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Abstract At present, acid rain has become one of the top

ten global environmental issues. Acid rain causes slower

growth, injury, or decline of forests. Some dramatic effects

on forests have been observed in south China since the late

1970s and the situation is deteriorating. We carried out a

comparative proteomic analysis on Pinus massoniana

Lamb, a staple tree species widely distributed in middle

and south China to gain a better understanding of tree

response to acid rain at molecular level. Two-year-old

P. massoniana saplings were treated with simulated AR

(SiAR) or control solution, respectively, for 8 months. The

changes in total protein profile of P. massoniana leaves

were studied using two-dimensional differential gel elec-

trophoresis (2D-DIGE). Among the total protein spots

reproducibly detected on each gel, 65 spots representing 28

proteins were identified to be differentially regulated.

These proteins were annotated in various biological

functions, such as photosynthesis and energy metabolism,

secondary metabolism, protein stability, amino acid and

nitrogen metabolism and defense. Down-regulation of four

key enzymes in the Calvin cycle identified that biomass

loss by SiAR was mainly due to the inhibition of carbon

fixation. Primary energy metabolisms involved in sucrose

biosynthesis, glycolytic pathway and Krebs cycle, etc.,

were also disturbed after SiAR treatment. Specifically,

most of up-regulated proteins were related to secondary

metabolism, protein stability and defense, suggesting that

in response to SiAR stress, plants started a variety of

metabolic pathways to prevent cells from damage. Differ-

ent from the herbaceous plants suffering SiAR, it revealed

that secondary metabolites in P. massoniana play pivotal

roles against SiAR. Protemoic techniques were demon-

strated a reliable and robust tool to expand our under-

standing of differentially expressed proteins associated

with acid rain stress on P. massoniana. Functional analysis

of these proteins further revealed biochemical and physi-

ological basis of the plant in response to acid rain and

would provide strategies for breeding new acid rain toler-

ant tree species. To our knowledge, it is the first proteome

report on the forest plant suffering long-term acid rain

stress.
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Abbreviations

2D-DIGE Two-dimensional differential gel

electrophoresis

ACP Acyl-carrier protein

COMT Caffeate O-methyltransferase

FBPase Fructose-bisphosphate aldolase

GAPDH Glyceraldehyde-phosphate dehydrogenase
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GS Glutamate-ammonia ligase (glutamine

synthetase)

HDR Type 2 1-hydroxy-2-methyl-2-(E)-butenyl-4-

phosphate reductase

HSP Heat shock protein

ICDH Isocitrate dehydrogenase

JA Jasmonic acid

MDH Malate dehydrogenase

MDHAR Monodehydroascorbate reductase

OEE Oxygen evolving enhancer protein

PCBER Phenylcoumaran benzylic ether reductase

PGK Phosphoglycerate kinase

PPDBR Phenylpropenal double-bond reductase

PRK Phosphoribulokinase

ROS Reactive oxygen species

RuBP Ribulose-1,5-bisphosphate

SBPase Sedoheptulose-1,7-bisphosphatase

SiAR Simulated acid rain

Introduction

Acid rain emerged as an important environmental problem

in China in the late 1970s. The frequency of acid rain has

kept increasing since then. Acid rain, as an abiotic stress,

has devastating effects on all plants: it strips the protective

wax from leaves, allowing leaves to desiccate and die

(Percy and Baker 1990). Acid rain also induces changes in

the cellular biochemistry and physiology of the whole

plant. Biological effects of acid rain on plants are numer-

ous and complex, and include visible symptoms of injury

(chlorosis and necrosis) and invisible effects such as

reduced photosynthesis, nutrient loss from leaves, altered

water balance, variation of several enzyme activities,

changes of pollen physiology and ultrastructure (Bellani

et al. 1997; Van Huylenbroeck et al. 2000). It was reported

that the loss of forest ecological benefits caused by acid

rain exceeded 16 billion Yuan (2.4 billion dollars) per year

only in 11 provinces of south China (Feng 2000). Pinus

massoniana Lamb is a staple tree species of high economic

value in middle and south China. Previous study has shown

that under acid rain stress, the leaf area of the plant was

significantly reduced, resulting in the decrease of photo-

synthesis. The plant growth was therefore inhibited and

biomass was reduced (Huang et al. 2006).

One way to study the cellular response to acid rain on a

large scale is to examine gene expression at the mRNA

level using the technique such as cDNA microarrays or

macroarrays. Although this method under acid stress has

deepened our understanding a great deal (Ohta et al. 2005;

Tamaoki et al. 2004), changes in transcriptome are not

always correlated with changes in the abundance of the

corresponding protein species, the key players in the cell

(Chen et al. 2002; Gygi et al. 1999; MacKay et al. 2004;

Tian et al. 2004). This is mainly due to post-transcriptional

regulation mechanisms such as nuclear export and mRNA

localization, transcript stability, translational regulation,

and protein degradation (Pradet-Balade et al. 2001).

Therefore, it is impossible to reliably predict protein

abundance from quantitative mRNA data.

