inhibits H+-pumping activity by directly 
phosphorylating the C-terminal regulatory domain (AHA2 
isoform), which interferes with the interaction between 
AHA2 and the 14-3-3 protein (Fuglsang et  al. 2007). A 
recent study showed that an Arabidopsis chaperone, DnaJ 
homolog 3 (a heat shock protein 40-like protein), inter-
acted with PKS5 kinase to regulate the activity of the PM 
H+-ATPase (Yang et al. 2010).

DnaJ/Hsp40 acts as an independent chaperone (Laufen 
et al. 1999). DnaJ proteins generally consist of a J-domain, 
a G/F-domain, a zinc finger (CxxCxGxG) domain, and a 
C-terminal sequence (Caplan et  al. 1993; Silver and Way 
1993). Under stress conditions, DnaJ assists with the 

folding, assembly, and translocation of proteins (Boston 
et al. 1996; Waters and Vierling 1996; Wang et al. 2004). 
In Arabidopsis, AtJ3 is widely expressed in roots and 
above-ground organs, where transcription can be altered 
by water and temperature stress (Zhou and Miernyk 1999; 
Li et al. 2005). AtJ3 possesses all the essential domains of 
J-domain proteins (Zhou and Miernyk 1999). Some evi-
dence has shown that PM H+-ATPase activity is modulated 
by the activity of a chaperone J3, which inactivates PKS5 
kinase in Arabidopsis (Yang et al. 2010). In this study, we 
found that NaCl increased PeJ3 transcription in P. euphra-
tica leaves (Supplemental Fig.  1). To clarify the function 
of PeJ3 in plant salt tolerance, we cloned PeJ3 from P. 
euphratica and introduced it into the model plant, Arabi-
dopsis. We found that PeJ3 overexpression positively regu-
lated PM H+-ATPase in transgenic lines. Flux recordings 
with microelectrodes revealed that upregulated H+-pumps 
benefited salinized roots by extruding Na+ and by reduc-
ing K+ loss through depolarization-activated channels in 
the PM. Consequently, transgenic plants that overexpressed 
PeJ3 could maintain K+/Na+ homeostasis during a period 
of salinity stress.

Materials and methods

Plants, cell culture, and NaCl treatment

Populus euphratica seedlings were obtained from 
Bayin’guoleng Mongol Autonomous Prefecture of Xin-
jiang. In April, seedlings were planted in 10-L pots con-
taining a mixture of sand:soil (1:1). The potted seedlings 
were placed in a greenhouse at Beijing Forestry University 
(BJFU), China. Plants were well irrigated and fertilized 
with full-strength Hoagland’s nutrient solution, as previ-
ously described (Sun et al. 2009a, b). After 3 months of cul-
ture, uniform seedlings were subjected to 24 h of increasing 
NaCl stress, by top watering with 2 L of 50 and 100 mM 
NaCl in full-strength Hoagland’s nutrient solution. The 
50 mM solution was applied at the first 3 h, and then plants 
were left standing in the final concentration of NaCl until 
the end of experiment (Ding et al. 2010). After 0, 12, and 
24 h of salt treatment, mature leaves were collected from 
the upper shoots. The age of these fully expanded leaves 
was 25–30 days. The sampled leaves were immediately fro-
zen in liquid N2 until processing for real-time quantitative 
PCR (RT-qPCR) assays (described below).

Populus euphratica calli were generated from shoots, 
propagated, and subcultured, as previously described 
(Sun et  al. 2010a, b). Callus cultures (ca 1.0  g fresh 
weight) were exposed to 100  mM NaCl in liquid 
Murashige and Skoog (MS) medium. The calli were 
suspended in liquid MS medium supplemented with or 
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without NaCl. The solutions were continuously aerated 
during the period of hydroponic treatment. Then, after 0, 
12, and 24 h of treatment, the no-salt control and salin-
ized cells were collected and frozen in liquid N2 until 
processing for RT-qPCR assays.

Arabidopsis thaliana (Columbia, Col-0) plants were 
used for salt tests and transgene experiments. Seeds were 
germinated on 1/2 MS solid medium supplemented with 
0.24% Phytagel (Sigma-Aldrich; Wang et al. 2013b). Pho-
tosynthetically active radiation was maintained at 100 μmol 
m−2 s−1 during a long-day photoperiod (16-h). Seedlings 
were raised at 22 ± 1 °C with 70–80% relative humidity.

Cloning the PeJ3 gene and sequence analysis

A Plant RNA Kit (QBio Technologies Inc., Beijing, China) 
was used to isolate total RNA from P. euphratica leaves. 
cDNA was synthesized from 1  μg total RNA with the 
Superscript III first-strand synthesis system (Invitrogen). A 
homologous J3 sequence of P. trichocarpa (NCBI acces-
sion no. XM_ 002316443.2) was used to design primers. 
The primer sequences (5′–3′) were, as follows: forward, 
ATG​TTT​GGG​AGA​GCA​CCA​A; reverse, TTA​TTG​CTG​
AGC​ACA​TTG​CAC. The purified PCR products were 
cloned into the pMD18-T vector for sequencing. A 1269-bp 
cDNA was identified as the full-length PeJ3 transcript.

We performed protein multiple sequence alignments 
with ClustalW (http://www.genome.jp/tools/clustalw/). The 
phylogenetic tree was determined with MEGA5.0 software 
(http://www.megasoftware.net/index.php).

