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Abstract

Main conclusion NO acts as the essential signal to
enhance poplar tolerance to chilling stress via antioxi-
dant enzyme activities and protein S-nitrosylation mod-
ification, NO signal is also strictly controlled by S-
nitrosoglutathione reductase and nitrate reductase to
avoid the over-accumulation of reactive nitrogen species.

Poplar (Populus trichocarpa) are fast growing woody
plants with both ecological and economic value; however,
the mechanisms by which poplar adapts to environmental
stress are poorly understood. In this study, we used isobaric
tags for relative and absolute quantification proteomic
approach to characterize the response of poplar exposed to
cold stress. We identified 114 proteins that were differen-
tially expressed in plants exposed to cold stress. In par-
ticular, some of the proteins are involved in reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
metabolism. Further physiological analysis showed that
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nitric oxide (NO) signaling activated a series of down-
stream defense responses. We further demonstrated that
NO activated antioxidant enzyme activities and S-ni-
trosoglutathione reductase (GSNOR) activities, which
would reduce ROS and RNS toxicity and thereby enhance
poplar tolerance to cold stress. Suppressing NO accumu-
lation or GSNOR activity aggravated cold damage to
poplar leaves. Moreover, our results showed that RNS can
suppress the activities of GSNOR and NO nitrate reductase
(NR) by S-nitrosylation to fine-tune the NO signal and
modulate ROS levels by modulating the S-nitrosylation of
ascorbate peroxidase protein. Hence, our data demonstrate
that NO signaling activates multiple pathways that enhance
poplar tolerances to cold stress, and that NO signaling is
strictly controlled through protein post-translational modi-
fication by S-nitrosylation.
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Abbreviations

ABA Abscisic acid

APX Ascorbate peroxidase

cPTIO 2-(4-Carboxyphenyl)-4, 4, 5, 5—
tetramethylimidazoline-1-oxyl-3-oxide

DA Dodecanoic acid

DHAR Dehydroascorbate reductase

GR Glutathione reductase

GSNO S-nitrosoglutathione

GSNOR  GSNO reductase

MDA Malondialdehyde

NO Nitric oxide

NOS NO synthase

NR Nitrate reductase

JA Jasmonic acid
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MDHAR Monodehydroascorbate reductase

RNS Reactive nitrogen species
ROS Reactive oxygen species
SNO S-nitrosothiol
Introduction

Low-temperature stress, or chilling stress, is one of the
major limiting factors of woody plant growth, develop-
ment, and geographical distribution. Chilling stress results
in poor seed germination, stunted seedling growth, yel-
lowing and withering of leaves, delayed crop heading, and
increased pollen sterility (Xiong and Zhu 2001; Beck et al.
2004; Minami et al. 2005). Plants have developed multiple
strategies to withstand chilling damage. Upon exposure to
cold stress, a set of early signals is immediately triggered,
including the calcium and reactive oxygen species burst,
which activates the MAPK signal cascade, and ultimately
initiates the downstream cold-responsive transcriptional
cascade, which involves COR (cold-regulated), KIN (cold-
induced), LTI (low temperature-induced), and RD (re-
sponsive to dehydration) genes. C-repeat (CRT)-binding
factors (CBFs), also called dehydration-responsive ele-
ment-binding proteins (DERBs), can bind directly to the
promoter regions of these cold-responsive gene to activate
their expression (Zhu et al. 2007). It was recently demon-
strated that post-transcriptional regulation or epigenetic
modification of vital genes also play a role in cold stress
response, demonstrating the intricate nature of plant
acclimation to cold stress (Zhu et al. 2007; Chinnusamy
et al. 2008; Luo et al. 2012). Woody plants play an
essential role in moderating the global carbon cycle and
climate (Jackson et al. 2002; Reichstein et al. 2014).
However, most studies examining acclimation to cold
stress focus on model plants or crops, such as Arabidopsis
thaliana (Arabidopsis), Oryza sativa (rice), and Hordeum
vulgare (barley). The mechanism by which woody plants
respond to chilling stress is poorly understood.