Proteomic approach is a powerful tool to study plant

stress responses. A global protein expression profile can be

investigated and compared using a two-dimensional gel

electrophoresis (2-DE), a gel-based protein separation

method coupled with protein identification by mass spec-

trometry (MS). Proteomics is thus evolving and playing an

increasingly important role in addressing these issues. In

fact, it has become a necessary and complementary

approach in the post-genomic era (van Wijk 2001; Zivy

and de Vienne 2000). A number of investigations revealing

plant proteomes responding to different environmental

cues, including cold, heat, drought, waterlogging, salinity,

heavy metal, wounding, etc., have been carried out using

this approach (Kosova et al. 2011). As acid rain is over-

whelming around the world, especially in developing

countries such as in China and it has devastating effects on

forest, it is desirable to identify acid rain responsive pro-

teins in trees through a proteomic method. This will extend

our ability to improve acid rain tolerance in trees.

In the present work, we started a functional proteomic

investigation of proteins that are responsive to simulated acid

rain (SiAR) in P. massoniana using 2-DE and MS methods.

As a result, we found 65 protein spots were differently

accumulated, of which the identity of 28 proteins were

established. The physiological and biochemical implications

of these proteins are discussed in context of a flow of com-

plex events occurring under SiAR stress condition. This

analysis provided a view of proteome level changes caused

by SiAR exposure. As a whole, this study provides the

framework for the better understanding of the mechanisms

that govern tree responses to acid rain induced stress by a

comparative proteomic analysis. Different from short-term

effects of SiAR on plants, this study, for the first time, pro-

vides the framework for the better understanding of the

mechanisms that govern tree responses to long-term treat-

ment by SiAR through a comparative proteomic analysis.

Materials and methods

Plant materials and treatment

Two-year-old saplings of P. massoniana were purchased

from Fujian saplings company of China and were grown in
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big pots containing 6 l soil each pot in green house. The

average temperature of greenhouse is 23.5 �C ± 3. The

saplings were shone by natural light (24�260N latitude,

118�0.10E longitude). The saplings were treated with the

solution at pH 5.6 (control) or that at pH 3.0 (SiAR stress)

by both of spraying (6 l solution per month, equivalent to

moderate rain and the actual size of droplets is about

1.5 mm) and watering (8 l per pot per month). The solu-

tions (pH 5.6 and pH 3.0) were made by adding a mixture

of H2SO4 and HNO3 in the ratio of 5:1. In SiAR solution

(pH 3.0), the final concentrations of H2SO4 and HNO3 were

0.45 and 0.09 mM, respectively, which represents the

average ion compositions of rainfall in south China (i.e. the

total amount of SiAR treatment per month as sulfur and

nitrogen were 0.063 and 0.0126 mol, respectively). The

saplings were treated continuously for 8 months. After

treatment, 6 saplings were used for this study (3 saplings

for control and 3 saplings for SiAR treatment). The needle

leaves were harvested and frozen in liquid nitrogen and

stored at -80 �C. The needle leaves that only show the

damage phenotype were collected after SiAR treatment,

while needle leaves of the same age from the control plants

were collected as control.

Chemicals

CHAPS, urea, thoiurea, iodoacetamide, acrylamide, bis-

acrylamide, DTT, SDS, IPG buffer (pH3-10), Cy2, Cy3

and Cy5 N-hydroxysuccinamide (NHS) esters were pur-

chased from GE Healthcare Bio-Sciences AB (Uppsala,

Sweden); anhydrous N,N-dimethylformamide (DMF),

lysine, ammonium acid carbonate were purchased from

Sigma-Aldrich (St Louis, MO, USA). Agarose (Low-

melting), acetonitrile, sequencing grade modified trypsin

were purchased from Promega (Madison, WI, USA).

Protein extraction

Plant tissue (1 g) was grounded into fine powder in liquid

nitrogen and homogenized on ice for 10 min with 3 ml ice-

cold homogenization buffer (250 mM sucrose, 20 mM

Tris–HCl pH 7.5, 10 mM EDTA, 1 mM phenylmethyl-

sulfonyl fluoride, 1 mM 1,4-dithiothreitol [DTT], 1 % w/v

Triton X-100). Then an equal volume of ice-cold Tris–HCl

(pH 7.5) saturated phenol was added, and the mixture was

re-homogenized for 10 min on ice. After centrifugation

(15,000g, 4 �C) for 20 min, the phenol phase was collected

and proteins were precipitated with 3 volumes of 100 mM

ammonium acetate in methanol overnight at -20 �C fol-

lowed by centrifugation with the same conditions as above.

The pellets were rinsed 3 times with ice-cold acetone

containing 13 mM DTT and then lyophilized. The resulting

pellets were dissolved in a sample buffer (7 M urea, 2 M

thiourea, 4 % (w/v) CHAPS, 0.5 % (v/v) IPG buffer (IPG

Drystrip pH 4–7), 1 % (w/v) DTT) at room temperature.

Every 800 lg protein powders were dissolved in a 450-ll

sample buffer. After centrifugation as described above, the

supernatants containing proteins were used for the fol-

lowing experiments.