Generation of transgenic Arabidopsis plants 
that expressed PeJ3

The full-length open reading frame of PeJ3 was cloned into 
the pCAMBIA2300 vector (kanamycin resistance) between 
the BamHI and SalI sites. Transcription was driven by the 
cauliflower mosaic virus 35S (CaMV 35S) promoter. The 
constructs were then transformed to Agrobacterium tumefa-
ciens strain GV3101, and finally introduced into A. thaliana 
(Clo-0) with the floral dip method (Clough and Bent 1998). 
Vector control (VC) A. thaliana plants were transformed 
with the blank pCAMBIA2300 vector. T2 seeds were 
screened on 1/2 MS medium with 100  mg/L kanamycin. 
The antibiotic-resistant plants were grown in nutrient soil 
to obtain homozygous T3 seeds. The transgene expression 
levels of six T3 homozygous lines (OE1-3, 6, 10, and 11) 
were quantified with semi-quantitative reverse transcrip-
tion PCR and RT-qPCR. Based on the transcript abundance 
of PeJ3, two positive transgenic lines, OE1 and OE2, were 
selected for further salt exposure experiments.

Semi‑quantitative reverse transcription PCR 
and RT‑qPCR

Total RNA was isolated from transgenic seedlings and 
wildtype (WT) Arabidopsis (10-day-old) with Trizol rea-
gent (Invitrogen). Based on the manufacturer’s instruc-
tions, RNA (1 μg) was used for reverse transcription with 
Moloney Murine Leukemia Virus (M-MLV) reverse tran-
scriptase and an oligo (dT) primer (Promega, Madison, WI, 
USA). The cDNA products were used for semi-quantitative 
reverse transcription PCR amplification. The PeJ3-spe-
cific forward and reverse primers were: 5′-CAC​TCT​GTG​
GCT​TCC​AGT​TC-3′ and 5′-TTC​ATC​AAG​CTC​CAT​GTC​
AGT-3′ (Supplemental Table  1). Atactin2 was amplified 
as an internal control, with the following primers: forward, 
5′-CTA​AGC​TCT​CAA​GAT​CAA​AGG​CTT​A-3′; reverse, 
5′-ACT​AAA​ACG​CAA​AAC​GAA​AGC​GGT​T-3′ (Supple-
mental Table  1). The thermocycling conditions for semi-
quantitative reverse transcription were: 95 °C for 5 min → 
28 cycles at: 95 °C for 30 s → 55 °C for 30 s → 72 °C for 
30 s, finally at 72 °C for 7 min.

For RT-qPCR, total RNA was isolated from 10-day-old 
Arabidopsis seedlings and P. euphratica cell cultures with 
Trizol reagent (Invitrogen). The gene-specific forward and 
reverse primers used for J3 and PKS5 in P. euphratica 
(PeJ3 and PePKS5) and Arabidopsis (AtJ3 and AtPKS5) 
are shown in Supplemental Table  1. We used Arabidop-
sis Atactin2 and AtEF1α genes and P. euphratica PeACT2 
and PeACT7 (Han et  al. 2013; Shen et  al. 2013, 2015) 
genes as internal controls. PCR was performed in a total 
volume of 25 µL, containing 0.3 µL forward and reverse 
primers (10 µM), 2 µL cDNA product, 1 U Ex Taq poly-
merase (Takara, Dalian, China), 2.5 µL 10× Ex Taq buffer, 
0.4 µL dNTP mixture (2.5 mM) and 1.25 µL SYBR Green 
(Takara, Dalian, China) (Shen et al. 2015). The thermocy-
cling conditions for RT-qPCR were: 95 °C for 5 min → 35 
cycles at 95 °C for 30 s → 55 °C for 30 s → 72 °C for 30 s, 
finally at 72 °C for 10 min. The expression data for PeJ3, 
PePKS5, AtJ3, and AtPKS5 were normalized to the expres-
sion level of each internal control with the 2−ΔΔCt method 
(Livak and Schmittgen 2001).

Salt tolerance tests for transgenic lines

Salt tolerance assays were performed in plates with 1/2 MS 
medium. The disinfected seeds of WT, VC, and PeJ3-trans-
genic plants (PeJ3-OE1 and PeJ3-OE2) were grown in 1/2 
MS medium in the presence or absence of 100 mM NaCl. 
Root lengths and survival rates were examined and photo-
graphed after 10 days of NaCl treatment. A parallel experi-
ment was performed with KCl instead of NaCl to separate 
any potential conflation with osmotic effects.

http://www.genome.jp/tools/clustalw/
http://www.megasoftware.net/index.php
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In vitro assays for evaluating PM H+‑ATPase activity

With the aqueous two-phase partitioning method (Lars-
son et al. 1987), plasma membrane vesicles were isolated 
from 4-week-old WT, VC, and PeJ3-transgenic Arabi-
dopsis (OE1 and OE2) plants. Hydrolysis activity of the 
PM H+-ATPase was evaluated by measuring the inor-
ganic phosphate (Pi) released from ATP (Ohnishi et  al. 
1975; Wang et al. 2013b).

