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Abstract Using the Affymetrix poplar genome array, we

explored the leaf transcriptome of salt-tolerant Populus

euphratica Oliv. and salt-sensitive P. popularis 35-44

(P. popularis) under control and saline conditions. Our

objective was to clarify the genomic differences in regu-

lating K?/Na? and reactive oxygen species (ROS) homeo-

stasis between the two species. Compared to P. popularis,

salt-tolerant P. euphratica responses to salinity involved

induction of a relatively larger number of probesets after

short-term (ST) exposure to 150 mM NaCl (24 h) and rel-

atively fewer probesets after a long-term (LT) exposure to

salinity (200 mM NaCl, 28 days). Compared to P. popu-

laris, leaves of the control P. euphratica plants exhibited a

higher transcript abundance of genes related to Na?/H?

antiport (Na?/H? antiporters, H? pumps) and K? uptake

and transport. Notably, the expression of these genes did not

decrease (with a few exceptions) during salt treatment.

Regarding ROS homeostasis, P. euphratica exhibited rapid

up-regulation of a variety of antioxidant enzymes after

exposure to ST salinity, indicating a rapid adaptive response

to salt stress. However, the effect of NaCl on transcription in

P. popularis leaves was more pronounced after exposure to

prolonged salinity. LT-stressed P. popularis up-regulated

some genes mediating K?/Na? homeostasis but decreased

transcription of main scavengers of superoxide radicals and

H2O2 except for some isoforms of a few scavengers. Min-

eral and ROS analyses show that NaCl induced a marked

increase of leaf Na? and H2O2 in LT-stressed plants of the

two species and the effects were even more pronounced in

the salt-sensitive poplar. We place the transcription results

in the context of our physiological measurements to infer

some implications of NaCl-induced alterations in gene

expression related to K?/Na? and ROS homeostasis.
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Introduction

Salinity is a major adverse environmental factor affecting

plant growth and productivity. To deal with salt-induced

ionic toxicity, osmotic stress and secondary oxidative

stress, salt-tolerant plant species have developed a variety

of alterations to survive saline environments, such as reg-

ulating ionic homeostasis and detoxifying reactive oxygen

species (ROS) (Serrano and Rodriguez 2002; Xiong and

Zhu 2002; Zhu 2003).
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The entry of Na? usually reduces K?/Na? homeostasis

in the cytosol because Na? can compete with K? for

binding sites at the plasma membrane (PM) (e.g., low-

affinity non-selective cation channels and high-affinity

transporters) (Serrano 1996; Tester and Davenport 2003;

Demidchik and Maathuis 2007; Shabala and Cuin 2008). In

our previous studies, the salt-resistant poplar species Pop-

ulus euphratica usually maintained higher K? nutrition

than salt-sensitive species at both the tissue and cellular

levels (Chen et al. 2001, 2003a). K? efflux in roots of

NaCl-stressed and salt-sensitive Populus popularis is sig-

nificantly greater than in P. euphratica, presumably

resulting from K? leakage through depolarisation-activated

outward rectifying K? channels (Chen et al. 2005, 2007;

Cuin et al. 2008; Sun et al. 2009a). Species differences in

retaining K? are thought to be associated with gene

expression under saline conditions. Using a salt-sensitive

poplar, P. 9 canescens, Escalante-Pérez et al. (2009)

found that transcription of transporters mediating K?

uptake (i.e., PtHKT1, putative high-affinity K? uptake

system; KPT1, guard cell K? uptake channel; PKT1,

putative K? uptake channel) appeared to be down-regu-

lated in leaves, but the expression of ion channels able to

release K? (i.e., PTORK, outward rectifying K? channel;

PTORK2, outward rectifying K? channel 2; PTK2, K?

channel 2) showed remarkable up-regulation during salt

stress in root and shoot organs. However, the molecular

basis of the ability of P. euphratica in retaining K?

homeostasis under high soil salt concentrations is largely

unknown.

Generally, plants prevent excessive cytosolic Na?

accumulation by reducing Na? influx, excluding Na? to

the apoplast and/or compartmentalising Na? into a vac-

uole via corresponding Na?/H? antiporters and exchang-

ers (Ward et al. 2003). Selective ion uptake restricts entry

of Na? into plant cells, appearing to occur at least partly

through the transporter HKT1 (high-affinity K? trans-

porter) (Rus et al. 2001; Laurie et al. 2002; Mäser et al.

2002) and nonselective cation channels (Amtmann and

Sanders 1999). The cloned transporters HKT1 and LCT1

(low-affinity cation transporter 1) have Na? permeability

when expressed in yeast or oocytes, suggesting that they

are Na? transporters mediating Na? influx (Rubio et al.

1995; Schachtman et al. 1997). Overexpression of

AtSOS1, a PM Na?/H? antiporter, can confer salt toler-

ance by retrieving Na? from the xylem of transgenic

plants (Shi et al. 2003). Vacuolar Na?/H? exchangers

(NHXs) have been cloned from glycophytes (Apse et al.

1999; Fukuda et al. 1999; Gaxiola et al. 1999; Darley

et al. 2000; Quintero et al. 2000) and overexpression of

AtNHX1 improved plant salt tolerance in Arabidopsis

(Arabidopsis thaliana) and tomato (Lycopersicon escu-

lentum cv. Moneymaker), suggesting their contributions to

vacuolar compartmentation of Na? (Apse et al. 1999;

Zhang and Blumwald 2001). Studies show that P. euph-

ratica plants have a higher capacity for salt exclusion and

vacuolar salt compartmentation compared to salt-sensitive

poplar species (Chen et al. 2002a, 2003a). Short- (ST) and

long-term (LT) stressed P. euphratica roots can extrude

Na? via the Na?/H? antiport system (Sun et al. 2009b).

PM Na?/H? antiporters in P. euphratica, such as

PeNhaD1 (Ottow et al. 2005a) and PeSOS1 (Wu et al.

2007), are thought to be involved in Na? extrusion under

NaCl stress. Overexpression of PeNhaD1 was found to

decrease NaCl-induced Na? accumulation in transgenic

P. tomentosa (Chen 2007). However, the expression pat-

tern of Na?/H? antiporters varies with tissues, species

and duration of salt stress. The transcript level of PeN-

haD1 remained constant in P. euphratica leaves but

decreased in P. 9 canescens after 24-h NaCl stress

(Ottow et al. 2005b). However, in a 2-weeks study, the

Na?/H? antiporter PcNhaD1 was detected in roots,

shoots, bark and leaf tissues of P. 9 canescens and the

expression remained unchanged throughout the experi-

ment (Escalante-Pérez et al. 2009). The mRNA level of

PeSOS1 in the leaves stayed relatively constant although

the level of protein expressed by PeSOS1 in the leaves of

P. euphratica was significantly up-regulated after NaCl

treatment (Wu et al. 2007). PtSOS1 expression was

up-regulated by twofold in P. 9 canescens roots after

2 weeks of salt stress; the expression in shoot and bark

did not change throughout the experiment but declined in

leaves (Escalante-Pérez et al. 2009).

H?-ATPase retains electrochemical H? gradients and

provides a driving force for Na?/H? antiporters to exclude

Na? from the cytoplasm or move Na? into the vacuoles.

Our data have shown that inhibition of PM H?-ATPase by

sodium orthovanadate enhanced K? efflux and reduced

Na?/H? antiport activity (Sun et al. 2009a, b). H?-ATPase

properties in the tonoplast and PM vesicles of P. euphra-

tica were characterised and a salt-induced activity of

H?-ATPase was usually found in P. euphratica callus

(Ma et al. 2002; Yang et al. 2007). The transcriptional

regulation of H?-ATPase genes in P. euphratica tissues

is largely unknown although the tonoplast and PM

H?-ATPase genes revealed a different regulation pattern in

response to salt stress in three Italian P. alba clones

(Beritognolo et al. 2007).