Protein–cyanine dye labeling

Cy2, Cy3, and Cy5 N-hydroxysuccinamide (NHS) esters

were freshly dissolved in anhydrous N,N-dimethylform-

amide (DMF), respectively, to the final concentration of

400 pM as working solutions. Control and treatment pro-

tein samples were cross-labeled with Cy3 or Cy5 dyes. An

internal standard (IS) was then prepared by mixing equal

amounts of protein extracts from control and treatment and

the resulting mixture was labeled with Cy2 dye. Each

labeling was carried out in duplicate. In each case the

sample buffer containing 50 lg of protein was labeled with

1 ll of the working solution. The labeling mixture was

incubated on ice in the dark for 30 min and also centri-

fuged (12,000g) at room temperature for 5 min. The

reaction was terminated by adding 1 ll of 10 mM lysine

and incubated on ice for 10 min. Four mixtures were pre-

pared, each made of the following: (1) a sample from

control proteins labeled with one dye (Cy5 or Cy3); (2) a

sample from treatment proteins labeled with the other dye

(Cy3 or Cy5) and the internal standard. These mixtures

were then used for 2-DE gels.

Two-dimensional gel electrophoresis

Two-dimensional electrophoresis was carried out as fol-

lows: the sample buffer was added to CyDyes-labeled

samples (150 lg protein in total) to make up the final

volume of 450 ll. Dry immobilized pH gradient strips

(24 cm long, pH 4–7 linear) (GE Healthcare Amersham

Bioscience, Little Chalfont, UK) were then rehydrated by

loading the sample solution prepared above for 12 h. Iso-

electric focusing was conducted at 20 �C with an Ettan

IPGphor system (GE Healthcare). Focusing was performed

in four steps: 300 V for 1 h, 600 V for 1 h, 1,000 V for

1 h, and 8,000 V for 6 h. Focused strips were then equil-

ibrated by first incubating them in an equilibration solution

(6 M urea, 30 % (v/v) glycerol, 2.5 % (w/v) SDS, 50 mM

Tris–HCl, pH 6.8) containing 1 % (w/v) DTT for 15 min,

followed by incubation in 2.5 % (w/v) iodoacetamide in

the same equilibration solution for 15 min. For the second

dimension, the proteins were separated on 15 % SDS

polyacrylamide gels.
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Image and data analysis

After SDS-PAGE, cyanine dye-labeled proteins were

visualized directly by scanning using a Typhoon 9400

imager (GE Health-care/Amersham Biosciences). The

parameters were set as follows: Cy2: 520 Bp40 Cy2, the

photomultiplier tube (PMT): 500 V; Cy3: 580 Bp30, PMT:

550 V; Cy5: 670 Bp50 Cy5, PMT: 480 V. After scanning,

the gel was stained for visualization using colloidal Coo-

massie brilliant blue (cCBB). DeCyder 2D Software,

Version 6.5 (Amersham Bioscience) was used for protein

differential expression analysis. Only those spots with

significant (quantitative changes more than 1.5-fold in

abundance) and reproducible changes in three replicates

were used for further analysis.

In-gel digestion and protein identification

Differentially displayed protein spots were manually

excised from the preparative 2-D gels. In-gel digestion by

trypsin and analysis by LC–MS/MS were performed

according to Wang et al. (2010). The acquired MS/MS

spectra were searched against the NCBI protein database

using the TurboSEQUEST program in the BioWorks 3.1

software suite (Thermo). The cross-species searching was

performed due to the unavailability of full P. massoniana

genome. An accepted SEQUEST result had a Cn score of at

least 0.1 (regardless of charge state). Peptides with a ?1

charge state were accepted if they were fully tryptic

digested and had a cross correlation (Xcorr) of at least 1.9.

Peptides with a ?2 charge state were accepted if they had

an Xcorr C 2.2. Peptides with a ?3 charge state were

accepted if they had an Xcorr C 3.75. The peptides were

then blasted against NCBI database and the proteins were

identified according to the highest score of peptide

alignment.

Results

Effects of SiAR treatment on leaves of P. massoniana

At the first 4 monthes of SiAR treatment to P. massoniana,

there was no significant change of leaf morphology.

Thereafter, it exhibited injury symptoms on leaves. Foliar

injury first occurred on young needle tips, turning withered

and yellow. However, such injuries were not observed on

sapling stem and branches. Leaves that were just stretching

entirely were more vulnerable than old leaves. With the

increase of SiAR sprinkling, wounded spots gradually

expand from the tip to the base. In general, there was a

cumulative damage on P. massoniana by SiAR. With the

treatment time increasing, the plants suffered heavier losses

with significant area of yellowing and wilting on the leaf

tip (Fig. 1). These are consistent with the observations by

Huang et al. (2006).

Proteome profile of P. massoniana and its changes

under SiAR stress

Total proteome was extracted from P. massoniana leaves

following treatment at pH 5.6 (control) or pH 3.0 (SiAR

stress) and resolved by 2-DE. In order to get credible

results, the experiments (from plants’ treatment to 2-DE)

were carried out in four replicates of each sample. Only

those protein spots that could be detected in at all four

replicated gels were considered as real protein spots. Gels

from the different experiments had high reproducibility.

Fig. 1 Effect of simulated acid rain (SiAR) on leaves. CK leaves

treated by control water, AR leaves treated by simulated acid rain

(SiAR). It was found that when treated by SiAR, the leaf tips showed

yellow wilt
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Representative gels from the control and treatment plants

are shown in Fig. 2.