Na+ and K+ flux recordings in roots

Seedlings that carried WT, VC, PeJ3-OE1, and PeJ3-
OE2 constructs were grown on 1/2 MS solid medium 
for 7 days, then subjected to 0 or 100  mM NaCl in 1/2 
MS liquid solution for 12  h. After 20  min of equilibra-
tion in measuring solution (0.5 mM KCl, 0.1 mM CaCl2, 
0.1 mM MgCl2, 0.1 mM NaCl, and 2.5% sucrose, pH 5.8), 
steady-state fluxes of Na+ and K+ were recorded continu-
ously for 30  min at the meristematic region, approxi-
mately 200  µm from the tip (Wang  et al. 2013b; Han 
et al. 2014). The flux recordings were performed with the 
Non-invasive Micro-test Technique (NMT), as previously 
described (Sun et  al. 2009a, b; Li et  al. 2012; Lu et  al. 
2013; Wang et al. 2013b; Zhao et al. 2016). In this study, 
the Na+ concentration was 0.1 mM in the measuring solu-
tion, because Na+ fluxes were only recorded at low Na+ 
concentrations with the Na LIX (Fluka 71178; Sun et al. 
2009a, b; Li et al. 2012; Lu et al. 2013). In the measuring 
solution, Ca2+ and K+ were set to low concentrations, 0.1 
and 0.5 mM, respectively, to reduce interference with the 
Na+ electrodes of the Na LIX (Fluka 71178; Cuin et  al. 
2011; Li et al. 2012).

H+ flux recordings and in vivo assays of PM H+‑ATPase 
activity

With the NMT, we recorded the transient kinetics of 
H+ in response to NaCl shock (100  mM), as previously 
reported (Sun et  al. 2009b). To perform in  vivo meas-
urements of H+-ATPase activity in the root PM, a PM 
H+-ATPase inhibitor (sodium vanadate) was used to 
inhibit the H+-pumping activity under NaCl stress (Sun 
et  al. 2010b; Wang  et al. 2013b). We treated 7-day-old 
seedlings of WT, VC, PeJ3-OE1, and PeJ3-OE2 with 
500  μM vanadate for 30  min. Thereafter, roots were 
equilibrated for 15–20  min in the measuring solution 
(Sun et al. 2009a, b, 2010b). Then, transient H+ kinetics 
were recorded in response to NaCl shock (100  mM) for 
20 min in the inhibitor-pretreated roots.

H2O2 production within root cells

A specific fluorescent probe, 2′,7′-dichlorodihydro fluo-
rescein diacetate (H2DCF-DA; Molecular Probes, Eugene, 
OR, USA) was used to examine H2O2 accumulation within 
root cells. Seedlings of WT, VC, PeJ3-OE1, and PeJ3-OE2 
(7-day-old) were exposed to 0 or 100 mM NaCl for 10 min. 
Then, roots were incubated with 10  μM H2DCF-DA 

Fig. 1   Time dependence of gene expression in Populus euphratica 
callus cultures during NaCl stress. P. euphratica calli were salinized 
with 100 mM NaCl for 24 h. After 0, 12, and 24 h of salt treatment, 
total RNA was extracted from these cells and used for RT-qPCR 
assay. At different times, expression levels of A PeJ3 and B PePKS5 
were measured relative to the P. euphratica housekeeping gene, 
PeACT7, an internal control. Primers designed to target genes, PeJ3 
and PePKS5, were based on the P. euphratica homologs that obtained 
from the NCBI database (http://www.ncbi.nlm.nih.gov/). The specific 
forward and reverse primers for PeJ3, PKS5, and PeACT7 are listed in 
Supplemental Table 1. Each column is the mean of three independ-
ent experiments and bars represent the standard error of the mean. 
Columns labeled with different letters (a, b, and c) denote significant 
differences (P < 0.05) between treatment times

http://www.ncbi.nlm.nih.gov/
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(prepared in 1/2 MS liquid solution, pH 5.7) in the dark 
for 5  min, followed by washing with 1/2 MS liquid solu-
tion (3–4 times). DCF-specific fluorescence was examined 
under a Leica SP5 confocal microscope (Leica Microsys-
tems GmbH, Wetzlar, Germany), with excitation at 488 nm 
and emission at 510–530 nm. Relative fluorescence inten-
sity was analyzed quantitatively with the Image-Pro Plus 
6.0 (Sun et al. 2010a, b, 2012; Wang et al. 2013b).

Detection of cytosolic Na+ concentrations

Cellular Na+ concentrations in roots were detected with 
a Na+-specific fluorescent probe, CoroNa™ Green, AM 
(Invitrogen, Carlsbad, CA, USA). Seedlings of WT, VC, 
PeJ3-OE1, and PeJ3-OE2 (7-day-old) were exposed to 0 or 

100 mM NaCl in 1/2 MS liquid solution for 12 h. Thereaf-
ter, control and salinized plants were stained with CoroNa 
in the dark for 1 h, followed by 3–4 washes with distilled 
water. Na+-fluorescence in the probe-loaded roots was 
determined with a Leica SP5 confocal microscope (excita-
tion: 488 nm, emission: 510–530 nm; Sun et al. 2010a, b, 
2012; Wang et al. 2013b). Image-Pro Plus 6.0 was used to 
quantify relative fluorescence intensity (Sun et al. 2010a, b, 
2012; Wang et al. 2013b).

Data analysis

All experimental data were analyzed with SPSS version 
17.0 software for statistical evaluations. Differences were 
considered significant at P < 0.05, unless otherwise stated.