Salt stress usually leads to increased ROS production in

plant cells (Sudhakar et al. 2001; Grene 2002; Xiong and

Zhu 2002; Xiong et al. 2002). Plants have developed

enzymatic detoxifying systems, such as the ascorbate–

glutathione cycle, to reduce the detrimental effects of ROS

on macromolecules and cellular structures (Chinnusamy

et al. 2005; Apel and Hirt 2004). The importance of

oxidative protection in salt tolerance has been confirmed in
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Arabidopsis pst1. This mutant has significantly higher

activity of superoxide dismutase (SOD) and ascorbate

peroxidase (APX) than wild-type Arabidopsis when treated

with high levels of NaCl (Tsugane et al. 1999). Overex-

pression of NtGST/GPX (glutathione S-transferase/glu-

tathione peroxidase) improved salt and chilling tolerance

by reducing ROS-mediated membrane damage (Roxas

et al. 1997, 2000). We found that salinised P. euphratica

did not exhibit an oxidative damage over the duration of

salinity, partly resulting from up-regulation of antioxidant

enzymes after the onset of salt stress (Wang et al. 2007,

2008). In contrast, P. popularis was not able to prevent the

harmful effects of ROS although the activity of antioxidant

enzymes (APX; catalase, CAT; glutathione reductase, GR)

was markedly increased at high levels of soil NaCl (Wang

et al. 2008). Transcriptome data on antioxidant enzymes

would help us understand the differences in ROS homeo-

stasis regulation between contrasting poplar species under

salt stress.

P. euphratica trees grow in semi-arid saline areas and

young plants can tolerate 450 mM NaCl under hydroponic

conditions (Gu et al. 2004). In this salt-resistant tree model,

physiological mechanisms underlying the salinity resis-

tance of P. euphratica have been widely studied in recent

years. Our previous studies have shown that salt tolerance

in P. euphratica largely depends on its capacity for salt

exclusion, effective vacuolar salt compartmentation and

up-regulation of antioxidant enzymes after the onset of salt

stress (Chen et al. 2001, 2002a, b, 2003a, b; Wang et al.

2007, 2008; Sun et al. 2009a, b).

Investigators have explored the molecular basis of salt

tolerance in this species (Gu et al. 2004; Ottow et al. 2005a;

Brosché et al. 2005). Based on a suppression subtractive

hybridisation approach, Gu et al. (2004) found that tran-

scripts up-regulated by salt stress included ionic and

osmotic homeostasis elements, such as the Mg2? trans-

porter-like protein, syntaxin-like protein, seed imbibition

protein and PM intrinsic protein. Brosché et al. (2005)

clarified gene expression in adult P. euphratica trees

growing in the desert canyon of Ein Avdat in Israel. Their

microarray data suggest that several genes are putatively

involved in osmoregulation (galactinol synthase), water

balance maintenance (aquaporins) and detoxification

(aldehyde dehydrogenase and metallothioneins). Ottow

et al. (2005a) reported changes in transcript levels of var-

ious genes involved in salt-stress signalling and adaptation,

including members of calcium (Ca2?)-regulated pathways,

redox control, reactive oxygen formation and detoxifica-

tion. A striking discovery was that the number of P. euph-

ratica genes displaying different transcript levels

accounted for only about 1% of the genes on the array of

adult trees (Brosché et al. 2005). Moreover, a range of

transcripts showed no altered transcript levels in juvenile

plants or adult trees of P. euphratica; e.g., (1) in the

‘‘classic’’ enzymes involved in antioxidant defense,

including CAT, APX, peroxiredoxin and SOD or (2) in the

crucial transporters and channels mediating Na? and K?

homeostasis (SOS1, NhaD1, KORCs, etc.). One reason is

that the cDNA probes derived from the suppression sub-

tractive hybridisation (Gu et al. 2004) or those from arbi-

trarily selected expressed sequence tags (Ottow et al.

2005a) did not cover the complete genomic information

and may not have delineated the overall transcriptional

profiles, especially those known to be involved in ionic and

ROS homeostasis regulation.

Genome-wide transcriptional analysis offers an overall

and improved understanding of genetic variations in salt

tolerance exhibited in different poplar species. However,

differences in gene expression patterns between salt-toler-

ant and salt-sensitive poplar species are largely unexplored.

We used Affymetrix poplar chips with 65,535 probesets to

analyse the gene expression profiles of ST- and LT-stressed

P. euphratica leaves. Changes in transcript levels of a salt-

sensitive poplar species, P. popularis 35-44, were exam-

ined in parallel under ST and LT salinity conditions. Our

objective was to clarify the profile differences in ionic and

ROS homeostasis between the two species. In this study,

we applied real-time PCR to validate the microarray data.

Materials and methods

Plant material

In April 2007, 1-year-old seedlings of Populus euphratica

Oliv. (P. euphratica), obtained from the Xinjiang Uygur

Autonomous Region of China and hardwood cuttings of

Populus popularis 35-44 (P. popularis) from the nursery of

Beijing Forestry University (BFU), were planted in indi-

vidual, 10 L pots containing loam soil and placed in a

greenhouse at BFU. Plants in pots were irrigated two to

three times per week according to evaporation demand and

watered with 1 L full-strength Hoagland’s nutrient solution

every 2 weeks. The temperature in the greenhouse ranged

from 20 to 25�C with a 16-h photoperiod (7:00–23:00) and

150–1,000 lmol m-2 s-1 of photosynthetically active

radiation under natural conditions.

Salt stress treatments

Plants were subjected to a short term (ST, 150 mM NaCl,

24 h) and a long term (LT, 200 mM NaCl, 28 days)

salinity stress treatment. For ST stress, potted plants of

P. euphratica and P. popularis were subjected to 24 h of

increasing NaCl stress by top watering of 2 L of 50, 100

and 150 mM NaCl in a full-strength Hoagland’s nutrient

Plant Mol Biol (2010) 73:251–269 253
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solution every 3 h and then left standing for 18 h after the

final concentration of NaCl was applied. Control plants

were irrigated with the same amount of water at each

treatment time. For LT stress, plants were subjected to

4 weeks of increasing NaCl stress by top watering of 2 L of

50, 100, 150 or 200 mM NaCl in a full-strength Hoagland’s

nutrient solution on days 1, 8, 15 and 23. Control plants

were kept well watered and fertilised without the addition

of NaCl. Upper mature leaves (leaf index numbers 4–20

from the shoot apex) were sampled for RNA preparation

after 24 h (ST) or 28 days (LT) of treatment.

RNA preparation

Total leaf RNA was extracted using TRIzol reagent and

purified using a RNA purification kit (Qiagen, RNeasy spin

column), followed by an on-column DNase treatment.

After the RNA quality was assessed by a 1% (w/v) agarose

gel analysis, RNA samples were eluted and adjusted to a

final concentration of 1 lg lL-1.

Microarray analysis

The Affymetrix Poplar Array (Cat. 90078; Affymetrix;

Santa Clara, CA, USA) was used in this experiment. This

gene chip contains 65,535 probesets derived from 13

Populus species. The design of this array was based on the

contents from the UniGene Build #6 (March 16, 2005) and

from GeneBank mRNA and EST database for all poplar

species. The chip, consisting of 11 probe pairs (25 bp per

oligonucleotide) for each transcript, provides multiple

independent measurements for each individual transcript.

A 2-lg total RNA from each sample was used in prepa-

ration of biotin-tagged cRNA using the MessageAmpTM II

aRNA Amplification Kit. These biotin-tagged cRNA

probes were then fragmented to strands of 35–200 bp in

length and hybridised with the Affymetrix Poplar Array.

Hybridisation and scanning were performed at the Labo-

ratory of CapitalBio Corporation in China. Details of

the scanning and experimental procedures can be found

at the Affymetrix Website (http://www.affymetrix.com/

support/downloads/manuals/expression_analysis_technical_

manual.pdf). In order to satisfy biological reduplication

requirements, three individual seedlings for each treatment

(control, ST and LT) were sampled from the two species.

Data processing and statistical analysis

Image analysis was performed using the GeneChip Oper-

ating software (GCOS 1.4). The scanned images were first

assessed by visual inspection and then analyzed to generate

raw data files, saved as CEL files, using the default setting

of GCOS 1.4. A global scaling procedure was performed to

normalise the different arrays using dChip software. The

annotations were made by using the Probe Match tool on

the NetAffxTM Analysis Center Website (NetAffx, http://

www.affymetrix.com/analysis/index.affx). The probesets

of genes presumably functioning in ionic and ROS

homeostasis were extracted from the complete data set and

are listed in Table S1. Those probesets with signals below

100 were considered as unstable background probesets (the

signal of these probesets was adjusted to 100 for further

analysis). In a comparative analysis, we applied a two-class

Student’s t test method (Mev4.3.02 software, http://mev.

tm4.org) (Saeed et al. 2003) to identify significantly

differentially expressed genes. Relative expression was

calculated as salt stress (ST, LT)/control or control

P. euphratica/control P. popularis. Only genes with aver-

age signal values pass the threshold ratio 2 or the minus

ratio 0.5; their false-positive discovery rates below 0.1

were considered significantly expressed. Probesets were

clustered using hierarchical clustering based on Pearson

correlation coefficients with Mev software and PCA anal-

ysis with pcaMethods software (Stacklies et al. 2007).