Comparative analysis of the 2-DE maps of the plants

treated by control and SiAR was performed using DeCyder

2D Software. Proteome was established over the isoelectric

point (pI) range from 4 to 7. In general, the proteome

profiles were very similar. 65 protein spots changed in

abundance more than 1.5-fold evaluated by ANOVA

analysis at 0.05 levels after treatment.

Plant response toward SiAR stress is a complicated

physiological process in which many biochemical pro-

cesses might be initiated or inhibited. So it is reasonable to

expect changes in the abundance of many proteins; how-

ever, only 65 from more than 1,000 protein spots changed

intensively by more than 1.5-fold. This surprising stability

of the proteome under SiAR stress suggests that those 65

protein spots that did change are worthy of further attention

for elucidating the mechanism of acid tolerance. Further

inspection of the gel patterns revealed that the MW and/or

pI values of the spots differed from their theoretical values.

This could be due to post-translational modifications that

alter protein MW and/or pI. An alternative simple reason

for difference of pI value would be due to cross-species

identification because the proteins identified are not exactly

the same as the one in the database. The change of a few

amino acids could have a huge impact on pI. However, for

MW the differences are generally small.

Protein identification and functional categorization

To categorically identify the nature of proteins involved in

SiAR tolerance, we used a liquid chromatography-tandem

mass spectrometry (LCMS/MS) approach. Of all the 65

differentially regulated protein spots, 28 proteins were

identified (13 down-regulated and 15 up-regulated pro-

teins) (Table 1) and functionally classified according to

their homology with other proteins based on a blast search

due to a complete annotated sequence of P. massoniana

genome is not yet available. These SiAR responsive pro-

teins identified were found to be involved in diverse bio-

logical processes, covering photosynthesis and energy

metabolism (53 %), secondary metabolism (18 %), protein

stability (14 %), amino acid and nitrogen metabolism

(11 %), defense (4 %) (Table 1; Fig. 3).

The most abundant proteins which were differentially

regulated after SiAR treatment belong to photosynthesis

Fig. 2 2-DE of total protein extracts from control (CK) and

simulated acid rain (SiAR) treatment of P. massoniana Lamb leaves.

Down-regulated proteins (spots. D1–D20) were indicated in the

image of control water treatment Up-regulated proteins (spots. U1–

U18) were indicated in the image of simulated acid rain (SiAR)

treatment
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Table 1 Identification of AR stress-responsive proteins in P. massoniana

Metabolic group Spot no. Theor./exp.

mass (kDa)

Theor./

exp. pI

Accession

no.

NMP SC (%) Description Species

Photosynthesis and

energy metabolism

D1 51.79/45.36 6.09/6.61 gi86559824 3 6.65 Rubisco large subunit P. nigra

D2 51.78/54.33 6.09/6.14 gi86559818 12 27.90 Rubisco large subunit P. heldreichii

D3 51.79/55.49 6.09/6.68 gi86559824 6 14.81 Rubisco large subunit P. nigra

D4 51.68/44.40 6.09/6.11 gi86559796 2 4.29 Rubisco large subunit P. bhutanica

D5 51.68/46.82 6.09/6.30 gi86559796 11 25.54 Rubisco large subunit P. bhutanica

D6 51.77/46.63 6.09/6.41 gi86559818 9 19.31 Rubisco large subunit P. heldreichii

D7 51.68/61.71 6.09/6.52 gi86559796 15 33.05 Rubisco large subunit P. bhutanica

D8 51.68/54.10 6.09/6.82 gi86559796 6 12.66 Rubisco large subunit P. bhutanica

D9 42.96/43.93 6.39/5.57 gi227464396 3 12.31 Fructose-bisphosphate

aldolase

M. sativa

D10 42.09/39.93 6.17/5.42 gi300681420 1 3.82 Sedoheptulose-1,7-

bisphosphatase

T. aestivum

D11 39.03/50.76 5.41/4.92 gi1885326 9 40.91 Phosphoribulokinase P. sativum

D12 48.49/62.77 5.72/5.22 gi28190293 3 9.65 Sucrose-phosphatase P. taeda

D13 44.23/50.98 7.54/6.43 gi435103 8 27.74 Glyceraldehyde-

phosphate

dehydrogenase

P. sylvestris

D14 39.96/50.76 5.46/4.81 gi162458813 6 22.73 Pyruvate dehydrogenase

E1 beta subunit

isoform

Z. mays

D15 52.86/45.84 8.83/5.08 gi332591479 5 16.37 Phosphoglycerate

kinase 1

P. pinaster

D16 46.65/55.26 6.35/5.99 gi37962884 8 24.46 NADP-isocitrate

dehydrogenase

P. pinaster

U1 41.44/44.76 7.72/4.99 gi317373789 1 4.85 Enoyl-ACP reductase H. annuus

U2 45.91/62.04 5.33/5.35 gi56784991 2 8.47 ATP synthase beta

subunit

O. sativa Japonica

U3 59.56/62.04 5.73/5.08 gi3676296 9 23.38 ATPase beta subunit N. sylvestris

U4 59.51/56.99 6.13/5.35 gi3893824 1 3.62 ATPase beta subunit N. sylvestris

U5 59.51/67.96 6.13/5.15 gi3893824 3 10.83 ATPase beta subunit N. sylvestris

U6 11.73/68.98 9.88/4.86 gi291461616 1 15.65 Granule-bound starch

synthase

I. batatas

U7 48.13/52.25 5.81/5.18 gi21554349 2 3.40 Malate dehydrogenase

(NADP)