Fig. 2   Multiple sequence alignment and phylogenetic analysis of P. 
euphratica DnaJ3 (PeJ3). A Multiple sequence alignment shows PeJ3 
compared to other DnaJ proteins from different species. PeJ3 shows a 
high degree of amino acid homology with DnaJs from other higher-
order plants: PtDnaJ, Populus trichocarpa DnaJ; SgDnaJ, Salix 
gilgiana DnaJ; StDnaJ3, Solanum tuberosum DnaJ3; OsDnaJ, Oryza 
sativa Japonica Group DnaJ; AtDnaJ3, Arabidopsis thaliana DnaJ3. 
Black and grey shading indicate identical and conserved amino 
acid residues, respectively. The protein sequence of PeJ3 contains a 
J-domain (green box), a proximal G/F-domain (gold box), and a dis-
tal zinc finger (CxxCxGxG) domain (blue box), followed by less con-

served C-terminal sequences (red box). B Phylogenetic relationships 
between the PeJ3 protein sequence and other representative DnaJ pro-
teins from different plant species. The different species are indicated 
as follows: Pe, Populus euphratica; Pt, Populus trichocarpa; Sg, Salix 
gilgiana; Dc, Daucus carota; Hb, Hevea brasiliensis; Tc, Theobroma 
cacao; Ee, Euphorbia esula; Vb, Viola baoshanensis; Nb, Nicotiana 
benthamiana; Sl, Solanum lycopersicum; St, Solanum tuberosum; 
Aa, Allium ampeloprasum; Ta, Triticum aestivum; Os, Oryza sativa 
Japonica Group; Zm, Zea mays; Ga, Gossypium arboreum; At, 
Arabidopsis thaliana; Bn, Brassica napus. (Color figure online)
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Results

NaCl‑mediated changes in PeJ3 and PePKS5 expression 
in Populus euphratica

The RT-qPCR results showed that NaCl exposure caused 
a marked rise in PeJ3 transcription relative to both refer-
ence genes, PeACT7 (Fig. 1A) and PeACT2, in P. euphra-
tica cells (Supplemental Fig.  2). A 2.54-fold increase in 
PeJ3 transcript abundance was observed in the first 12 h of 
treatment (Fig.  1A). Thereafter, at 24  h, another increase 
occurred, and PeJ3 transcript abundance was 4.2-fold 
higher than controls (Fig.  1A). Those data were consist-
ent with findings in the leaves of NaCl-stressed P. euphra-
tica seedlings (Supplemental Fig. 1). This NaCl-mediated 
increase in PeJ3 transcripts suggested that PeJ3 was cor-
related to salinity tolerance in P. euphratica.

The Arabidopsis chaperone, J3, was previously shown to 
interact with PKS5 kinase to regulate the PM H+-ATPase 
(Yang et al. 2010). Therefore, we examined PePKS5 tran-
scripts in P. euphratica cells, to determine whether the 
PePKS5 transcription pattern differed from the PeJ3 tran-
scription pattern during the salt response. RT-qPCR data 
showed that PePKS5 transcription markedly decreased 
after 12 h of salt stress (100 mM NaCl; Fig. 1B, Supple-
mental Fig. 2), and it reached a minimum at the end of salt 
treatment (24 h, Fig. 1B, Supplemental Fig. 2). These data 
indicated that NaCl salinity suppressed PePKS5 expression 
in P. euphratica cells, in contrast to PeJ3 expression, which 
was upregulated by salt (Fig. 1, Supplemental Fig. 2). Con-
versely, KCl (100 mM) exposure did not significantly alter 
the expression of PeJ3 or PePKS5 relative to the two ref-
erence genes, PeACT7 and PeACT2, in P. euphratica calli 
(Supplemental Fig. 3).

Fig. 3   Salt tolerance tests in wild-type (WT), vector control (VC), 
and PeJ3-transgenic Arabidopsis lines. A Semi-quantitative reverse 
transcription PCR analysis of PeJ3 overexpression (OE) after trans-
formation. Atactin2 served as the internal control. Forward and 
reverse primers are shown in Supplementary Table 1. B–E Salt tol-
erance tests in 1/2 MS medium. Seeds from WT, VC and transgenic 
lines (PeJ3-OE1 and PeJ3-OE2) were allowed to germinate on 1/2 
MS medium containing 0 or 100  mM NaCl. Survival rate and root 

length were measured after 10 days of salt treatment. Representative 
images show B plant survival and D root lengths after 10 days in the 
absence (−) and presence (+) of NaCl stress; scale bars 1 cm. Quan-
titative evaluations of C plant survival and E root length. Each col-
umn is the mean of three replicated experiments and bars represent 
the standard error of the mean. Columns labeled with different letters 
(a, b, and c) denote significant differences (P < 0.05) between control 
(−NaCl) and salt exposure (+NaCl). (Color figure online)
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Sequence analysis of PeJ3

The 1269-bp full-length cDNA of PeJ3 encodes a putative 
protein of 422 amino acids (Fig. 2A). The PeJ3 sequence 
displayed high similarity to that of DnaJs from other 
higher-order plants; e.g., Arabidopsis DnaJ3 (Yang et  al. 
2010) (Fig.  2A). Furthermore, the PeJ3 protein contains 
typical DnaJ domains, including the J-domain, the G/F-
domain, the zinc finger (CxxCxGxG) domain, and C-termi-
nal sequences that are less conserved (Fig. 2A).