Reactive oxygen species (ROS), particularly H,O,, play
an essential role in the plant’s response to multiple physi-
ological processes, including seed germination, growth,
senescence, differentiation, and stress responses (Neill et al.
2002a; Desikan et al. 2004). An optimal concentration of
ROS is critical for normal plant growth and development,
and over-production of ROS may led to oxidative stress and
cell death. To avoid the oxidative damage imposed by ROS,
plants employ a series of enzymatic and nonezymatic oxi-
dants that detoxify ROS accumulated in cells. These
antioxidants include glutathione (GSH), ascorbate (AsA),
ascorbate peroxidase (APX), dehydroascorbate reductase
(DHAR), and monodehydroascorbate reductase (MDHAR)
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(Neill et al. 2002a; Foyer and Noctor 2011). Like H,O,,
nitric oxide is a gaseous radical molecule that participates in
a wide spectrum of physiological processes. Over-accu-
mulated NO can interact with ROS to form reactive nitrogen
species (RNS), such as dinitrogen tridoxide (N,Oj3), nitro-
gen dioxide (-NO,), peroxynitrite (ONOQO™), S-nitrosoth-
iols (SNOs), and S-nitrosoglutathione (GSNO) (Wilson
et al. 2008). Among these RNS, the SNOs, GSNO, and
peroxynitrite are the most studied. RNS interacts with pro-
tein or non-protein sulfhydryl-containing compounds to
form SNOs, which also carry out important biological
reactions, including NO release, transnitrosation, and redox-
based posttranslational modification. For example, the total
SNO levels in plants were found to be upregulated by
wounding and heavy metal stress (Barroso et al. 2006; Chaki
et al. 2011). The S-nitrosylation of NO™ with GSH to form
GSNO has an important physiological function in plants, as
GSNO serves as a mobile reservoir of NO bioactivity.
GSNO reductase (GSNOR) modulates GSNO levels in
plants by catalyzing the NADH-dependent reduction of
GSNO to glutathione disulfite (GSSG) and NH3.(Sakamoto
et al. 2002). The activity and expression of GSNOR can be
induced by various stimuli, including wounding, low tem-
perature, high temperature, heavy metals, and pathogen
infection (Barroso et al. 2006; Corpas et al. 2008; Chaki
et al. 2009, 2011), but the roles of RNS and GSNOR in
woody plants subjected to chilling stress are unclear.
Quantitative proteomics research identifies and quanti-
fies changes in protein abundance and function with the
aim of deciphering deeper biological functions (Jorrin-
Novo 2009; Alexandersson et al. 2013). Widely used
quantitative proteomics techniques include classical gel-
based methods (2DE, DIGE) and liquid chromatography—
mass spectrometry-based methods such as isotopic labeling
and the relatively new label-free methods. Among these
methods, isobaric tags for relative and absolute quantifi-
cation (iTRAQ) can be used to analyze up to eight different
samples within the same experiment (Bindschedler and
Cramer 2011; Alexandersson et al. 2013). As fast growing
trees, poplars play an important role in forestry and as
energy crops. The availability of the full genome sequences
of P. trichocarpa makes poplar an ideal model organism
for woody plant functional genomics studies (Tuskan et al.
2006). Here, to evaluate the potential role of reactive
nitrogen species in poplar acclimation to cold stress, we
used physiological and quantitative proteomics to investi-
gate the mechanism underlying poplar acclimation to
chilling stress. Our proteomic results showed that a series
of proteins associated with ROS and RNS metabolism were
markedly differentially expressed during chilling stress in
poplar. During the early stages of exposure to chilling
stress, NO levels increased quickly after chilling stress;
however, over-accumulation of NO interacts with ROS to
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form RNS, which reduces poplar’s viability after long-term
chilling stress and is accompanied by an increase in
GSNOR enzyme accumulation and activity. Suppressing
GSNOR enzyme activity markedly increased RNS accu-
mulation and aggravated the damage of chilling on leaf
viability. Based on our physiological and proteomics
results, we propose that feedback regulation of RNS levels
by GSNOR plays an essential role during poplar’s response
to chilling stress. Our results suggest a strategy to geneti-
cally engineer poplar plants with increased tolerance to
chilling stress by directly manipulating the levels of small
metabolite compounds such as RNS.

Materials and methods
Material and chilling treatment

Stem cuttings (20 cm) taken from poplar (Populus yun-
nanensis Dode) were rooted and grown in pots filled with 3
L of one-third strength Hoagland’s nutrient solution,
pH 6.5, as reported (Gaudet et al. 2011). Cuttings were
grown in a controlled greenhouse (50-70 % relative
humidity, 25 °C in day time and 18 °C in night time) with
a 12-h photoperiod (800 pmol photons m~>s~' light
intensity). The nutrient solutions were completely replaced
every week to prevent depletion of metals, nutrients, and
oxygen. Plants were allowed to develop roots and grown
for 3 weeks in hydroponic solution. For chilling treatment,
100 healthy plantlets with an average of five nodes were
randomly selected and moved to a cold chamber stably
maintained at 4 °C with the same humidity and light
intensity as above. Three to five replicates were performed
per experiment and each replicate consisted of six cutting
plantlets. Samples without chilling treatment were used as
the controls.

Chemical treatment

The GSNOR inhibitor N6022 purchased from Merck
Company (Darmstadt, Germany), the GSNOR inhibitor
DA (dodecanoic acid) and cPTIO [2-(4-carboxyphenyl)-4,
4, 5, S-tetramethylimidazoline-1-oxyl-3-oxide], thiore-
doxin, and ascorbate were purchased from Sigma Chemical
company (St. Louis, MO, USA). For chemical inhibitor
treatment, the stock chemical was prepared as 1000-fold,
and these chemicals was added to the hydroponic Hoag-
land’s nutrient solution to the indicated concentration.

Analysis of chlorophyll fluorescence

Chlorophyll fluorescence was analyzed using a pulse
amplitude-modulated chlorophyll fluorometer (Heinz

Walz, Effeltrich, Germany) as described (Bai et al. 2011b).
Briefly, the poplar cuttings were dark adapted for 30 min
after treatment and the maximum quantum yield of PSII
(Fv/Fm) was determined for each sample by analyzing a
whole leaf. Maximal fluorescence (Fm) was recorded using
a 0.8-s pulsed light at 4000 pmol s~ m™2, and the mini-
mal fluorescence (F,) was recorded during the weak
measuring pulses.