A. thaliana

U8 43.28/45.91 5.95/5.17 gi225426948 1 3.80 Transaldolase ToTAL2 V. vinifera

Secondary

metabolism

D17 40.25/46.33 5.80/5.51 gi56605372 4 14.56 Caffeate O-

methyltransferase

P. abies

U9 33.52/42.90 5.76/5.62 gi3415126 7 32.79 Phenylcoumaran

benzylic ether

reductase PT1

P. taeda

U10 33.29/43.54 6.93/6.79 gi7578909 8 31.60 Phenylcoumaran

benzylic ether

reductase homolog

TH6

T. heterophylla

U11 38.66/42.35 5.92/6.30 gi110816011 3 12.25 Phenylpropenal double-

bond reductase

P. taeda

U12 54.83/55.44 6.11/5.25 gi126697262 8 27.93 Type 2 1-hydroxy-2-

methyl-2-(E)-butenyl-

4-phosphate reductase

P. taeda
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and energy metabolism group (spots. D1–D16, U1–U8).

The second abundant proteins fall into secondary metabo-

lism group (spots. D17, U9–U12). Proteins associated with

protein stability attribute to the third abundant group which

includes five up-regulated protein spots (spots. U13–U17).

Subsequently are proteins belonging to amino acid and

nitrogen metabolism group (spots. D18–D20). The least

abundant group is associated with defense, however, only

one protein identified (spots. U18). We found that more

than half differently expressed proteins are related to

photosynthesis and energy metabolism. Furthermore, most

proteins involved in photosynthesis and amino acid

metabolism were down-regulated and proteins involved in

protein stability and defense were up-regulated. These

suggest that SiAR stress interfered with the plant photo-

synthesis and primary metabolism. At the same time plant

adaptive mechanisms against SiAR stresses were triggered

to protect the plant from the further damage (Fig. 4).

Finally, it is interesting to note that Rubisco large sub-

unit (D1–D8), ATPase beta subunit (U3–U5) and heat

shock protein (HSP) 70 (U14, U16) were found in multiple

spots with different MWs and pIs.

Discussion

Because of its adverse effects on forest health, acid rain has

been regarded as a major stress for forest species and its

negative effects have been studied extensively. Acid rain

induces changes in the cellular biochemistry, physiology

and ultrastructure of plants. For example, acid rain lead to

decrease in photosynthetic rate, loss of nutrient from

leaves, alterations of water balance and enzyme activities,

and changes of pollen physiology and ultrastructure of

chloroplasts and mitochondria (Bellani et al. 1997; Gabara

et al. 2003; Van Huylenbroeck et al. 2000). In this work,

SiAR stress-induced changes in the proteome of P. mas-

soniana needles were analyzed after treatment with SiAR

for 8 months. Out of more than 1,000 spots, 65 spots were

identified to be differentially abundant, of these the identity

of 28 proteins were established. Based on their physio-

logical functions, proteins identified in the present work

can be divided into five groups in correlation to their

specific biological functions as described in ‘‘Results’’.

Suppression of photosynthetic enzymes in Calvin cycle

caused by SiAR

Eight (D1–D8) out of 16 down-regulated spots in the group

belonging to photosynthesis and energy metabolism were

identified. Transcriptome study revealed that rbcL was

down-regulated in Synechocystis sp. PCC 6803 under acid

stress (Ohta et al. 2005). This suggests that the expression

of rbcL gene was suppressed at transcriptional level; hence

the protein abundance was correspondingly reduced. In our

study, a large number of proteins were found to be identical

to Rubisco large subunit or were fragments of it, indicating

the damaging effect of SiAR on the photosynthetic appa-

ratus, which has also been reported in Agrostis tenuis under

As-induced stress (Duquesnoy et al. 2009). Multiple spots

for a single protein could also be due to post-translational

modifications (Vener et al. 1998). Chemical modification

of proteins during the preparation of samples might be

another reason to cause proteolytic degradation and induce

Table 1 continued

Metabolic group Spot no. Theor./exp.

mass (kDa)

Theor./

exp. pI

Accession

no.

NMP SC (%) Description Species

Protein stability U13 98.33/83.48 5.94/5.97 gi327181869 1 2.53 ATP-dependent

chaperone clpb

H. maritima
DSM 10411

U14 71.05/78.33 5.13/5.12 gi3962377 1 4.00 Heat shock protein 70 A. thaliana

U15 1.531/28.49 4.56/5.61 gi292630789 2 100 Putative heat shock

protein 1

P. menziesii

U16 71.01/72.89 5.02/5.12 gi38325811 1 2.30 Hsp70 protein N. tabacum

U17 35.19/38.75 5.86/5.19 gi326467059 2 8.11 oxygen-evolving

enhancer protein

L. chinensis

Amino acid and

nitrogen metabolism

D18 59.86/61.97 5.56/5.30 gi223534807 3 11.05 Glutamyl-tRNA(Gln)

amidotransferase

subunit A

R. communis

D19 39.57/53.75 6.21/6.38 gi404327 7 25.49 Glutamate-ammonia

ligase (GS1)