A comparative phylogenetic analysis of PeJ3 with a 
set of 21 protein sequences indicated that PeJ3 displayed 
homology to DnaJs from diverse species (Fig. 2B). Accord-
ingly, PeJ3 could be classified as a DnaJ.

Salinity tolerance of PeJ3‑transgenic plants

Six positive transgenic lines, OE1, OE2, OE3, OE6, OE10, 
and OE11, were obtained by introducing the PeJ3 gene into 
Arabidopsis. These transgenic lines were identified with 
semi-quantitative reverse transcription PCR and RT-qPCR. 
As expected, PeJ3 was not detectable in the WT Arabi-
dopsis or the VC lines (Fig. 3A). PeJ3-OE1 and PeJ3-OE2 
showed remarkably higher PeJ3 transcription levels than 
the other four transgenic lines (Fig. 3A). The data obtained 
with semi-quantitative reverse transcription PCR were con-
firmed with RT-qPCR (Supplemental Fig.  4). Therefore, 
the PeJ3-OE1 and PeJ3-OE2 transgenic lines were used for 
further salt tolerance tests. Based on RT-qPCR assays with 
different endogenous reference genes (Atactin2, Fig.  4A; 
AtEF1α, Supplemental Fig. 5), in the PeJ3-OE1 and PeJ3-
OE2 transgenic lines, PeJ3 overexpression had no signifi-
cant effect on AtJ3 transcription (Fig.  4A; Supplemental 
Fig. 5).

AtPKS5 transcription was also examined in PeJ3-OE1 
and PeJ3-OE2 transgenic Arabidopsis lines. RT-qPCR data 
showed that PeJ3 overexpression suppressed AtPKS5 tran-
scription in transgenic seedlings (Fig.  4B, Supplemental 
Fig. 5). Compared to WT, the AtPKS5 transcript abundance 
was reduced by 44–48% in both transgenic lines (Fig. 4B).

In salinity tests, the Arabidopsis survival rate was low-
ered by NaCl (100 mM) after 10 days of treatment. How-
ever, the two transgenic lines maintained higher survival 
rates than WT and VC lines (Fig. 3B, C). Root length was 
reduced in NaCl-treated plants, but root growth reductions 
were less severe in transgenic lines (6.6–10.4%) than in WT 
(35.6%) and VC plants (35.1%, Fig. 3D, E). In this study, 
PeJ3-OE1 and PeJ3-OE2 seedlings were not significantly 
different from WT and VC in survival and root growth 
under control (no salt) conditions (Fig. 3B–E).

A parallel experiment was performed with KCl instead 
of NaCl to separate any potential conflation with osmotic 

effects. Iso-osmotic stress caused by 100 mM KCl did not 
affect the survival rates of WT, VC, or the two transgenic 
lines (Supplemental Fig. 6A, B). This finding was distinct 
from the effects of NaCl (100  mM), which significantly 
lowered the survival rates of all tested lines (Fig. 3B, C). 
In addition, KCl treatment resulted in similar root growth 
among all four tested lines (Supplemental Fig. 6C, D). In 
contrast, NaCl treatment severely suppressed root growth 
in WT and VC lines and had less of an effect in the two 
salt-tolerant transgenic lines (Fig. 3D, E).

Fig. 4   Effects of PeJ3 on Arabidopsis expression profiles. RT-qPCR 
results show relative expression of A AtJ3 and B AtPKS5 in wild-
type (WT) Arabidopsis, vector control (VC), and PeJ3-transgenic 
lines (PeJ3-OE1 and PeJ3-OE2). Seeds from WT, VC and PeJ3-
transgenic (PeJ3-OE1 and PeJ3-OE2) were germinated on 1/2 MS 
medium. Ten-day-old seedlings of all tested lines were sampled for 
total RNA extraction and real-time quantitative PCR analysis. Arabi-
dopsis β-actin 2 (Atactin2) was used as internal control. Primers 
designed to target AtJ3, AtPKS5, and Atactin2 are shown in Supple-
mental Table 1. Each column is the mean of three independent exper-
iments and bars represents the standard error of the mean. Columns 
labeled with different letters (a and b) denote significant differences 
(P < 0.05). N.S. no significant difference between WT, VC, and PeJ3-
transgenic lines
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Na+ concentrations in roots

CoroNa™ Green was used to detect Na+ concentrations 
within root cells. Under control (no salt) conditions, the 
specific fluorescence intensity was very weak (Fig. 5), indi-
cating that the Na+ concentration was very low in the roots 
of all tested genotypes. Root Na+ concentrations signifi-
cantly increased after 12 h of salt exposure (100 mM NaCl, 
Fig. 5). However, the fluorescence intensity in WT and VC 
plants was nearly threefold higher than that observed in 
PeJ3-OE1 and PeJ3-OE2 roots (Fig. 5). This finding indi-
cated that the enhanced salt tolerance of PeJ3-transgenic 
Arabidopsis plants was related to lower Na+ accumulation 
in the roots.