Verification of expression profiles by quantitative

real-time PCR

To confirm the validity of the microarray analyses, relative

quantitative real-time PCR was performed (MJ option2,

Bio-Rad Corp.). Several typical genes were selected for

confirmation: (1) highly expressed genes in the control

P. euphratica compared to P. popularis are HAK1

(Ptp.7291.1.S1_at), ATGPX2 (glutathione peroxidase 2)

(Ptp.5821.1.S1_at) and APX (PtpAffx.117027.1.S1_a_at)

and (2) up-regulated genes in ST-stressed P. euphratica are

POD (PtpAffx.2170.2.S1_s_at) and K? channel (PtpAffx.

46298.1.S1_at). These genes and their primers for real-time

PCR are listed in Figure S1. All real-time reactions were

performed using a ABI SYBR Green PCR Master Mix.

Relative expression ratios were normalised to the actin

housekeeping gene and agreement between the microarray

analysis and real-time PCR was assessed (Fig. S1). Details

of the real-time PCR are as follows: 2 lg of total RNA was

reverse transcribed with the SuperScriptII (Invitrogen)

using Oligo(dT) primers (Invitrogen) in a total volume of

25 lL. The reverse transcription product was then diluted

with 25 lL of sterilised water to a final volume of 50 lL;

1 lL of the dilution was used as the template in the real-

time PCR experiments. Primers for the PCR reactions were

designed by PrimerSelect 5.00 of DNAStar (DNASTAR

Inc) to have a Tm of *60�C and an optimal annealing

temperature of 53 to 55�C, with amplicon lengths between

200 and 300 bp.
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Ion analysis

Leaf K? and Na? were analysed as described by Chen

et al. (2003a). Briefly, leaves sampled from salt-treated and

control plants were rinsed with de-ionised water and oven-

dried at 65�C for 4 days, then ground to pass a 1-mm sieve

for mineral analysis. Two hundred milligrams of leaf

material were extracted with 10 mL of 0.1N HNO3 for

30 min and then filtered through filter paper (Whatman

Grade 1). Na? and K? contents in the solutions were

determined by an atomic absorption spectrophotometer

(Perkin–Elmer 2280).

H2O2 analysis

Endogenous H2O2 levels were detected by a H2O2-specific

fluorescent probe, H2DCF-DA (green) (Molecular Probe,

Eugene, OR, USA, prepared in a Mes-KCl buffer, pH 5.7).

The excised leaves sampled from control and salinised plants

were washed with a buffer solution (BS: 0.5 mM KCl,

0.2 mM CaCl2, 0.1 mM MgCl2, 0.1 mM NaCl, 2.5%

sucrose, pH 5.7) and then incubated in the BS containing

50 lM H2DCF-DA for 40 min at room temperature. Leaves

were visualised using a Leica SP5 confocal microscope

(Leica Microsystems GmbH, Wetzlar, Germany) after the

excess fluorophore was washed thoroughly with BS. The

confocal settings were as follows: excitation = 488 nm,

emission = 510–530 nm, frame 512 9 512.

Results

Leaf Na? and K?

Non-stressed P. euphratica had more Na? in leaves com-

pared with control P. popularis plants (Fig. 1a). A short-

term (ST) stress (150 mM NaCl, 24 h) did not significantly

change the Na? content in either species; however, leaf

Na? of both poplars increased markedly after a long-term

(LT) salt treatment (200 mM NaCl, 28 days) (Fig. 1a). In

comparison, LT-stressed P. popularis accumulated more

Na? in leaves, which was 2.3 times higher than that of

P. euphratica (Fig. 1a).

K? was not significantly reduced by NaCl stress but the

LT treatment lowered K?/Na? ratios in the two species,

due to the elevation of Na? (Fig. 1b, c). Compared to

P. euphratica, the salt-induced reduction of K?/Na? was

more pronounced in P. popularis leaves (Fig. 1c).

H2O2 production

In control plants of the two species, CLSM (confocal laser

scanning microscopy) analysis of leaf surfaces showed that

H2O2 (DCF-dependent fluorescence, green) was usually

found in cells around the stomata (Fig. 2a). Notably a

larger number of DCF-fluorescent cells were observed in

control P. euphratica than in P. popularis (Fig. 2a). When

subjected to ST stress, P. euphratica leaves exhibited a

higher H2O2 production than P. popularis (Fig. 2a).

However, an opposite trend was observed after a long

period of salt stress. LT-stressed P. popularis showed more

pronounced H2O2 production than P. euphratica (Fig. 2a).

There was no green fluorescence in any of the negative

samples without H2DCF-DA application (Fig. 2a), indi-

cating that green fluorescence was produced by H2O2.

Moreover, all leaf samples displayed nearly the same level

of orange–yellow colour from the chlorophyll autofluo-

rescence (Fig. 2b). This indicates that the excitation and

reception parameters of the CLSM remained stable during

fluorescent measurements.
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Fig. 1 Leaf Na?, K? and K?/Na? in P. euphratica and P. popularis
following a short-term (ST) and a long-term (LT) salt treatment. Each

column is the mean of four individual plants and bars represent the

standard error of the mean. Columns labeled with different letters
indicate significant difference between treatments at p \ 0.05. NS: no

significant difference
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Gene transcription

Our microarray data revealed species differences in gene

transcription under control conditions. Control P. euphratica

plants usually displayed a high abundance of salt tolerance-

related genes compared to P. popularis. Furthermore, the

two poplar species showed distinctly different tendencies in

gene expression under ST and LT treatments. The sample-

clustering results reveal that ST salinity strikingly changed

the leaf transcriptome of P. euphratica; however, most of the

up-regulated genes induced by ST stress returned to

control levels after a prolonged exposure to salt treatment

(Fig. 3). P. popularis showed an opposite trend in which LT

salinity caused a drastic alteration of the transcriptome,

whereas ST had only a slight effect on the leaf profile

(Fig. 3).

We summarized and compared probesets of differently

expressed genes that presumably function in ionic and ROS

homeostasis. Our microarray results were validated by real-

time PCR with three additional independent biological

replicates. The data from real-time PCR confirmed that the

tendency of each pair of samples was similar to microarray

results although the specific ratios varied between the two

methods (Fig. S1). According to the potential function of

the encoded enzymes and proteins, we categorised these

differentially expressed genes into three groups: K?

homeostasis, Na?/H? antiport and ROS homeostasis

(Figs. 4, 5; Tables 1, 2, 3).

Fig. 2 Representative images

illustrating the confocal laser

scanning microscopy (CLSM)

detection of H2O2 in leaves of

P. euphratica (E) and

P. popularis (P) following a

short-term (ST) and a long-term

(LT) salt treatment. The

detection was carried out using

the fluorescent probe H2DCF-

DA and the bright green

fluorescence corresponded to

the detection of H2O2 (Series

A). The orange–yellow color is

due to the chlorophyll

autofluorescence (Series B). In

the two species, leaf sections

without H2DCF-DA application

did not exhibit any green

fluorescence (PN, EN). CLSM

analysis was performed using

four individual seedlings for

control, ST and LT treatments

of the two species. Bar, 100 lm

Fig. 3 Sample clustering of transcript abundance of genes relating to

ionic and ROS homeostasis in P. euphratica (E) and P. popularis (P)

following a short-term (ST) and a long-term (LT) salt treatment.

Microarray analysis was performed using three individual seedlings

for control (CK), ST and LT treatments of the two species
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Fig. 4 Hierarchical clustering

of transcript abundance of genes

relating to K?/Na? homeostasis

in P. euphratica (E) and

P. popularis (P) leaves

following a short-term (ST) and

a long-term (LT) salt treatment.

Microarray analysis was

performed using three

individual seedlings for each

treatment (control, ST and LT)

of the two species. Those

probesets with signals below

100 were considered as

background and unstable

probesets (the signal of these

probesets was adjusted to 100).