P. sylvestris

D20 37.23/45.36 6.38/6.08 gi12802155 5 17.60 Arginase P. taeda

Defense U18 46.76/50.18 5.89/5.64 gi294847377 1 2.76 Monodehydroascorbate

reductase

L. longiflorum

D down-regulated proteins, U up-regulated proteins, NMP number of matched peptides, SC sequence coverage
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multiple spots on 2-DE gels. Fructose-bisphosphate aldol-

ase (FBPase) is a very important enzyme in the Calvin

cycle and plays a crucial role in plant response to some

abiotic stimuli (Fan et al. 2009). In this study it was found

that FBPase (spot D9) was down-regulated under SiAR,

which was consistent with the previous observations on

transcriptome level (Kim et al. 2009) in Arabidopsis.

Sedoheptulose-1,7-bisphosphatase (SBPase) also plays an

important role in the Calvin cycle. In this study, it was also

found that SBPase (spot D10) was depressed after SiAR

treatment as under drought (Wingler et al. 1999) and water

(Bayramov et al. 2010) stresses, indicating that this enzyme

is very sensitive to different abiotic stresses. A previous

report identified that this enzyme plays a major role in CO2

fixation in C3 cycle and in plant growth as small reductions

in the enzyme activity resulted in a decrease in CO2 fixa-

tion and growth (Raines 2011). Therefore, it should be

postulated that suppression of the enzyme by SiAR would

reduce photosynthetic efficiency in leaves of P. massoni-

ana. Phosphoribulokinase (PRK) catalyzes the final step in

the regeneration of ribulose-1,5-bisphosphate (RuBP) in

the Calvin cycle. When P. massoniana was treated with

SiAR in this study, the abundance of PRK (spot D11) was

found declined. This is consistent with the report when

plants suffered salt stress (Srivastava et al. 2008). How-

ever, only significant reduction of PRK had negative

effects on photosynthesis and growth (Banks et al. 1999).

On the basis of these results, it was postulated that the

Calvin cycle could be very sensitive to SiAR stress and that

SiAR could alter the abundance of photosynthetic enzymes

to reduce the efficiency of photosynthesis in P. massoniana

Lamb.

Disorders of energy-related metabolism

Sucrose-phosphatase catalyzes the final step in the pathway

of sucrose biosynthesis. It was found that in this study

sucrose-phosphatase (spot D12) was down-regulated under

SiAR stress. It was reported that a decreased sucrose-

phosphatase level in transgenic tobacco inhibits photo-

synthesis, alters carbohydrate partitioning, and reduces

growth. The transgenic plant had strongly reduced levels of

sucrose and hexoses (Chen et al. 2005). This may reflect

that SiAR inhibits plant growth in more than one way: it

not only reduces carbon fixation directly by down-regu-

lating key enzymes in the Calvin cycle, but also affects

carbohydrate transportation as sucrose is the main source

for carbon export from source leaves to sink.

Our study also showed that glyceraldehyde-phosphate

dehydrogenase (GAPDH, spot D13), pyruvate dehydroge-

nase E1 beta subunit isoform (spot D14), phosphoglycerate

kinase (PGK, spot D15) and NADP-isocitrate dehydroge-

nase (NADP-ICDH, spot D16), which play important roles

in primary energy metabolism, were down-regulated after

treatment with SiAR. Down-regulation of PGK was also

reported in mulberry (Thimmanaik et al. 2002) and maize

(Hayano-Kanashiro et al. 2009) under drought stress,

whereas up-regulation of ICDH, contrary to our report in

this study, was found in maize (Liu et al. 2010). It was also

reported that proteins involved in glycolysis, Krebs cycle

and pentose phosphate pathway were down-regulated in

root cells under saline stress (Jiang and Deyholos 2006)

and plants reduce their energy consumption in order that

the preserved energy can be used to protect the organs

against ROS in vivo (Moller 2001). Our finding that down-

regulation of these four proteins under SiAR stress suggests

that primary respiratory pathways were to some extent

inhibited by SiAR and that plants reduced energy con-

sumption under SiAR stress. It is widely known that SiAR

treatment increases the level of ROS in plants. Plants

would use the same strategy as under salt stress to detoxify

ROS caused by SiAR.

The abundance of some proteins relative to energy

metabolism was still found to be up-regulated. They are

enoyl-ACP reductase (spot U1), ATP synthase beta subunit

(spots. U2), ATPase beta subunit (spot U3-U5), granule-

Fig. 3 Functional category

distribution of 28 identified

proteins under the treatment by

simulated acid rain (SiAR)
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bound starch synthase (spot U6), malate dehydrogenase