Protein extraction for iTRAQ analysis

Protein extraction for iTRAQ analysis was performed as
described (Kong et al. 2014). The leaves of plantlets
exposed to different chilling treatment for different periods
were collected and frozen in liquid nitrogen, and proteins
were extracted using a previously described phenol
extraction procedure (Kong et al. 2014). Briefly, ~1 g of
frozen seedlings was ground with a mortar in liquid
nitrogen and 5 mL of extraction buffer containing 100 mM
Tris—HCI, pH 7.8, 100 mM KCl, 50 mM L-ascorbic acid,
1 % (v/v) Triton X-100, 1 % (v/v) B-mercaptoethanol, and
1 mM phenylmethylsulfonyl fluoride (PMSF) was added.
After centrifugation (12,000g; 15 min; 4 °C), the resulting
suspension solution was transferred to a 20-mL tube and
Tris—phenol (2 vol; pH 8.0, Amresco, Solon, OH, USA)
was added. The mixture was thoroughly vortexed before
centrifuging at 12,000g for 15 min at 4 °C. The upper
phenolic phases were transferred to a 50-mL tube, and then
5 volumes of 100 mM ammonium acetate/methanol were
added. After careful mixing, the mixture was stored at
—20 °C overnight. The supernatant was carefully removed
after centrifugation at 13,000g for 15 min at 4 °C, and the
protein pellets were used immediately or suspended in
25 mL of ice-cooled methanol for 2 h at —20 °C for fur-
ther analysis.

Protein digestion, iTRAQ labeling, and protein
quantification

The protein pellet was dissolved in a solution of 1 % SDS
and 100 mM triethylammonium bicarbonate, pH 8.5, and
then subjected to reduction, alkylation, trypsin digestion,
and labeling using 8-plex iTRAQ reagent kits, according to
the manufacturer’s instructions (AB Sciex, Framingham,
MA, USA). After labeling, the samples were combined and
lyophilized, and the peptide mixture was dissolved in
strong cation exchange (SCX) solvent A (25 % (v/v) ace-
tonitrile, 10 mM ammonium formate, pH 2.8). The pep-
tides were fractionated on an Agilent HPLC system 1100
with a polysulfethyl A column (2.1 x 100 mm, 5 pm, 300
A, PolyLC, Columbia, MD, USA). Peptides were eluted at
a flow rate of 200 pL/min with a linear gradient of 0-20 %
solvent B [25 % (v/v) acetonitrile, 500 mM ammonium
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formate] over 50 min, followed by ramping up to 100 %
solvent B in 5 min and holding for 10 min. The absorbance
at 214 nm was monitored, and a total of 12 fractions were
collected. Each SCX fraction was lyophilized and dis-
solved in solvent A [3 % acetonitrile (v/v), 0.1 % formic
acid (v/v)] and then analyzed with a Q-Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Finnigan
Scientific, San Jose, CA, USA). Samples were separated on
a Hypersil Gold C18 column (100 x 2.1 mm, 1.9 pum)
(Thermo Fisher Scientific, Pittsburgh, PA, USA). Peptides
were eluted with a linear gradient of acetonitrile/0.1 %
formic acid from 3 to 50 % in 90 min at a flow rate of 250
nL/min. Peptides were then sprayed into the chamber of the
Q-Exactive MS/MS system with a spray voltage of 2.2 kV.
Full-scan mass spectra were collected over 200-1800 m/
z at high resolution (60,000). The four most intense pre-
cursor ions were selected for collision-induced fragmen-
tation in a linear ion trap with 50-2000 m/z and
30-2000 ms at a resolution of 7500. Dynamic exclusion
was employed within 40 s to prevent repetitive selection of
peptides.

The raw LC-MS/MS files were analyzed using Pro-
teome Discoverer 1.3 (Thermo Fisher Scientific). The
software was connected to the Mascot Search Engine ser-
ver, version 2.3 (Matrix Science, Boston, MA, USA). The
spectra were searched against the poplar protein database
available from NCBI (http://www.ncbi.nlm.nih.gov/pro
tein), which included 40151 sequences (accessed in April
2012, txid3694). Search parameters included iTRAQ
8-plex quantification, carbamidomethylation of cysteine
was set as a fixed modification, and oxidation of
methionine was set as a variable modification. Trypsin was
specified as the proteolytic enzyme, and one missed
cleavage was allowed. Peptide mass tolerance was set at
10 ppm and fragment mass tolerance was set at 0.1 Da. An
automatic decoy database search was performed as part of
the search. False discovery rates (FDRs) for peptide iden-
tification of all searches were <1.0 %. The data were
prefiltered to exclude MS/MS spectra containing fewer
than three peaks or with a total ion count of below 50.
Mascot results were filtered with the Mascot Percolator
package to improve the accuracy and sensitivity of peptide
identification. For differential analyses, all proteins iden-
tified and quantified with at least four independent peptides
with a high degree of confidence (FDR of 1 %) were
selected. The results of all of the measured iTRAQ values
were normalized again reporting ratios using Proteome
Discovererl.3 software. Only significant ratios from the
replicates were used to calculate the average ratio for the
protein. Each P value was generated based on quantitative
information derived from at least three independent pep-
tides in each replicate. Cutoffs of 1.5- or 0.5-fold were set
to indicate up-regulation or down-regulation of proteins,
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respectively, and a P value of <0.05 using ¢ test was used
to indicate significance.