Hierarchical clustering was

carried out using the TMeV

software package according to

the relative expression indicated

by the colour scale. Relative

expression was calculated as

salt stress (ST, LT)/control or

control P. euphratica/control

P. popularis. Only genes with

average signal values passing

the threshold of ratio 2 or minus

ratio 0.5 and false-positive

discovery rates below 0.1 were

considered significantly

expressed. EST: ST/control

(P. euphratica); ELT: LT/

control (P. euphratica); PST:

ST/control (P. popularis); PLT:

LT/control (P. popularis); E/P:

Control P. euphratica/control

P. popularis
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Fig. 5 Hierarchical clustering

of transcript abundance of genes

relating to ROS homeostasis in

P. euphratica (E) and

P. popularis (P) leaves

following a short-term (ST) and

a long-term (LT) salt treatment.

Microarray analysis was

performed using three

individual seedlings for each

treatment (control, ST and LT)

of the two species. Those

probesets with signals below

100 were considered as

background and unstable

probesets (the signal of these

probesets was adjusted to 100).

Hierarchical clustering was

carried out using the TMeV

software package according to

the relative expression indicated

by the colour scale. Relative

expression was calculated as

salt stress (ST, LT)/control or

control P. euphratica/control

P. popularis. Only genes with

average signal values passing

the threshold of ratio 2 or minus

ratio 0.5 and false-positive

discovery rates below 0.1 were

considered significantly

expressed. EST: ST/control

(P. euphratica), ELT: LT/

control (P. euphratica), PST:

ST/control (P. popularis), PLT:

LT/control (P. popularis), E/P:

Control P. euphratica/control

P. popularis
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Transcript profiling of K? homeostasis genes

Under no-salt control conditions, a variety of K? trans-

porter or exchanger proteins, especially KUP11 (K? uptake

permease 11), high-affinity K? transporters (HAK1,

OsHAK14, OsHKT7) and stelar K? outward rectifier

(SKOR) were more strongly expressed in P. euphratica

than in P. popularis (Fig. 4; Table 1). After exposure to a

ST salt treatment, a high-affinity K? transporter (OsHKT7)

and a K? channel protein increased expression in P. euph-

ratica and a K?-exchanger-like protein was up-regulated in

P. popularis (Fig. 4; Table 1). In LT-stressed P. popularis

leaves, a K? channel protein exhibited down-regulated

transcription, while transcript levels of the K? efflux

antiporter KEA2 (K?: H? antiporter), KUP11 and K?

transporters (especially the high-affinity K? transporter

HAK1) were up-regulated (Fig. 4; Table 1). In contrast,

LT-stressed P. euphratica leaves showed no alterations in

transcription of K? channel and transporter proteins, with

the exception of a K?-exchanger-like protein (Fig. 4;

Table 1).

Transcript profiling of Na?/H? antiport genes

Control P. euphratica leaves retained higher expression of

three members of the Na?/H? antiporter family (e.g., SOS1

and ATNHD2) and two members of the SLT1 (sodium-

and lithium-tolerant 1) family (Fig. 4; Table 2). Mean-

while, H? pumps, i.e., PM H?-ATPase (very close to

Lycopersicon esculentum and Daucus carota orthologs),

vacuolar inorganic pyrophosphatase (PPase) and H?-

ATPase (116-kDa subunit C) were found highly expressed

in P. euphratica (Fig. 4; Table 2). In P. popularis leaves, a

putative PM H?-ATPase, showing similarity to the Oryza

sativa ortholog, was maintained at high transcript abun-

dance (Fig. 4; Table 2). Notably, a variety of subunits of

vacuolar type ATPase (V-ATPase subunits G 2, A and H)

were more strongly expressed in P. popularis than in

P. euphratica (Fig. 4; Table 2).

After being subjected to ST stress, inorganic PPase

(soluble) displayed an increased transcript level in P. euph-

ratica, while SLT1 (Arabidopsis thaliana ortholog) and

Na?/H? antiporter (a Medicago sativa ortholog) showed

Table 1 Leaf transcript profiling of genes related to K? homeostasis in P. euphratica (E) and P. popularis (P) under no-salt control, short-term

(ST, 150 mM NaCl, 24 h) and long-term (LT, 200 mM NaCl, 28 days) salinity conditions

Variable Probeset ID Gene number Putative function Plant species/

organisms

Control ST LT

E P E P

K? transporter

or exchanger

proteins

PtpAffx.203995.1.S1_at NP_186934 SKOR (stelar K? outward

rectifier)

Arabidopsis thaliana E [ P – – – –

Ptp.7291.1.S1_at

PtpAffx.39091.1.S1_at

PtpAffx.127155.1.A1_s_at

AAC18809 HAK1 protein (high-affinity K?

transporter)

Arabidopsis thaliana E [ P – – – :

PtpAffx.114369.1.S1_at AAC24049 HAK1 protein (high-affinity K?

transporter)

Arabidopsis thaliana E [ P – – – :

PtpAffx.211830.1.S1_at BAC83599.1 K? transporter Oryza sativa (japonica

cultivar group)

E [ P – – – –

Ptp.3755.1.S1_at Q69RI8 K? transporter 14 (OsHAK14) Oryza sativa (japonica

cultivar group)

E [ P – – – –

PtpAffx.217276.1.S1_at

PtpAffx.217276.1.S1_s_at

NP_001053810 Cation transporter HKT7

(OsHKT7)

Oryza sativa (japonica

cultivar group)

E [ P : – – –

PtpAffx.16235.1.A1_at NP_001031484 KUP11 (K? uptake permease 11);

K? ion transporter

Arabidopsis thaliana E [ P – – – :

Ptp.7907.1.A1_at

PtpAffx.129254.1.S1_at

AAL73977 K?-exchanger-like protein Sorghum bicolor E [ P – : ; –

PtpAffx.46298.1.S1_at CAC34339 K? channel protein Solanum tuberosum P [ E : – – ;

PtpAffx.211522.1.S1_s_at NP_191972 KEA2 (K? efflux antiporter); K?:

H? antiporter

Arabidopsis thaliana – – – – :

PtpAffx.119075.1.S1_at CAD20991 Putative K? transporter Oryza sativa (japonica

cultivar group)

– – – – :

Plant species or organisms are the source of BLAST matches for putative function annotation. Only selected probesets with putative functions are

listed

–, unchanged; :, up-regulated; ;, down-regulated
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down-regulation (Fig. 4; Table 2). In contrast, ST-stressed

P. popularis increased transcription of SLT1 (Arabidopsis

thaliana and Nicotiana tabacum orthologs) but reduced

expression of the PM H?-ATPase (Fig. 4; Table 2).

Under LT saline conditions, expressions of SLT1 pro-

teins, tonoplast-bound PPase and V-type ATPase 116-kDa

subunit family protein were enhanced in P. popularis,

while the transcription of inorganic PPase (soluble) dis-

played an inconsistent response: one PPase member, highly

close to the Papaver rhoeas ortholog, was up-regulated, but

the other two members showing similarity to Arabidopsis

thaliana and Oryza sativa orthologs displayed decreased

Table 2 Leaf transcript profiling of genes related to Na?/H? antiport in P. euphratica (E) and P. popularis (P) under no-salt control, short-term

(ST, 150 mM NaCl, 24 h) and long-term (LT, 200 mM NaCl, 28 days) salinity conditions

Probeset ID Gene

number

Putative function Plant species/

organisms

Control ST LT

E P E P

Na? antiporter PtpAffx.3089.1.S1_at NP_178307 SOS1 (salt overly sensitive 1) Arabidopsis thaliana E [ P – – – –

PtpAffx.210954.1.S1_at

PtpAffx.210954.1.S1_x_at

PtpAffx.3667.1.A1_s_at

AAR19085 Na?/H? antiporter Medicago sativa E [ P ; – – –

PtpAffx.68127.1.S1_at NP_175403 ATNHD2 (Na?/H? antiporter 2) Arabidopsis thaliana E [ P – – – –

Ptp.1351.1.S1_a_at

PtpAffx.6629.1.S1_at

AAG39002 SLT1 protein Nicotiana tabacum E [ P – : – :

Ptp.1351.1.S1_at

Ptp.1351.2.S1_at

NP_565864 SLT1 (sodium- and

lithium-tolerant 1)

Arabidopsis thaliana E [ P ; : – :

ATPase and

PPase

Ptp.7912.1.S1_at AAB17186 Plasma membrane H?-ATPase Lycopersicon esculentum E [ P – – – –

PtpAffx.595.4.S1_s_at

PtpAffx.595.1.S1_s_at

BAD16688.1 Plasma membrane H?-ATPase Daucus carota E [ P – – – –

PtpAffx.10032.1.S1_a_at CAA58701 Inorganic pyrophosphatase

(tonoplast-bound proton-

translocating inorganic PPase)

Nicotiana tabacum E [ P – – – :