NaCl‑mediated changes in root Na+ and K+ fluxes

The low accumulations of Na+ in transgenic plants was 
mostly due to Na+ extrusion in salinized roots. NMT 
recordings revealed that Na+ efflux was significantly 
increased in PeJ3-OE1 and PeJ3-OE2 roots after 12  h of 
NaCl stress (100  mM, Fig.  6A). Notably, transgenic lines 
exhibited fourfold higher Na+ fluxes than WT and VC 
plants (Fig. 6A). In addition, we noticed that in control con-
ditions, roots of transgenic lines typically displayed higher 
Na+ efflux, compared to WT and VC roots (Fig. 6A).

To explore the role of PeJ3 in K+ homeostasis, we com-
pared root K+ fluxes in high NaCl conditions in WT, VC, 

and transgenic lines. Arabidopsis roots exhibited a steady 
K+ influx under control conditions, but PeJ3-OE1 and 
PeJ3-OE2 roots displayed higher K+ uptake rates than WT 
and VC roots (Fig.  6B). Exposure to NaCl reversed the 
rectification of K+ from influx to efflux in all tested lines 
(Fig. 6B). However, the K+ effluxes were markedly lower in 
transgenic plants than in WT and VC plants (Fig. 6B).

PM H+‑ATPase activity in PeJ3‑transgenic Arabidopsis

Transient kinetic recordings revealed that NaCl exposure 
(100  mM NaCl) elicited H+ efflux in Arabidopsis roots 
(Fig. 7A). Of note, PeJ3-transgenic plants exhibited a sig-
nificantly higher rate of H+ efflux than WT and VC plants 
(Fig.  7A). However, the salt-induced H+ efflux shifted to 
a net influx when sodium vanadate was added in all tested 
lines (Fig. 7B). This result suggested that the salt-induced 
H+ efflux resulted from increased H+-pumping activity 
(Sun et  al. 2010b; Wang et  al. 2013b; Zhao et  al. 2016). 
The fact that H+ efflux was more pronounced in PeJ3-
OE1 and PeJ3-OE2 plants indicated that transgenic plants 
retained high H+-pumping activity under NaCl stress.

Furthermore, we examined PM H+-ATPase activities in 
WT, VC, and transgenic Arabidopsis in vitro with isolated 
plasma membrane vesicles. Compared to WT and VC, 
PeJ3-OE1 and PeJ3-OE2 typically displayed higher ATP-
hydrolysis activity (2.6-fold; Fig. 7C). This result indicated 
that PeJ3 upregulated the activity of PM H+-ATPase in 

Fig. 5   Na+ levels in root cells of wild-type (WT) Arabidopsis, vec-
tor control (VC), and PeJ3-transgenic lines (PeJ3-OE1 and PeJ3-
OE2) under NaCl stress. Seven-day-old seedlings were transferred 
to 1/2 MS medium supplemented with or without 100 mM NaCl for 
12 h. Seedlings were then incubated with CoroNa-Green AM (green, 
sodium-specific) for 1 h. Green fluorescence within cells was detected 

at the apical region of roots under a Leica confocal microscope. Rep-
resentative images show Na+ content (measured with CoroNa green) 
in plant roots. The mean fluorescence values labeled with different 
letters (a, b, and c) denote significant differences (P < 0.05) between 
control (−NaCl) and salt stress (+NaCl) conditions. Scale bar 
250 µm. (Color figure online)
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transgenic Arabidopsis. This finding was consistent with 
the in  vivo coordination of an increase in H+-transport 
activity in PeJ3-transgenic Arabidopsis roots (Fig.  7A). 
Similarly, Yang et  al. (2010) showed that AtJ3 could 
enhance the activity of PM H+-ATPase in Arabidopsis.

H2O2 levels in PeJ3‑transgenic Arabidopsis roots

NaCl (100 mM) shock resulted in a marked H2O2 elevation 
in the roots of WT, VC, and PeJ3-transgenic lines (Fig. 8). 
However, the salt elicited nearly threefold higher H2O2 lev-
els in transgenic lines than in WT and VC lines (Fig.  8). 
These results indicated that PeJ3 overexpression promoted 
H2O2 production after exposure to high salt conditions.

Discussion

PeJ3 overexpression enhances salt tolerance 
in Arabidopsis

PeJ3 was upregulated by NaCl in P. euphratica calli and 
leaves (Fig. 1A, Supplemental Figs. 1, 2). This result was 
consistent with results from microarray data on poplars 
that showed differences in salinity tolerance (our unpub-
lished data). NaCl exposure upregulated PeJ3 transcript 
abundance in P. euphratica, in contrast to the response 
observed in salt-sensitive Populus popularis, which exhib-
ited downregulated transcription (our unpublished data). 
However, iso-KCl treatment did not alter the transcription 
of PeJ3 (Supplemental Fig. 3). Thus, our results suggested 
that PeJ3 might contribute to salt adaptation in P. euphra-
tica. We found that transgenic PeJ3 expression markedly 
increased the ability of Arabidopsis to tolerate salinity. 
NaCl suppressed survival rates and root lengths less when 
plants overexpressed PeJ3 than in WT plants (Fig. 3). Simi-
larly, a previous study showed that ectopic expression of 
GsJ11 in Arabidopsis promoted seedling root elongation 
under alkaline salt treatment (NaHCO3, Song et al. 2017). 
In the present study, PeJ3-overexpressing lines differed 
from WT in their tolerance to NaCl (Fig. 3), but transgenic 
and WT plants showed similar responses to iso-KCl (Sup-
plemental Fig.  6). This result indicated that PeJ3 contrib-
uted to salt tolerance in plants.