Immunoblotting and protein S-nitrosylation analysis

Proteins from seedlings subjected to different treatments
were extracted in a solution consisting of 50 mM Tris, pH
7.5, 150 mM NaCl, 1 mM EDTA, 0.1 % Triton X-100,
0.5 % B-mercaptoethanol, and 1 mM PMSF with vigorous
vortexing at 4 °C. After centrifugation at 20,000g, 4 °C for
15 min, the supernatants were collected. The supernatant
protein concentration was determined using the Bio-Rad
Quick Start Bradford Kit (cat. 500-0201), according to the
manufacturer’s instructions (Bio-Rad Laboratories, Her-
cules, CA, USA). The extracted proteins (10 pg per sam-
ple) were separated on 12 % SDS-PAGE gels and
transferred to nitrocellulose membranes using a Mini-
PROTEAN system (Bio-Rad). The membranes were
blocked for 1 h at room temperature in phosphate-buffered
saline (PBS) containing 5 % milk and washed at least three
times with PBS buffer containing 0.5 % Tween 20 (PBST),
each for 5 min. Primary antibodies were prepared in PBS
buffer containing 1 % BSA and then incubated with the
membranes overnight at 4 °C. After removing unbound
antibodies by washing with PBST, the blots were incubated
with rabbit anti-rabbit IgG secondary antibody (horseradish
peroxidase conjugated, Promega, Madison, WI, USA) in
PBST buffer at a dilution of 1:10,000 and visualized using
a chemiluminescent kit (Thermo Fisher Scientific). Anti-
APX (1:1000), anti-NR (1:2000), anti-SOD (1:2000), anti-
P5CS (1:1000), and anti-tubulin (1:3000) were purchased
from Agrisera (Vannas, Sweden). The anti-HSP90
(1:3000), HSP17.6 (1:3000), anti-P5CS (1:1000), and anti-
GSNOR (1:2000) antibodies were used as described pre-
viously (Bai et al. 2011b; Kong et al. 2014). The biotin
switch technique was used to detect protein S-nitrosylation
status (Forrester et al. 2009; Bai et al. 2011a). Biotinylated
proteins were pulled down with streptavidin agarose CL-
6B (Thermo Fisher Scientific) and the S-nitrosylated pro-
tein was detected using the corresponding antibody.

Proline and malondialdehyde (MDA) content
measurements

Proline content was measured as described (Nakazawa
et al. 1982). Approximately, 0.5 g of fresh leaves of each
sample was homogenized in 8§ mL of 3 % aqueous sul-
fosalicylic acid, and the homogenate was centrifuged at
2000g for 10 min. Two milliliters of each extract, acidic
ninhydrin, and glacial acetic acid were heated for 1 h in a
boiling water bath, and the reaction was terminated in an
ice bath. The reaction mixture was extracted with 4 mL of
toluene, with vigorous mixing using a test tube stirrer for
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15-20 s at 25 °C. The chromophore-containing toluene
was aspirated from the aqueous phase and warmed to room
temperature and its absorbance was read at 520 nm using
toluene as a blank. The proline concentration was deter-
mined from a standard curve and calculated on a dry
weight (DW) basis as follows: (ug mL™'proline x mL
toluene) x 5 (g sample) ' = pg proline g~ 'DW material.

MDA content was determined as described (Wang et al.
2010). Approximately, 0.5 g of fresh leaves per sample
was homogenized in 10 mL of 10 % trichloroacetic acid
(TCA) and centrifuged at 12,000g for 10 min. Two milli-
liters of 0.6 % thiobarbituric acid in 10 % TCA was then
added to an aliquot of 2 mL of the supernatant. The mix-
ture was heated in boiling water for 30 min and then
quickly cooled in an ice bath. After centrifugation at
10,000g for 10 min, the absorbance of the supernatant at
450, 532, and 600 nm was determined. The MDA con-
centration, which was expressed as nmol g~ 'DW, was
estimated from the formula: C (nmol mL_l) = 6.45
(As32 — Ago0) — 0.56A450.

In situ H,O, and O, detection and quantification

In situ detection of H,O, and O, was performed as
reported, with some modifications (Able 2003). To detect
H,0,, three leaf discs punched out at specific time points
during the treatments were vacuum infiltrated in 10 mL of
1 mg mL™" diaminobenzidine solution for 2 h and then
cleared in boiling ethanol (95 %) for 10 min. The samples
were subsequently stored and examined in 95 % ethanol.
The amount of O~ in leaves was monitored by 107 M
nitroblue tetrazolium (NBT) reduction at specific time
points. Three leaf discs were vacuum infiltrated with
10 mL of NBT for 2 h, cleared in boiling ethanol (95 %)
for 10 min, and examined in 95 % ethanol. The contents of
H,0, and O3 in poplar were measured as described (Bai
et al. 2011b).