PtpAffx.909.1.S1_a_at CAH58637 Vacuolar H?-ATPase C subunit Plantago major E [ P – – – –

PtpAffx.134543.1.A1_at

PtpAffx.134543.1.A1_a_at

PtpAffx.203527.1.S1_at

CAA68234 Calmodulin-stimulated

Ca2?-ATPase from plant

vacuolar membranes

Brassica oleracea E [ P – – – –

PtpAffx.10980.1.S1_s_at O82703 Vacuolar ATP synthase

subunit G 2

Nicotiana tabacum P [ E – – – –

PtpAffx.8652.1.S1_at P09469 V-ATPase subunit A (vacuolar

proton pump subunit alpha)

(V-ATPase 69-kDa subunit)

Daucus carota P [ E – – – –

PtpAffx.74657.1.S1_s_at

PtpAffx.212182.1.S1_at

Q84ZC0 Vacuolar ATP synthase

subunit H

Oryza sativa
(japonica cultivar

group)

P [ E – – – –

PtpAffx.158426.1.S1_at AAK92634 Plasma membrane proton

ATPase

Oryza sativa P [ E – ; : –

Ptp.1887.1.S1_at NP_171613 Inorganic pyrophosphatase

(soluble)

Arabidopsis thaliana – : – – ;

PtpAffx.35286.1.S1_at ABB46970 V-type ATPase 116 kDa

subunit family protein

Oryza sativa (japonica

cultivar group)

– – – – :

Ptp.1635.1.S1_s_at CAJ44304 Inorganic pyrophosphatase

(soluble)

Papaver rhoeas – – – – :

Ptp.603.1.A1_at

PtpAffx.109384.1.A1_at

Ptp.4654.1.S1_at

BAD16935.1 Inorganic pyrophosphatase

(soluble)

Oryza sativa (japonica

cultivar group)

P [ E – – – ;

Plant species or organisms are the source of BLAST matches for putative function annotation. Only selected probesets with putative functions are

listed

–, unchanged; :, up-regulated; ;, down-regulated
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Table 3 Leaf transcript profiling of genes related to ROS homeostasis in P. euphratica (E) and P. popularis (P) under no-salt control, short-term

(ST, 150 mM NaCl, 24 h) and long-term (LT, 200 mM NaCl, 28 days) salinity conditions

Variable Probeset ID Gene number Putative function Plant species/organisms Control ST LT

E P E P

SOD PtpAffx.1377.1.A1_at

PtpAffx.131228.1.S1_at

AAW80436 Copper-zinc superoxide dismutase Nelumbo nucifera P [ E : – – ;

PtpAffx.91581.1.S1_at NP_197311 CSD3 (copper/zinc

superoxide dismutase 3)

Arabidopsis thaliana P [ E – – – ;

Ptp.1994.1.S1_at O65199 Superoxide dismutase [Cu–Zn] Vitis vinifera P [ E – – – –

CAT Ptp.6676.1.S1_s_at O48561 Catalase-4 Glycine max – : – – :

H2O2

lyase

Ptp.1181.1.S1_s_at

PtpAffx.88174.1.A1_at

BAC55161.1 Hydroperoxide lyase Citrus jambhiri – – – – ;

APX PtpAffx.117027.1.S1_a_at AAF23294 Putative ascorbate peroxidase Arabidopsis thaliana E [ P – – – –

Ptp.280.1.A1_at T10190 L-ascorbate peroxidase

(EC 1.11.1.11)

Cucurbita cv. Kurokawa

Amakuri

P [ E – – – –

Ptp.6829.1.S1_at NP_001052271 Probable L-ascorbate peroxidase 3

(OsAPx03)

Oryza sativa (japonica

cultivar group)

P [ E : : – ;

POD Ptp.5693.1.S1_s_at NP_176773 TPX1 (thioredoxin-dependent

peroxidase 1); antioxidant

Arabidopsis thaliana E [ P – – – –

Ptp.5821.1.S1_at NP_180715 ATGPX2 (glutathione

peroxidase 2)

Arabidopsis thaliana E [ P – – – :

Ptp.7181.1.S1_at Q42517 Peroxidase N precursor

(Neutral peroxidase)

Armoracia rusticana E [ P – – – –

PtpAffx.55376.1.S1_at BAD97435.1 Peroxidase Pisum sativum E [ P – – ; –

Ptp.83.2.S1_s_at

PtpAffx.249.100.A1_s_at

PtpAffx.249.26.A1_s_at

BAE20169.1 Peroxidase Panax ginseng E [ P – – – :

PtpAffx.54956.1.A1_s_at

Ptp.2344.1.A1_x_at

Ptp.2344.1.A1_at

AAA98491 Anionic peroxidase Petroselinum crispum E [ P – : – :

Ptp.1965.1.S1_s_at

PtpAffx.2170.2.S1_s_at

AAD37374 Peroxidase Glycine max P [ E : – : ;

PtpAffx.69019.1.A1_at Q9SZB9 Peroxidase 47 precursor (Atperox

P47) (ATP32)

class III peroxidase ATP32

Arabidopsis thaliana P [ E – – – ;

PtpAffx.19154.1.S1_at NP_199033 Peroxidase 64 (PER64)

(P64) (PRXR4)

Arabidopsis thaliana P [ E : – – ;

PtpAffx.11843.2.A1_s_at AAD11482 Peroxidase precursor Glycine max P [ E – – – ;

PtpAffx.11843.1.S1_a_at NP_172018 RCI3 (rare cold inducible gene 3);

Peroxidase 3 precursor (Atperox

P3) (Rare cold-inducible protein)

(RCI3A) (ATPRC)

Arabidopsis thaliana P [ E : – – ;

PtpAffx.5.2.S1_a_at BAA06335.1 Peroxidase Populus kitakamiensis – – – ; ;

PRX PtpAffx.25069.1.A1_at

Ptp.3113.1.S1_at

PtpAffx.3462.1.A1_a_at

PtpAffx.3462.3.S1_s_at

AAG30570 2-Cys peroxiredoxin Brassica napus E [ P – – – ;

PtpAffx.3462.1.A1_s_at NP_001047050 2-Cys peroxiredoxin BAS1 Oryza sativa (japonica

cultivar group)

P [ E – – – ;

PtpAffx.679.1.S1_at

PtpAffx.679.1.S1_s_at

Ptp.5942.1.S1_x_at

NP_001057052 Putative peroxiredoxin Q Oryza sativa (japonica

cultivar group)

P [ E : – – ;
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Table 3 continued

Variable Probeset ID Gene number Putative function Plant species/organisms Control ST LT

E P E P

TRX PtpAffx.31831.1.S1_at NP_190672 ATTRX1 (Arabidopsis thaliana

thioredoxin H-type 1)

Arabidopsis thaliana E [ P – – – –

PtpAffx.161923.1.A1_at AAD35009 Thioredoxin-like 5 Arabidopsis thaliana E [ P – : – –

PtpAffx.205800.1.S1_at Q43636 Thioredoxin H-type (TRX-H) Ricinus communis E [ P – – ; –

Ptp.2538.1.S1_at AAN76509 Thioredoxin h Brassica rapa E [ P – – – –

PtpAffx.37920.1.A1_at

PtpAffx.37920.2.A1_s_at

AAC49358 Thioredoxin m Pisum sativum P [ E – – – ;

PtpAffx.36037.1.S1_at BAD44547.1 Putative thioredoxin M Arabidopsis thaliana P [ E : – – –

Ptp.5707.1.A1_s_at BAC43652.1 Putative thioredoxin Arabidopsis thaliana P [ E – – – –

Ptp.85.1.A1_s_at NP_001061687 Thioredoxin-like Oryza sativa (japonica

cultivar group)

P [ E – ; – ;

Ptp.4500.1.S1_at ABC46707 Chloroplast thioredoxin M-type Arachis hypogaea P [ E : – – ;

PtpAffx.7686.6.A1_a_at NP_001042127 Thioredoxin-like protein Oryza sativa (japonica

cultivar group)

P [ E – – – –

PtpAffx.150333.1.S1_s_at

Ptp.7114.1.S1_s_at

PtpAffx.89175.1.A1_s_at

PtpAffx.89175.1.A1_at

PtpAffx.1269.1.A1_x_at

PtpAffx.1269.1.A1_a_at

NP_001060669 Putative thioredoxin Oryza sativa (japonica

cultivar group)

– : : – :

Ptp.5290.1.S1_at AAF15951 Thioredoxin m4 Arabidopsis thaliana – : – – :