The enhanced capacity to tolerate NaCl exposure 
depended on the ability to extrude Na+ and maintain 
K+ in transgenic plants (Fig.  6). PeJ3-transgenic Arabi-
dopsis accumulated less Na+ in root cells (Fig.  5), which 
in part, resulted from a high capacity for Na+ efflux in 
roots (Fig.  6A). It is of critical importance for glyco-
phytes to extrude Na+ under salt stress conditions (Green-
way and Munns 2003; Chen and Polle 2010; Horie et  al. 
2012; Chen et al. 2014; Polle and Chen 2015). Moreover, 

PeJ3-transgenic plants exhibited greater ability to maintain 
root K+ content under salt stress, compared to WT plants 
(Fig.  6B). It has been repeatedly shown that salt toler-
ance in crops and woody species was correlated with the 
capacity to maintain K+ content (Chen et  al. 2005; Cuin 
et al. 2008; Sun et al. 2009b; Hamdia and Shaddad 2010; 
Wang  et al. 2013a). Electrophysiological evidence from 
poplars, barley, and wheat cultivars has shown that root K+ 
loss induced by NaCl exposure was typically lower in salt-
tolerant genotypes, compared to salt-sensitive genotypes 
(Chen et al. 2005, 2007; Cuin et al. 2008; Sun et al. 2009a, 
b, 2010b; Shabala et  al. 2016). Therefore, PeJ3 benefited 
stressed Arabidopsis by enhancing the ability to retain K+/
Na+ homeostasis and withstand ionic toxicity.

Fig. 6   Effects of PeJ3 on steady-state Na+ and K+ fluxes in roots. Net 
fluxes of A Na+ and B K+ in roots of wild-type (WT) Arabidopsis, 
vector control (VC), and PeJ3-transgenic lines (PeJ3-OE1 and PeJ3-
OE2), in control (−NaCl) and salt stress (+NaCl) conditions. Seven-
day-old seedlings were transferred to 1/2 MS medium supplemented 
with or without NaCl (100 mM) for 12 h. Steady-state fluxes of Na+ 
and K+ were continuously recorded for 30  min at the meristematic 
zone, ca 200  µm from the root apex. Each column is the mean of 
seven independent seedlings, and bars represent the standard error 
of the mean. Columns labeled with different letters (a, b, c, d, and e) 
denote significant differences (P < 0.05) between the tested lines
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PeJ3 upregulates the activity of PM H+‑ATPase 
in transgenic Arabidopsis

Enhanced H+-pumping activity enabled PeJ3-transgenic 
plants to maintain root K+/Na+ homeostasis under NaCl 
stress. In  vitro assays revealed that PeJ3 overexpression 
upregulated ATP-hydrolysis activity in the PM H+-ATPase 
(Fig.  7C). H+-pumps provide an electrochemical H+ gra-
dient across the PM (Blumwald et  al. 2000; Zhu 2003; 
Sun et  al. 2009a). Moreover, in  vivo analyses with NMT 
recordings showed that PeJ3-transgenic plants displayed 
elevated H+ efflux under salt stress (Fig. 7A, B). This H+ 
efflux was blocked with sodium vanadate, which indicated 
that high H+ pump activity was responsible for the elevated 
H+ efflux (Sun et al. 2010b; Wang et al. 2013b). These data 
suggested that transgenic Arabidopsis had generated an 
intensive proton-driving force for Na+/H+ exchange under 
NaCl stress (Fig.  7A). In addition to promoting Na+/H+ 
exchange, the activated H+-pumps benefited salinized roots 
by enhancing K+ homeostasis (Fig. 6B). The activated H+ 
pump is thought to repolarize the plasma membrane, which 
reduces K+ loss through DA-KORCs and DA-NSCCs (Sha-
bala et al. 2006, 2016; Sun et al. 2010b). Presumably, the 
PM H+-pumps in transgenic plants were activated by PeJ3. 
AtJ3 was shown to activate the PM H+-ATPase by directly 
inhibiting AtPKS5 or modifying AtPKS5 affinity for the 
proton pump (Yang et  al. 2010). The protein sequence of 
PeJ3 exhibited high similarity to Arabidopsis AtJ3 (Fig. 2). 
Therefore, it was thought that PeJ3 improved the activ-
ity of PM H+-ATPase in Arabidopsis by interacting with 
AtPKS5 kinase (Fuglsang et  al. 2007; Yang et  al. 2010). 

Moreover, AtPKS5 transcription was suppressed by PeJ3 
overexpression (Fig. 4B, Supplemental Fig. 5). Therefore, 
we reasoned that overexpression of PeJ3 might enhance 
PM H+-ATPase activity by suppressing the transcription of 
AtPKS5 in Arabidopsis. Song et al. (2017) also showed that 
GsJ11 regulated the transcription of the H+-ATPase. GsJ11 
overexpression in Arabidopsis caused a rapid increase in 
the transcription levels of H+-ATPase genes after NaHCO3 
treatment, which contributed to PM H+-ATPase activation 
and alkaline resistance (Song et al. 2017).