Determination of ABA and jasmonic acid (JA)
contents

The ABA and JA contents were measured as described,
with minor modifications (Fragoso et al. 2014). Brief-
ly, ~500 mg of leaf tissue subjected to different treat-
ments was taken and rapidly frozen and ground in liquid
nitrogen. Phytohormones were extracted with 1 mL of
ethyl acetate spiked with internal standards (100 ng of
[2H5]-JA and [2H6]-ABA). After extraction by vortexing
for 10 min, the organic phase was obtained by centrifu-
gation at 16,100g for 15 min at 4 °C. Samples were
evaporated almost to dryness in a vacuum concentrator
(Eppendorf, Hamburg, Germany) under reduced pressure at
30 °C. Leaf samples were then diluted in 600 pL of

methanol:water (70:30, v/v). Analysis was performed with
a Shimadzu 8040 HPLC-MS/MS system. Chromatography
was performed on a Shimadzu FPLC system. Separation
was achieved on a Shimadzu pack XR-ODS column
(2.0 mm i.d. 75 mm). Formic acid (0.05 %) and ammo-
nium formate (5 mM) in water and methanol were used as
the A and B mobile phases, respectively. The elution
profile was as follows: 0-0.01 min, 20 % B; 0.01-8.0 min,
20-95 % B; and 8.0-8.1 min, 20 % B. The mobile phase
flow rate was 0.3 mL min~"'. The column temperature was
maintained at 50 °C. An ESI tandem mass spectrometer
(Shimadzu) was operated in the negative ionization mode.
The instrument parameters were optimized by infusion
experiments with pure standards for ABA and JA, where
available as requested. The ion spray voltage was main-
tained at —4500 eV. The heating block temperature was set
at 500 °C. The DL temperature was set at 300 °C. Nebu-
lizing gas was set at 3 L min~', drying gas flow at 15 L
min~", and collision gas at 230 kPa. Sample-derived phy-
tohormones were calculated based on the ratios of their ion
intensity and of their respective internal standards. All
quantifications were corrected according to the sample
dilution, and extractions were performed with five bio-
logical replicates. The resulting amount of different phy-
tohormones was then expressed as per grams fresh mass
plant material.

Antioxidant enzyme activity assays

Approximately 1 g of leaf tissue from each sample was
homogenized in 10 mL of extraction buffer containing
50 mM sodium phosphate (pH 7.0), 1 mM EDTA, 1 mM
dithiothreitol (DTT), 1 mM glutathione, 5 mM MgCl,,
1 % PVP-40, and 20 % glycerin. The homogenates were
centrifuged at 12,000g for 15 min at 4 °C, and the total
soluble protein concentration of supernatants was deter-
mined by the Bradford method (Bradford 1976). The
activities of MDHAR, DHAR, APX, and GR were deter-
mined as described (Chen et al. 2011).

SNO content determination and GSNOR enzyme
activity assay

The total SNO content was determined via a chemilumi-
nescence method with minor modifications (Bai et al.
2012). SNO detection was based on the reductive decom-
position of nitroso species by an iodine/triiodide mixture
that releases NO, and the released NO was subsequently
measured by gas-phase chemiluminescence upon reaction
with ozone. SNOs are sensitive to mercury-induced
decomposition, in contrast to other nitroso species,
including nitrosamines (RNNOs) and nitrosyl hemes.
Briefly, the treated samples were homogenized in buffer
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containing 100 mM diethylenetetraminepentaacetic acid
(1:5; w/v) and centrifuged at 3000g for 10 min. Then the
supernatants were incubated with 10 mM N-ethyl-
maleimide for 15 min at 48 °C. For each sample, two ali-
quots were prepared: (1) one treated with 10 mM
sulfanilamide for 15 min at 48 °C to eliminate nitrite
and (2) one treated with 10 mM sulfanilamide and
7.3 mM HgCl, for 15 min at 48 °C to eliminate nitrite and
SNOs, respectively. These samples were then analyzed in a
Nitric Oxide Monitor 410 (2B Technologies, Boulder, CO,
USA). The data obtained from both aliquots (1 and 2)
represented the total concentration of SNOs. The entire
procedure was performed under a red safety light to protect
SNOs from light-dependent decomposition.

GSNOR activity was determined spectrophotometrically
at 25 °C by monitoring the oxidation of NADH at 340 nm
(Bai et al. 2012). The treated samples were quickly
homogenized in liquid nitrogen and extracted with an assay
mixture containing 20 mM Tris—HCI (pH 8.0), 0.2 mM
NADH, and 0.5 mM EDTA at 4 °C and then centrifuged at
3000g for 10 min. The supernatants were subjected to
further assays, and the reaction was initiated by adding
GSNO (Calbiochem, San Diego, CA, USA) to the super-
natants at a final concentration of 400 mM. The activity
was expressed as nanomoles NADH consumed per minute
per milligram of protein (340 6.22 mM ™' cm™).

Electrolyte leakage assay

Electrolyte leakage was assayed according to a described
method with some modifications (Wang et al. 2010).
Briefly, tubes containing six to eight leaves detached from
20-day-old plants acclimated for varying periods at 4 °C
were placed in a low-temperature bath (Grant) set at 0 °C.
Ice chips were added to each tube after 1 h of incubation at
0 °C. The bath temperature was reduced at a rate of 2 °C
h™'. The tubes were removed at defined temperatures and
thawed overnight at 4 °C in the dark and then incubated
with 6 mL of deionized water in a shaker with a shaking
speed of 200 rpm and at 25 °C for 2 h. Electrical con-
ductivity in the bathing solution was first determined (C,),
and thereafter the samples were heated at 100 °C for
30 min and conductivity was determined again in the
bathing solution (C,). Relative ion leakage was expressed
as a percentage of the total conductivity after heating at
100 °C (i.e., relative ion leakage % = C;/C, x 100).