Ptp.3053.1.A1_s_at

PtpAffx.606.5.S1_a_at

PtpAffx.606.6.S1_a_at

NP_188415 ATTDX (tetratricopeptide

domain-containing thioredoxin)

Arabidopsis thaliana – : – – :

PtpAffx.14602.1.S1_at ZP_00518981 Thioredoxin Crocosphaera watsonii
WH 8501

– – – – ;

GRX PtpAffx.27878.3.A1_a_at

PtpAffx.27878.2.S1_a_at

PtpAffx.27878.2.S1_at

Ptp.6165.1.S1_at

Q7XIZ1 Glutaredoxin-C9,

glutaredoxin-like protein

Oryza sativa (japonica

cultivar group)

E [ P – – – :

Ptp.171.1.A1_at

PtpAffx.90973.1.A1_at

CAH59431 Glutaredoxin 1 Plantago major P [ E – : – –

PtpAffx.5227.1.A1_s_at ZP_01126705 Predicted Glutaredoxin-related

protein

Nitrococcus mobilis
Nb-231

P [ E – – – –

PtpAffx.134361.1.A1_s_at NP_196265 Glutaredoxin family protein Arabidopsis thaliana – : – : ;

PtpAffx.2533.1.A1_at BAD16460.1 Glutaredoxin-like Oryza sativa (japonica

cultivar group)

– – – – :

Ptp.2716.1.S1_at CAA89699 Glutaredoxin Ricinus communis – – – – :

Ptp.1957.1.S1_at

PtpAffx.128949.1.A1_s_at

NP_177861 Glutaredoxin, putative,

Glutaredoxin-C3 Precursor

(AtGrxC3)

Arabidopsis thaliana – – – – ;

GST Ptp.36.1.S1_s_at NP_850479 ATGSTF8 (glutathione

s-transferase 8)

Arabidopsis thaliana E [ P – – – –

Ptp.5536.1.S1_at AAG34810 Glutathione S-transferase GST 20 Glycine max E [ P – – – :

Ptp.7096.1.S1_x_at

PtpAffx.23427.1.S1_s_at

PtpAffx.23427.1.S1_at

AAG34805 Glutathione S-transferase GST 15 Glycine max E [ P – – – :

PtpAffx.121024.1.A1_at AAG34804 Glutathione S-transferase GST 14 Glycine max E [ P – – – :

PtpAffx.25444.1.S1_x_at

PtpAffx.25444.1.S1_s_at

AAO69664 Glutathione S-transferase Phaseolus acutifolius E [ P – – – :
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transcript levels (Fig. 4; Table 2). In contrast to P. popu-

laris, there were no differently expressed genes relating to

Na?/H? antiport in LT-stressed P. euphratica leaves,

except for up-regulation of PM H?-ATPase (Fig. 4;

Table 2).

Transcript profiling of ROS homeostasis genes

Among antioxidant enzymes, members of superoxide dis-

mutase (SOD), ascorbate peroxidase (APX), peroxidase

(POD), peroxiredoxin (PRX), thioredoxin (TRX), glutare-

doxin (GRX) and GST were differently expressed in the two

poplar species, regardless whether control or salt treated (ST

and LT) (Fig. 5; Table 3).

SOD

SODs are the main scavengers of superoxide radicals, O2
-..

Under non-saline conditions, three members of Cu–Zn

SODs were strongly expressed in P. popularis (Fig. 5;

Table 3). However, they exhibited a different response to

ST and LT treatments: the SOD ortholog of Nelumbo

nucifera was up-regulated in ST-stressed P. euphratica, but

two members (Nelumbo nucifera and Arabidopsis thaliana

orthologs) showed decreased transcript levels in LT-stres-

sed P. popularis (Fig. 5; Table 3).

APX, POD and catalase

The expression of enzymes that detoxify hydrogen peroxide

(H2O2) varies under control and saline conditions. One APX

isoform (a close ortholog to APX of Arabidopsis thaliana)

had higher transcript abundance in control P. euphratica

leaves, whereas the other two isoforms (showing similarities

to APX of Oryza sativa and Cucurbita cv. Kurokawa

Amakuri) exhibited greater expression in control P. popu-

laris leaves (Fig. 5; Table 3). We noted two different

responses of OsAPx03 to salt stress: its expression was ele-

vated with ST salinity in both poplar species but declined

under LT salinity in P. popularis (Fig. 5; Table 3).

Similar to APX, POD isoforms exhibited divergent

expression patterns in the two species. Control P. euphratica

leaves retained higher expression levels of POD orthologs of

Arabidopsis thaliana (TPX 1 and ATGPX2), Armoracia

rusticana, Pisum sativum, Panax ginseng and Petroselinum

crispum, whereas P. popularis leaves exhibited higher

expression of isoforms similar to those from Arabidopsis

thaliana (Atperox P47, Atperox P3, PER64) and Glycine

max (Fig. 5; Table 3). Under ST stress, catalase-4 (a Glycine

max ortholog) and three POD isoforms (Atperox P3, PER64,

as well as a Glycine max ortholog) displayed an increased

transcript level in P. euphratica (Fig. 5; Table 3). An anionic

POD showed a similar response in ST-stressed P. popularis

(Fig. 5; Table 3). After exposure to LT salinity, a large

number of PODs exhibited declining expression in P. pop-

ularis, with a few exceptions (Fig. 5; Table 3). LT salinity

down-regulated transcript abundance of hydroperoxide

lyase while catalase-4 was up-regulated in P. popularis

(Fig. 5; Table 3). Unlike P. popularis, the majority of PODs

in P. euphratica leaves retained stable transcription under

the long term treatment. The LT salinity changed the

expression of only three members: the POD orthologs of

Pisum sativum and Populus kitakamiensis were down-reg-

ulated while the ortholog of Glycine max was up-regulated

(Fig. 5; Table 3).

Table 3 continued

Variable Probeset ID Gene number Putative function Plant species/organisms Control ST LT

E P E P

PtpAffx.148778.1.S1_at BAC21263.1 Glutathione S-transferase Cucurbita maxima E [ P – – – :

PtpAffx.2286.3.S1_a_at P49332 Probable glutathione S-transferase

parC

Nicotiana tabacum P [ E : – – –

PtpAffx.17691.1.S1_s_at NP_001105625 Glutathione transferase 9,

glutathione S-transferase GST 9

Zea mays P [ E – – – –

Ptp.7086.1.S1_a_at NP_001104982 Glutathione transferase 13,

glutathione S-transferase GST 13

Zea mays P [ E – – – –

Ptp.4101.1.S1_s_at AAO61854 Glutathione S-transferase U1 Malva pusilla P [ E – – – ;

PtpAffx.59594.1.S1_s_at AAG34815 Glutathione S-transferase GST 25 Glycine max P [ E : – : –

PtpAffx.225774.1.S1_at AAG34800 Glutathione S-transferase GST 10 Glycine max P [ E – – – ;

Ptp.5289.1.S1_s_at BAB63917.1 Glutathione S-transferase Arabidopsis thaliana P [ E – – – ;

PtpAffx.133511.1.S1_at AAG34803 Glutathione S-transferase GST 13 Glycine max – – – – :

Plant species or organisms are the source of BLAST matches for putative function annotation. Only selected probesets with putative functions are listed

–, unchanged; :, up-regulated; ;, down-regulated
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PRX, TRX and GRX

The family of redoxins, PRX, TRX and GRX proteins,

make an important contribution to retaining the cellular

redox state. In control plants, 2-Cys PRX (PtpAff-

x.25069.1.A1_at) had higher transcript abundance in

P. euphratica, but PRX Q and 2-Cys PRX BAS1 (Oryza

sativa orthologs) were highly expressed in P. popularis

(Fig. 5; Table 3). ST and LT stress had different effects on

PRX transcription in the two species. ST salinity enhanced

expression of PRX Q in P. euphratica; however, LT stress

reduced transcription of PRXs in P. popularis leaves

(Fig. 5; Table 3).

In general, H-type TRXs were highly expressed in

P. euphratica, whereas M-type TRXs displayed higher

transcript abundance in P. popularis under no-salt control

conditions (Fig. 5; Table 3). Five types of TRX (including

TRX M, TRX m4 and ATTDX) showed increased

transcript abundance in ST-stressed P. euphratica, but

LT-stressed plants retained TRX expression at a constant

level, with the exception of one isoform that declined

(TRX-H, a Ricinus communis ortholog) (Fig. 5; Table 3).