Fig. 7   Transient H+ kinetics in response to NaCl shock (100  mM) 
and PM H+-ATPase activity in Arabidopsis roots. A H+ fluxes 
in roots before and during 20  min of salt-shock in wild-type (WT) 
Arabidopsis, vector control (VC), and PeJ3-transgenic lines (PeJ3-
OE1 and PeJ3-OE2). Prior to the salt shock, steady-state H+ fluxes 
were continuously monitored for approximately 10 min. H+ transient 
kinetics were recorded after the required amount of 200  mM NaCl 
stock solution was slowly added to the chamber to yield a final con-
centration of 100  mM. Each point is the mean of seven independ-
ent seedlings, and bars represent the standard error of the mean. B 
Effects of sodium vanadate on salt shock-induced H+ fluxes in WT, 
VC, and PeJ3-transgenic lines (PeJ3-OE1 and PeJ3-OE2). All roots 
were pretreated with 500  μM sodium vanadate for 30  min prior to 
flux recordings upon NaCl shock. Columns show the mean H+ flux 
rates after 20 min of salt shock in Arabidopsis roots in the absence  
(−Vanadate) or presence (+Vanadate) of inhibitor. Each column 
is the mean of seven independent seedlings, and bars represent the 
standard error of the mean. C ATP hydrolysis activity, measured as 
inorganic phosphate (Pi) production, for PM H+-ATPase in Arabi-
dopsis. Plasma membrane vesicles were isolated from 4-week-old 
seedlings of WT, VC and PeJ3-transgenic lines (PeJ3-OE1 and PeJ3-
OE2). Each column is the mean of three independent experiments, 
and bars represent the standard error of the mean. Columns labeled 
with different letters (a, b, c and d) denote significant differences 
(P < 0.05) between treatments (B) or between the tested lines (C)

▸
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Overexpression of PeJ3 enhances H2O2 signaling 
in salt‑stressed Arabidopsis

Upon NaCl shock, transgenic Arabidopsis produced nearly 
threefold higher H2O2 levels in root cells, compared to 
WT and VC roots (Fig.  8). H2O2 serves as a salt signal-
ing molecule in plants (Leshem et  al. 2006; Zhang et  al. 
2007; Moschou et al. 2008; Sun et al. 2010a, b, 2012; Shen 
et al. 2013). We previously showed that, under NaCl salin-
ity, H2O2 production was triggered by proton-coupled ion 
transporters in the PM; e.g., H+-pumps and Na+/H+ anti-
porters (Sun et  al. 2010b; Wang  et al. 2013b). After the 
NaCl shock, H2O2 production increased more rapidly in 
PeJ3-transgenic roots than in WT roots (Fig. 8). The pro-
nounced H+ efflux driven by the H+-pumps (Fig. 7) would 
lead to an acidic pH in the apoplast, which caused activa-
tion of NADPH oxidases (Wang et al. 2013b). In P. euphra-
tica cells, H2O2 was previously shown to increase cytosolic 
Ca2+ and promote Na+/H+ exchange (Sun et al. 2010a, b). 
Therefore, the rapid production of H2O2 elicited by salt in 
PeJ3-transgenic Arabidopsis would likely trigger adjust-
ments that benefitted K+/Na+ homeostasis.

Conclusion

Based on the characterization of PeJ3 in transgenic 
Arabidopsis here, and in our previous reports, we pro-
pose that PeJ3 plays an important role in mediating plant 
K+/Na+ homeostasis. The proposed mechanism of action 
is shown in Fig.  9. The salt induction of PeJ3 expres-
sion resulted in the activation of PM H+-ATPase, through 
transcriptional suppression of PePKS5 and/or interac-
tion with the PePKS5 kinase (Fuglsang et al. 2007; Yang 
et  al. 2010). Subsequently, the activated H+-pumps (i) 
promoted Na+/H+ exchange across the PM, (ii) reduced 

K+ efflux mediated by depolarization-activated channels 
(e.g., DA-KORCs and DA-NSCCs) in the PM, and (iii) 
stimulated the H2O2 signaling pathway, which involved 
NADPH oxidase; this pathway increased cytosolic free 
Ca2+ and stimulated Na+ extrusion through the Salt 
Overly Sensitive (SOS) signaling pathway.

Fig. 8   NaCl stress induced early H2O2 production in roots of wild-
type (WT) Arabidopsis, vector control (VC), and PeJ3-transgenic 
lines (PeJ3-OE1 and PeJ3-OE2). Seven-day-old seedlings were trans-
ferred to 1/2 MS medium supplemented with or without 100  mM 
NaCl for 10  min. Seedlings were then incubated with H2DCF-DA 
for 5  min. Green fluorescence within cells was detected at the api-
cal region of roots under a Leica confocal microscope. Representa-

tive images show H2O2 content (measured with H2DCFDA) in plant 
roots. Scale bar 250 µm. The fluorescence intensity (±SD) represents 
the mean of seven independent seedlings. The mean values of H2O2 
fluorescence are labeled with different letters (a, b, and c) to denote 
significant differences (P < 0.05) between control (−NaCl) and salt 
treatment (+NaCl). (Color figure online)
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Fig. 9   Schematic model shows the role of PeJ3 in maintaining K+/
Na+ homeostasis under NaCl stress conditions by activating the PM 
H+-ATPase in Populus euphratica. PM plasma membrane, SOS Salt 
Overly Sensitive signaling pathway, DA depolarization activated, 
KORCs K+ outward rectifying channels, NSCCs non-selective cation 
channels. (Color figure online)
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