Determination of nitrate reductase (NR) and NO
synthase (NOS) activities

The NR activity was assayed following a described method

with some modifications (Zhao et al. 2009). About 1 g of
leaves was ground in liquid nitrogen and then resuspended
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in extraction buffer containing 100 mM HEPES-KOH (pH
7.5), 1 mM EDTA, 10 % (v/v) glycerol, 5 mM dithio-
threitol, 0.1 % Triton X-100, 0.5 mM phenylmethylsul-
fonyl fluoride, 20 uM FAD, 1 uM leupeptin, 5 uM
Na,MoO,, and 1 % polyvinylpyrrolidone. After cen-
trifuging at 10,000g for 20 min at 4 °C, the supernatant
was used for NR determination. The NR activity was
measured by mixing 1 volume of extract with 5 volumes of
pre-warmed (25 °C) assay buffer (100 mM HEPES-KOH,
pH 7.5, 5 mM KNOj;, and 0.25 mM NADH). The reaction
was started by the addition of assay buffer, incubated at
25 °C for 30 min, and then stopped by the addition of
0.1 M zinc acetate. After 15 min, the tubes were cen-
trifuged at 13,000g for 5 min. The nitrite produced was
measured colorimetrically at 520 nm by adding 1 mL of
1 % (w/v) sulfanilamide in 3 M HCI plus 1 mL of 0.02 %
(v/v) N-(1-naphthyl)-ethylenediamine in distilled water.

NOS activity was determined as described (Zhao et al.
2009). Briefly, approximately 1 g of leaves, together with
50 mg of polyvinylpolypyrrolidone, was ground in liquid
N, and then resuspended in extraction buffer (50 mM
Tris—HCL, pH 7.4, 1| mM EDTA, 320 mM sucrose, 1| mM
dithiothreitol, 1 uM leupeptin, 1 uM pepstatin, and 1 mM
phenylmethylsulfonyl fluoride). After centrifuging at
10,000g for 30 min at 4 °C, the supernatant was used to
determine NOS activity by the citrulline assay using the
NOS assay kit (Cayman Chemical, Ann Arbor, MI, USA).
The reaction mixture (50 pL) contained 25 mM Tris-HCl,
pH 7.4, 3 uM tetrahydrobiopterin, 1 pM FAD, 1 uM FMN,
1 mM pB-NADPH, 0.6 mM CaCl,, 0.1 uM calmodulin,
0.3 uM (37,000 Bq) [*H]Arg, and 10 pL of enzyme
extract. After incubation for 30 min at 37 °C, the reaction
was stopped by adding 400 uL. of stop buffer
(50 mM HEPES, pH 5.5, and 5 mM EDTA). A 100-uL
resin slurry was added to the reaction mixture, and the resin
was removed by centrifugation. Flowthrough (400 pL) was
added to 5 mL of scintillation liquid and radioactivity was
counted (LS 6000; Beckman). The protein contents in the
supernatant were determined according to the Bradford
method (Bradford 1976) with bovine serum albumin as a
standard.

Results

Physiological response of poplar leaves to chilling
treatment

To characterize the underlying mechanism of chilling
stress on poplar growth, we first tested the effects of chil-
ling stress at 4 °C on poplar leaf photosynthesis capability
and ion leakage, both of which are important criteria for
estimating the degree of damage experienced by a plant in
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(a)

Cold stress

Control 1d 3d 7d

White-
light

Fv/Fm

Fv/Fm 0.0 0.5 1.0

Fig. 1 Effects of cold stress on the leaf photosynthesis capability and
electrolyte leakage. a Phenotype of poplar leaves subjected to cold
stress at 4 °C. Poplar seedlings were cultivated under normal
conditions for 3 weeks and then subjected to cold stress at 4 °C. At
the indicated time points, images were captured, and the photosyn-
thetic capabilities and ion leakage values were recorded. The
photosynthetic capabilities were recorded as Fv/Fm using a PAM
chlorophyll fluorometer (right). Images captured under white light

response to chilling stress. As shown in Fig. 1a, prolonging
the chilling time markedly suppressed the leaf photosyn-
thesis capability, as measured by Fv/Fm,the parameter to
reflect the leave photosynthesis capability. We found that
low-temperature treatment gradually reduced the ratio of
Fv/Fm, and reduction continued to decrease throughout the
observation period at 4 °C (Fig. 1b). The ion leakage is an
important index of plasma membrane intactness. We found
that ion leakage in leaves gradually increased after chilling
treatment at 4 °C (Fig. 1c). These data suggest that chilling
stress suppressed leaf viability by suppressing the leaf
photosynthesis capability and enhancing leaf electrolyte
leakage.