TRX members displayed an inconsistent response to salt

stress in P. popularis leaves: the majority remained

unchanged whereas some members showed up- or down-

regulation under ST and LT conditions (Fig. 5; Table 3).

There were species differences in the response of GRX to

various saline conditions. A GRX family protein (Arabid-

opsis thaliana) increased transcripts in P. euphratica leaves

under ST and LT stress (Fig. 5; Table 3). However, GRX

members exhibited the opposite expression pattern in LT-

treated P. popularis: LT salinity decreased the expression of

Arabidopsis thaliana GRX orthologs (e.g., AtGrxC3), but

elevated transcription of GRX members with close similarity

to Oryza sativa and Ricinus communis (Fig. 5; Table 3).

GST

As shown in Fig. 5 and Table 3, GST isoforms (including

GST 8, GST 14, GST 15 and GST 20) exhibited higher

expression levels in control P. euphratica leaves; however,

P. popularis leaves had higher transcript abundance of GST

9, GST 10, GST 13, GST 25 and GST U1. ST and LT stress

did not change transcription of GSTs of P. euphratica with

the exception of up-regulation of GST part C (Nicotiana

tabacum, ST) and GST 25 (Glycine max, ST and LT) (Fig. 5;

Table 3). ST-stressed P. popularis produced a pattern such

as that of P. euphratica (Fig. 5; Table 3). Unlike the

ST-stressed plants, LT salinity markedly changed tran-

scription of GSTs in P. popularis. Several (e.g., GST 13,

GST 14, GST 15 and GST 20) displayed increased expres-

sion while others (e.g., GST U1 and GST 10) showed the

opposite response (Fig. 5; Table 3).

Discussion

NaCl-induced alterations of K?/Na? and H2O2

NaCl caused a marked change of leaf ionic and ROS

homeostasis, especially in the salt-sensitive poplar P. pop-

ularis (Figs. 1, 2). The salt-induced decline of K?/Na? was

more pronounced in LT-stressed P. popularis, although

leaf K? was not significantly decreased by NaCl stress in

the two poplar species (Fig. 1). Na? uptake in both species

was significantly elevated after long-term salt exposure, but

there was a large amount of Na? in P. popularis leaves

(Fig. 1). The results suggest that P. euphratica is more

efficient in excluding salt than P. popularis (Chen et al.

2002a, 2003a). LT stress caused a drastic increase of H2O2

in P. popularis (Fig. 2), which resulted in oxidative dam-

age to leaf cells (Wang et al. 2006, 2007, 2008). However,

H2O2 levels were maintained at a lower level in LT-

stressed P. euphratica (Fig. 2). It is interesting to note

that ST salinity caused a significant increase of H2O2 in

P. euphratica (Fig. 2), indicating that H2O2 acts as a stress

signal to mediate plant stress adaptation (Sun et al. 2010).

Our microarray data show that the capacity to retain

K?/Na? and ROS homeostasis in P. euphratica is related

to the gene expression although transporters and antioxi-

dant enzymes are usually regulated by pH, Ca2? concen-

trations and protein modification (e.g., phosphorylation).

Transcription profiles of the two poplar species

By comparing leaf profiling of the two species, we found

marked profiling differences between P. euphratica and

P. popularis under both normal and saline conditions

(ST and LT) (Fig. 3). Compared to P. popularis, control

P. euphratica leaves exhibited a higher transcript abun-

dance of genes related to Na?/H? antiport (Na?/H? anti-

porters, H? pumps) and K? uptake and transport (Fig. 4;

Tables 1, 2). The expression data of control poplar plants

are very similar to what has been reported for Arabidopsis

and its related halophyte, Thellungiella halophila, in which

a number of abiotic stress-inducible genes were expressed

in salt cress under normal growing conditions (Taji et al.

2004). Our microarray results also show that a relatively

large number of probesets were up-regulated in P. euph-

ratica leaves after ST exposure, whereas in P. popularis

leaves, more probesets were altered after LT exposure to a

higher salinity (Tables 1, 2 and 3). Similarly, there are

species-differences between herbaceous plants in the

response to salinity. In Arabidopsis, many genes were

induced by NaCl stress (Kreps et al. 2002; Taji et al. 2004)

in contrast to Thellungiella ecotypes (Taji et al. 2004;

Wong et al. 2006). Zhu (2001) posed the hypothesis that

subtle differences in gene expression regulation result in
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large variations in tolerance or sensitivity between halo-

phytes and glycophytes. Therefore, the differences in

transcription profiles between salt-tolerant and salt-sensi-

tive poplar species lead to a better understanding of the

molecular basis for salt tolerance in tree plants.

Transcriptional profiles related to leaf K?/Na?

homeostasis under NaCl stress

K? homeostasis genes

K? is an essential macronutrient and plant salt tolerance

is usually correlated with the capacity for K? uptake and

transport in the face of high Na? content. A 4-weeks

salinity treatment did not significantly decrease leaf K? in

the two species (Fig. 1), partly due to the supply of root-

derived K?, displaced by Na? (Chen and Polle 2010). K?

concentrations in P. euphratica leaves decreased only

moderately after prolonged exposure to salt stress (Ottow

et al. 2005a) because of the high K? uptake and K?

concentrations in the xylem sap in the presence of high

levels of external sodium (Chen et al. 2003a). In a pre-

vious study, we used X-ray microanalysis to examine

subcellular K? compartmentation in salt-tolerant and salt-

sensitive poplar species. We found a high K? level in all

examined cell types of P. euphratica leaves (i.e., leaf

bundle, vascular parenchyma, mesophyll, adaxial and

abaxial epidermis) (Dai et al. 2006). Our microarray data

in the current study indicate that the greater ability of

P. euphratica to retain K? is correlated with the tran-

scription abundance of K? transporters and channels. A

variety of K? transporters, especially high-affinity K?

transporters and stelar K? outward rectifiers, were more

strongly expressed in P. euphratica than in P. popularis

(Fig. 4; Table 1). High-affinity K? transporters assist in

the uptake of K? by P. euphratica cells, especially in the

face of high levels of Na? salinity. SKOR is usually

expressed in root stelar tissues and its greater abundance

in leaves benefits K? translocation between vascular

bundles and parenchyma. Under ST stress, a K? channel

protein (similar to the vacuolar membrane two-pore K?

channel AtKCO1; Czempinski et al. 2002) and a high-

affinity K? transporter (OsHKT7) increased expression

levels in P. euphratica leaves (Fig. 4; Table 1), indicating

that P. euphratica enhanced K? uptake and redistributed

intracellular K? to compensate for losses. Ottow et al.

(2005a) suggest that P. euphratica maintains the balance

of K? against Na? ions by shifting K? from the vacuoles

to the cytoplasm.

Under LT saline conditions, P. euphratica did not change

expression levels of proteins mediating K? homeostasis

(Fig. 4; Table 1). In contrast, LT-stressed P. popularis

exhibited marked alterations in gene expressions related to

K? uptake and transport, such as a down-regulated K?

channel protein and the up-regulated K? efflux antiporter

KEA2 and K? transporters, especially high-affinity K?

transporters (Fig. 4; Table 1). The decreased expression of

K? channels may affect the redistribution of K? between cell

compartments and the increased transcript levels of KEA2

would cause a K? efflux. The high-affinity K? transporters

were up-regulated in P. popularis, presumably stimulated by

a K? shortage in the apoplast space (Dai et al. 2006). In

previous work, SIET (the Scanning Ion-selective Electrode

Technique) measurement showed increased K? efflux in LT-

stressed P. popularis roots (Sun et al. 2009b), which could

restrict the root-to-shoot K? transport and subsequently

reduce K? levels in leaves. Our microarray data for LT-

stressed P. popularis (28 days of NaCl stress) are inconsis-

tent with the RT-PCR data derived from work with the salt-

sensitive poplar, P. 9 canescens (14 days of 50 mM NaCl

stress) (Escalante-Pérez et al. 2009). In that study, the

authors found that the transcription of transporters mediating

K? uptake (PtHKT1, KPT1, PKT1) was generally inhibited

but that salinity did not reduce expression of transporters

mediating K? transport (PTORK, PTORK2, PTK2).