(MDH, spot U7) and transaldolase (spot U8). The specific

roles of these enzymes in response to SiAR stress remain to

be established. It should be pointed out that due to the

depression of basic energy metabolism when suffering

SiAR, the plant would need extra energy to sustain life by

enhancing ATP synthase activity. Similar observations

were also reported in wheat (Wang et al. 2008), rice (Kim

et al. 2005) and potato (Aghaei et al. 2008) when plants

met saline stress. So maintenance ATP-dependent abiotic

tolerance by increasing the formation of ATP seems to be a

common strategy that plants adopt to cope with abiotic

stresses. MDH is an enzyme in the Krebs cycle that cata-

lyzes the conversion of malate into oxaloacetate and vice

versa. Over-expression of MDH increases the organic acid

yield in plants and increases organic acid exudation to root

surface to chelate and immobilize Al3?, which confers

tolerance to Al in transgenic alfalfa in acid soil (Tesfaye

et al. 2001). However, in most plant species, Al uptake is

limited mainly to the root system. It is unlikely that up-

regulation of MDH in this study detoxifies Al in leaves as

the endodermis possibly acts as a barrier and transport of

Al from root to the shoot and leaves is generally small

(Vitorello et al. 2005). Although regulation mechanism of

MDH in response to SiAR remains to be investigated, there

was a report that MDH is a stress-responsive protein when

plants were treated with cold (Hashimoto and Komatsu

2007).

It should be emphasized that metabolic pathways in cells

are complex and interrelated. One protein can be involved

in several pathways and be affected by many factors. Thus,

some energy-related proteins were down-regulated,

whereas some were up-regulated after SiAR treatment.

Secondary metabolism-related proteins

The minor group in response to SiAR stress is assigned to

five proteins that are involved in secondary metabolism.

They include caffeate O-methyltransferase (COMT, spot

D17), phenylcoumaran benzylic ether reductase (PCBER,

spots. U9, U10), phenylpropenal double-bond reductase

(PPDBR, spot U11), type 2 1-hydroxy-2-methyl-2-(E)-

butenyl-4-phosphate reductase (HDR, spot U12). COMT

acts in the phenylpropanoid pathway for biosynthesis of

lignin (Humphreys and Chapple 2002). It was studied that

in response to a water deficit, the abundance of COMT in

Fig. 4 Cell responses

corresponding to differential

abundance of proteins identified

under the treatment by

simulated acid rain (SiAR)
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plant leaves reduces and lignification decreases corre-

spondently as an adaptive response to growth stunting.

Reduced lignification of the elongation zone would be

beneficial to the growth recovery upon release of stress

(Vincent et al. 2005). PCBER is important in the biosyn-

thesis of phenylpropanoid-derived compounds including

several lignans which are widely known to act as antioxi-

dants and can scavenge free radicals produced under stress.

PCBER was reported to be up-regulated by abiotic stresses,

such as drought (Pandey et al. 2008), excessive light (Nam

et al. 2003), etc. In P. massoniana, COMT was down-

regulated and PCBER was up-regulated under SiAR stress

as happened when plants were subjected to drought. These

indicate that plants try to adjust to SiAR stress through

signaling pathway that can be shared with other abiotic

stresses. Further investigation on the functions of these

proteins under SiAR stress would make up an interesting

study.

Protein stability-related proteins

The third group in response to SiAR stress is linked to

protein stability. It includes chaperone clpb (ClpB, spot

U13), heat shock proteins (HSPs) (HSP70, spot U14 and

U16; putative HSP1, spot U15) and oxygen evolving

enhancer protein (OEE, spot U17). HSPs are known as

stress proteins and they are considered an important part of

the cellular stress response. Stressors such as heat, infec-

tion, inflammation, toxins, hypoxia, starvation and even

exercise can result in the production of increased levels of

HSPs (Wang et al. 2004). It is thought that an increase in

protein damage can trigger this response. HSPs are also

important in protein folding and ensuring the proper pro-

tein conformation. They play an important role in the

prevention of protein aggregation. By stabilizing partially

unfolded proteins, they help in the transport of proteins

across various intracellular membranes (Hartl 1996;

Wickner et al. 1999). ClpB is a molecular chaperon with

ATPase activity. ClpB belongs to HSP100 subfamily of

HSPs and also is called HSP100/ClpB protein. Our data

demonstrated that the expression of these HSP was

enhanced remarkably under SiAR stress, suggesting that

SiAR increased a potential risk of protein misfolding and

an active protein quality control system inside the cells was

playing an important role in plant tolerance to SiAR stress.

OEE is required for photosystem II assembly and stability.

Previous report showed that expression of OEE was

increased under salt stress in mangrove and rice (Abbasi

and Komatsu 2004; Sugihara et al. 2000). Because OEE is

easily removed from the PSII complex in the presence of

NaCl, over-expression of it might be needed to repair

damage of photosynthetic apparatus. Further studies on

drought stress in tall wheatgrass (Gazanchian et al. 2007)

and on SiAR stress in our report revealed that up-regulation

of OEE under various stresses is a common mechanism and

it plays an important adaptive and protective role toward

abiotic stresses. Anyway, it seems that plants have evolved

protective mechanisms to perceive the acid stress signals or

simply borrow other stress-responsive pathways and

transmit them to the cellular machinery to activate adaptive

responses.