Quantitative protein profiling of poplar in response
to chilling

To establish the underlying mechanism of poplar’s
response to chilling stress, we conducted an iTRAQ pro-
teome analysis of differential protein changes in poplar
leaves after 1, 3, or 7 days of chilling treatments. The
sample without cold treatment was used as the control. We
repeated the experiments three times and total spectra were
generated and the data collected were analyzed with
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were used as controls. The pseudocolor code depicted at the bottom of
the images ranges from 0 (red) to 1.0 (purple). The experiment was
repeated three times with similar results. One representative leaf is
shown. Bars 1.5 cm. b Average Fv/Fm values and ion leakage. Fv/Fm
and electrolyte leakage were determined for whole leaves subjected to
cold stress at 4 °C for the indicated periods. Data represent the means
of five replicate experiments (SE). Means denoted by different letters
show significant differences at P < 0.05 according to Tukey’s test

Mascot software. We then determined the ratios of the
protein abundance for the following three groups: (1) 1 day
of chilling treatment/the control without treatment, (2)
3 days of chilling treatment/the control without treatment,
and (3) 7 days of chilling treatment/the control without
treatment, with a fold change cutoff of >1.5 for increased
expression and <0.5-fold for decreased expression. Our
iTRAQ results showed that a total of 114 proteins had
significant differences in expression (P < 0.05). Among
them, 69 proteins were up-regulated (>1.5-fold) and 45
proteins were down-regulated (<0.5-fold) after chilling
treatment, respectively (Tables 1, 2, Suppl. Table S1). The
114 identified protein species were divided into ten groups
based on their biological functions (Tables 1, 2; Fig. 2a).
Most of these proteins were classified in the group of
material and energy metabolism, followed by plant hor-
mone and antioxidant proteins and enzymes (Fig. 2a).
Among the 69 up-regulated proteins and 45 down-regu-
lated proteins, a total of 24 proteins were constitutively
increased and 8 proteins were constitutively decreased,
respectively, at all time points (Fig. 2b). We next con-
ducted a hierarchical cluster analysis to categorize the
proteins that showed differential expression profiles during
chilling stress (Fig. 3c). We noticed that antioxidant
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Table 1 Cold-induced differential proteins in the poplar leaves after 1 day, 3 day and 7 days of chilling treatment compared with the control
sample without chilling treatment

Accession Protein names 114:113° P value Average 115:113° P value Average 116:113° P value Average
number* 118:117° 119:117° 121:117°
114:117¢ 114:117¢ 116:117¢

Antioxidant proteins and enzymes

gil222843925  Thioredoxin m .12 0.02 1.15 2.14 003 222 282 003 2.82
1.04 003 2.23 00.3 289  0.02
128 001 2.29 0.02 276 0.03

gil566209174  Peroxiredoxin family 1.66  0.02 1.63 1.70 002 175 124 003 1.28
protein 178 0.3 1.72 0.03 132 0.02
145  0.04 1.84 0.02 128 0.2

gil224103203 L-ascorbate peroxidase 1.69 0.00 1.67 2.52 0.03 2.53 3.46 0.03 3.36
family protein 157 0.02 2.46 0.02 326 0.05
176  0.03 2.61 0.02 335 0.03

gil90818818  Catalase 120 0.02 1.18 2.23 0.02 228 138 003 135
1.02 001 2.29 0.03 126  0.05
132 004 2.31 0.02 141 0.04

gil224146003 Copper/zinc superoxide 0.89  0.02 0.89 252 0.03 188 .12 0.03 1.09
dismutase 3 family protein 96 .03 1.45 0.03 .10 0.02
0.83  0.02 1.67 0.02 .05  0.02

gil224138586  Ascorbate peroxidase family 1.19 0.03 1.22 3.55 0.01 3.45 2.53 0.03 2.54
protein 126  0.02 3.35 0.03 267 002
120 0.04 3.46 0.02 242 003

gil411101112  Ascorbate peroxidase 159 0.0l 1.60 2.41 0.02 233 120 0.02 1.25
1.56  0.02 2.24 0.03 121 003
1.65  0.02 2.35 0.01 135 0.2

113924490  Cytosolic glutamine 0.85  0.00 0.88 427 0.00 425 460 003 455
synthetase 096  0.03 4.15 0.02 456  0.02
0.83  0.03 432 0.02 449 003

gil566209945  Glutathione S-transferase 190  0.01 1.83 2.86 002 276 239 003 2.39

GST 15 family protein 1.78 0.02 275 0.03

2.67 0.03 223 0.05
182 0.03 254 003

gil224055539  Glutaredoxin C2 125 003 1.20 2.81 002 274 3.63 0.5 3.63
120 0.02 2.67 0.01 356 0.03
1.14 001 2.73 0.01 3.69  0.02

gil224089376  Glutathione peroxidase 110 0.02 1.06 3.67 0.02  3.66 282 003 2.74
1.02 003 3.74 0.03 267  0.05
1.06  0.03 3.57 0.01 273 0.02

Protein kinase and phosphatase

gil566205362 Protein phosphatase 2C 350 0.03 3.54 132 002 134 142 003 1.46
PPHI family protein 345 0.03 1.23 0.02 135 0.02
3.67 002 1.47 0.04 1.62 001

gil566180371 Phosphatase 2C family 0.86  0.03 0.85 1.62 0.02  1.63 1.69 0.3 1.65
protein 078  0.02 1.56 0.02 154 0.02
092  0.01 171 0.03 172 003

gil566190069  Kinase-associated protein 335 0.02 3.41 1.39 001 136 158 003 1.47
phosphatase 332 0.03 1.23 0.02 146 0.02
356 0.02 1.45 0.03 138 0.02
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Table 1 continued