Na?/H? antiport system

We found that less Na? was accumulated in P. euphratica

leaves than in P. popularis after 4 weeks of treatment

(Fig. 1). These results are consistent with our previous

reports (Chen et al. 2002a; Wang et al. 2008). The involve-

ment of Na?/H? antiporters and H? pumps in Na? extrusion

has been verified at tissue and cellular levels (Shabala 2000;

Shabala and Newman 2000; Sun et al. 2009a, b). Compared

with the salt-sensitive poplar species, P. euphratica cells

have a greater ability to exclude Na? to the apoplast (Chen

et al. 2002a, 2003a; Dai et al. 2006; Ottow et al. 2005a) and/

or to compartmentalise Na? into vacuoles (Chen et al. 2002a,

2003a; Dai et al. 2006). The SIET data reveal that Na?

extrusion exhibited by salt-stressed P. euphratica results

from the active Na?/H? antiport across the PM (Sun et al.

2009a, b). Ottow et al. (2005a) suggested that Na? export

from the cytosol into the apoplast is most likely carried out by

an SOS1 homolog and an additional PeNhaD1. Leaf tran-

scriptome data from our study support this hypothesis.

Control P. euphratica leaves retained a higher expression of

Na?/H? antiporters like SOS1 and NHD2 (Fig. 4; Table 2).

This is in good agreement with the finding observed in model

plants. Taji et al. (2004) found that the expression of the

SOS1 gene in Thellungiella halophila was higher than that of

Arabidopsis in the absence of stress. Notably, the expression

of the two Na?/H? antiporters in P. euphratica did not

decline under ST and LT salinity (Fig. 4; Table 2), indicat-

ing active transport of Na? with H? in stressed cells. Simi-

larly, RT-PCR data showed that P. euphratica maintained
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the transcriptional level of NhaD1 (Ottow et al. 2005b) and

PeSOS1 (Wu et al. 2007) during the period of salt stress (24–

48 h). However, expression of Na?/H? antiporters usually

decreased in the salt-sensitive poplar species P. 9 canes-

cens; for example, PcNhaD1 decreased transcription during

a 24-h salt stress (Ottow et al. 2005b) and PtSOS1 expression

declined in a 14-days study (Escalante-Pérez et al. 2009).

H? pumps provide electrochemical H? gradients and

function in driving Na?/H? exchange across the PM. PM

H?-ATPases exhibited higher expression in P. euphratica

and did not show transcription level declines under various

saline conditions (Fig. 4; Table 2). Similarly, in Thel-

lungiella halophila, the ATPase genes, plasma membrane

proton ATPase (PMA) and PM H?-transporting ATPase

type 2, are expressed at high levels even in the absence of

stress conditions (Taji et al. 2004). Confirming these

findings, NaCl-treated cells retained a higher influx of H?

to exchange with cytosol Na? via the PM Na?/H? anti-

porters (Sun et al. 2009b). It is interesting to note that the

activity of H? pumps (assessed by cytochemical staining)

is elevated by NaCl in leaf cells of P. euphratica (X. Ma,

L. Deng, J. Li, X. Zhou and S. Chen, unpublished data).

Evidence by Western blotting proved that the salt-induced

PM H?-ATPase in P. euphratica was partly attributable to

the increase of protein content (X. Ma, L. Deng, J. Li,

X. Zhou and S. Chen, unpublished data). These results

suggest that post-transcription modifications of H?-ATPase

is involved in acclimatising to NaCl stress in salt-resistant

poplar species.

Our SIET data have shown that the Na?/H? antiport

system in salt-stressed P. popularis is insufficient to

exclude Na? at the tissue and cellular levels (Sun et al.

2009a, b), presumably because of its lower transcription of

Na?/H? antiporters. The lower transcript abundance of

Na?/H? antiporters may also restrict the capacity for

vacuolar salt compartmentation, although P. popularis

displayed a higher expression of vacuolar ATP synthase

subunits (Table 2). X-ray microanalysis has revealed that

leaf cells of NaCl-stressed P. popularis cannot effectively

sequester Na? into the vacuole (X. Ma, L. Deng, J. Li,

X. Zhou and S. Chen, unpublished data).

Transcriptional profiles related to leaf ROS homeostasis

under NaCl stress

P. euphratica retained a moderate amount of H2O2 after

being subjected to ST and LT salinity (Fig. 2). Antioxidant

enzymes play a crucial role in maintening ROS homeo-

stasis; however, activation of genes encoding these

enzymes differed markedly between the two species under

saline conditions. After exposure to ST salinity, P. euph-

ratica showed strikingly up-regulated transcription of a

variety of anti-oxidant enzymes, including Cu–Zn SOD,

CAT, PODs, PRX, TRXs, GRX and GSTs (Fig. 5;

Table 3). Compared with P. euphratica, fewer antioxidant

enzymes (e.g., APX, anionic POD, TRXs and GRX) were

up-regulated in ST-stressed P. popularis, implying an

insensitivity to salt stress (Fig. 5; Table 3). We have shown

that iso-enzymatic and total activity of leaf SOD, APX and

POD in P. euphratica were rapidly increased after the onset

of salt stress (Wang et al. 2006, 2007, 2008). In this study,

increases in transcripts of antioxidant enzymes following

ST treatment enabled P. euphratica plants to initiate an

effective antioxidant defense to deal with prolonged saline

conditions. Unlike ST-stressed plants, expression of anti-

oxidant enzymes in LT-stressed P. euphratica had not

significantly altered, with a few exceptions (Fig. 5;

Table 3). The transcriptional pattern agrees with the iden-

tification by Ottow et al. (2005a), who found that salt

shock induced more stress-related genes and their stronger

expression, including ROS detoxifying systems (chloro-

plastic SOD, glutathione peroxidase and polyamine oxi-

dase) in P. euphratica leaves than salt adaptation.

In contrast to LT-stressed P. euphratica, LT salinity

significantly altered many more genes of antioxidant

enzymes in P. popularis leaves. NaCl decreased tran-

scription of Cu–Zn SODs, H2O2 lyase, APX, PRXs and

some members of POD, TRX, GRX and GST, but

enhanced expression of CAT and several members of POD,

TRX, GRX and GST (Fig. 5; Table 3). These results

indicate the member-specific response to salinity in each

family of antioxidant enzymes. In one of our previous

studies, a prolonged salt exposure did not inhibit SOD

activity but enhanced the activity of APX, CAT (both iso-

enzymatic activity and total activity) and GR (glutathione

reductase) in P. popularis leaves (Wang et al. 2008).

However, NaCl caused a drastic H2O2 production in

P. popularis leaves (Fig. 2). The occurrence of oxidative

damage in this species indicated that the rate of ROS

production exceeded the oxygen-scavenging capacity of

the antioxidant enzymes (Wang et al. 2008), although some

antioxidant enzymes (e.g., POD, TRX, GRX and GST)

were up-regulated. In another study using a higher con-

centration of NaCl, the isoenzymatic activity of SOD

(CuZn-SOD I and CuZn-SOD II) and POD in P. popularis

decreased, over time, with salt exposure (Wang et al.

2007). The correspondingly increased leaf malondialde-

hyde content and membrane permeability indicated lipid

peroxidation and salt damage (Wang et al. 2007).

Conclusions

Based on expression profiles using the Affymetrix Poplar

Array, we found that various genes related to ionic and
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ROS homeostasis were highly expressed under no-salt

conditions in P. euphratica. Our result is largely consistent

with Arabidopsis-related halophyte, Thellungiella. Leaf

transcriptome data in this study could largely explain our

findings that P. euphratica has a great ability to retain ionic

and ROS homeostasis under saline conditions. Regarding

ionic homeostasis, control P. euphratica exhibited a higher

transcript abundance of genes mediating Na?/H? antiport

and K? uptake and transport, compared to P. popularis.

Moreover, salt stress did not significantly reduce the

expression of these genes (with a few exceptions). This

pattern assists P. euphratica in retaining K?/Na? homeo-

stasis during salt stress. In terms of ROS homeostasis

regulation, P. euphratica leaves rapidly up-regulated tran-

scription of a variety of antioxidant enzymes after exposure

to short-term salinity, whereas there were no corresponding

changes in P. popularis. This finding accords with our

hypothesis that P. euphratica avoids an oxidative burst by

rapid enhancement of antioxidant enzymes at low soil salt

concentrations. In contrast to P. euphratica, P. popularis

exhibited a fundamental change in gene transcription under

long-term salinity. This outcome is presumably the result

of a damage effect in leaves (e.g., K? shortage, Na?

buildup and excessive ROS). Given these results, we

conclude that the low capacity of P. popularis to deal with

ROS production and ion balance at the beginning of salt

stress results in an overproduction of ROS in leaf cells,

leading to oxidative damage over long lasting salinity.
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