Amino acid and nitrogen metabolism-related proteins

Amino acids play a critical role in protein synthesis and

function in primary and secondary metabolism. SiAR also

caused decreased expression of some amino acid metabo-

lism-related enzymes, such as glutamyl-tRNA (Gln)

amidotransferase subunit A (spot D18), glutamate-ammo-

nia ligase (glutamine synthetase, GS, spot D19) and argi-

nase (spot D20). Proline is thought to play an important

role as an osmoregulatory solute subjected to abiotic

stresses (Delauney and Verma 1993) and in stabilizing

cellular structures as well as scavenging free radicals in

plants (Hare and Cress 1997). Two groups of GS isoen-

zymes, plastidic (GS2) and cytosolic (GS1), have been

identified in higher plants (McNally et al. 1983). It was

reported that GS1 in the phloem plays a major role in

controlling proline production. GS1 was, therefore,

involved in stress regulatory networks as older leaves of

transgenic tobacco lacking GS1 activity were more vul-

nerable to salt stress, showing wilting and bleaching phe-

notypes (Brugiere et al. 1999). GS2 also plays an important

role in proline biosynthesis because proline accumulation

during drought was substantially lower in GS2 mutant than

in WT plants (Diaz et al. 2010). It was observed in this

study that withered and yellow leaf needles of P. massoni-

ana dropped off first after a long-running treatment with

SiAR, suggesting that suppression of GS would exaggerate

SiAR injury. By investigating the levels of proline at dif-

ferent leaf developmental stages and the manner of each

member of the GS family under SiAR stress, it would give

us a satisfactory answer. Arginase is involved in hydro-

lyzing arginine to produce urea and ornithine, the latter of

which is a precursor for the synthesis of proline and

polyamines (Zonia et al. 1995). Both proline and poly-

amines play important roles in the protection of plants

against abiotic stresses. It was reported that arginase

activity was induced in tomato leaves in response to

wounding and treatment with jasmonic acid (JA, a potent

signal for plant defense responses) through a pathway

which were strictly dependent on an intact JA signal

transduction (Chen et al. 2004). However, in our study

Arginase was down-regulated under SiAR stress, indicating

that there exists a different stress-responsive pathway from

that by wounding and JA treatment in plants. Direct
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evidence that SiAR inhibits proline production was from

the report on Hypogymnia (Kovacik et al. 2011). Com-

bining our finding, it would be concluded that inhibition of

GS and/or arginase by SiAR would be the cause for

reduced production of proline. Detailed study on respon-

sive mechanisms of proline synthesis-related enzymes to

SiAR stress will provide a sound basis foundation to

improve wood yield in our highly industrialized era.

Anti-oxidation-related protein

H2O2 is a strong oxidant that can initiate localized oxida-

tive damage leading to disruption of metabolic function,

damage of membrane and losses of cellular integrity at

sites where it accumulates. H2O2 can also diffuse relatively

long distances causing changes in the redox status of sur-

rounding cells and tissues where at relatively low con-

centrations it initiates an antioxidative response (Foyer

et al. 1997). By SiAR treatment, the level of H2O2 was

increased in plant leaves and the ability of plants to over-

come the effect of the SiAR stress may be related to the

scavenging of stress-induced ROS, such as H2O2 (Van

Huylenbroeck et al. 2000). Therefore, it is not surprising

that enzymes related to anti-oxidation were induced under

SiAR stress. In this study, however, we found that only one

anti-oxidation enzyme, monodehydroascorbate reductase

(MDHAR, spot U18), was up-regulated. In plants MDHAR

is the enzymatic component involved in the regeneration of

ascorbic acid which plays a critical role in the reduction of

reactive oxygen. An increased expression of MDHAR level

in response to various oxidative stresses (H2O2, salicylic

acid, paraquat, ozone, high light, etc.) was also reported in

Brassica campestris (Yoon et al. 2004) and pea (Leterrier

et al. 2005). Up-regulation of MDHAR during SiAR stress

indicates that plants use the same mechanism to scavenge

ROS produced by SiAR as by other abiotic oxidative

stresses and that MDHAR plays a key role in the produc-

tion of antioxidants to minimize the cell damage in vivo.

Conclusions

In this study, the molecular response to SiAR stress was

investigated at the protein level in P. massoniana. Sixty-

five differentially displayed protein spots were revealed,

and 28 of them were further identified by MS analysis.

These proteins were classified into five functional groups:

photosynthesis and energy metabolism, secondary metab-

olism, protein stability, amino acid and nitrogen metabo-

lism, and defense. It is the first report that four key

enzymes involved in the Calvin cycle were down-regulated

under long-term exposure to SiAR stress, suggesting that

one important factor which resulted in biomass loss was

due to reduction of carbon fixation. On the contrary to

other abiotic stresses where proline acts as stress protec-

tant, SiAR induced the suppression of proline-related

synthetic pathways in this study. In particular, some stress-

related proteins for the synthesis of secondary metabolites

were differentially changed in abundance under SiAR,

implying their pivotal roles in stress adaptation or tolerance

reactions in this forest plant. The functional determination

of these proteins are expected to provide a deep under-

standing of the biochemical and physiological basis of acid

rain stress responses in plants and to quicken the process of

breeding new acid rain tolerant varieties of genetically

modified forest trees. In all, our study, for the first time,

demonstrates that long-term treatment by SiAR, resem-

bling the effects of acid rain under natural state, induced

different but profound cellular changes at the level of

proteins in the forest plant from that of short-time SiAR-

induced stress.
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