Accession Protein names 114:113° P value Average 115:113° P value Average 116:113° P value Average
number® 118:117° 119:117° 121:117°
114:117° 114:117° 116:117°
gil566209085 Calcium-dependent protein 260 002 259 1.78 001 163 123 0.03 1.25
kinase 1 245 0.02 3.45 0.02 .12 002
273 001 1.67 0..03 139 0.02
gil566163373  Putative wall-associated .62 0.00 1.75 1.06 002 097 159 0.03 1.59
kinase family protein 177 0.02 0.89 0.01 155  0.02
1.86  0.03 0.95 0.03 .62 0.03
gil566211309 Mitogen-activated protein 2.01 0.02 2.11 1.12 0.00 1.24 1.17 0.04 1.27
kinase 7 213 0.02 1.25 0.01 139 005
219 0.0l 1.35 0.02 124 0.02
gil566191157  Serine/threonine protei n 102 000 095 2.23 0.03 225 297 0.3 2.87
kinase 098  0.02 2.36 0.01 275 0.02
0.86  0.03 2.15 0.02 2.89  0.02
Protein degradation
gil224074972  Ubiquitin-conjugating 126 0.00 1.31 3.53 0.02  3.52 212 0.03 2.22
enzyme E2-21 kDa 3 135 0.02 335 0.03 223 0.02
family protein 131 001 3.67 0.01 232 002
gil224105153  E3 ubiquitin ligase SCF 1.01 001 1.13 1.57 0.02 146 290  0.03 2.89
complex subunit SKP1/ 121 0.02 1.35 0.00 285 0.02
ASKI family protein 116 003 1.47 0.01 292 0.02
gil224122132  Ubiquitin-conjugating 1.93 0.2 1.88 1.56 0.02 149 126 0.03 1.24
enzyme family protein 1.87  0.02 1.47 0.02 129  0.04
1.84 0.0l 1.44 0.01 118 0.02
gil224141787 208 proteasome beta subunit ~ 2.02  0.02  2.08 1.61 0.02  1.65 1L14  0.02 1.23
Gl family protein 212 0.00 1.56 0.03 125 0.03
209  0.02 1.79 0.02 131 001
gil743888099  Autophagy protein 5 155  0.03 1.60 2.62 002 2.64 1.09  0.00 1.01
1.67  0.04 2.56 0.02 096  0.03
159 0.02 2.74 0.01 0.99  0.03
gil550318931  Autophagy 4b family 177 0.03 1.75 2.13 0.02 228 111 0.03 1.18
protein 1.67  0.02 2.24 0.03 123 0.02
1.82 001 247 0.01 .19  0.04
Plant hormone metabolism
2il566215821  Auxin response factor 2 1.60  0.02 1.70 3.37 0.02 348 261 0.05 2.60
family protein 1.67  0.02 3.39 0.02 267 002
1.83 0.0l 3.67 0.01 251 0.03
gil566167965 Auxin response factor 10 1.74 0.03 1.74 2.67 0.03 2.66 1.18 0.04 1.26
family protein 1.67  0.04 2.57 0.02 125  0.03
.82 0.02 274 0.03 135 0.02
2il566153852  9-cis-epoxycarotenoid 172 0.03 1.74 2.02 0.02 213 139 0.03 1.44
dioxygenase NCED 1.67  0.02 2.12 0.01 152 0.02
1.84 001 2.24 0.01 141 0.02
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Table 1 continued

Accession Protein names 114:113° P value Average 115:113° P value Average 116:113° P value Average
number® 118:117° 119:117° 121:117°
114:117° 114:117¢ 116:117°
gil224114876 Ethylene-responsive 153 0.02 1.65 2.43 0.03 244 270 0.01 2.78
element-binding factor 4 173 0.03 2.35 0.01 279 0.02
family protein 168 0.00 254 0.00 284 001
gil222846101  S-adenosyl-L- 123 0.02 1.20 2.98 002 2.87 .12 0.03 121
methionine:carboxyl 121 0.03 2.85 0.02 132 0.02
I‘:;Ztt};iyrlframfm“ family 6 002 2.79 0.03 120 001
gil62125392  Auxin-responsive protein 154 0.3 1.58 2.37 0.02 236 259  0.03 2.59
IAA 159 0.04 2.24 0.02 268  0.02
1.62 001 247 0.01 249 001
gil566202999  Gibberellin 20-oxidase 1.67  0.03 1.76 161 0.03 167 261 0.03 2.63
family protein 178 0.02 1.75 0.02 256 0.01
182 0.0l 1.64 0.01 272 0.02
gil227345104 Lipoxygenase, partial 1.67  0.03 1.71 1.74 003  1.78 277 0.03 2.72
178 0.02 1.76 0.02 271 0.02
1.69 001 1.84 0.02 268 001
gil7576446 1-aminocyclopropane-1- 2.15 0.03 2.19 2.56 0.03 2.54 1.98 0.02 1.89
carboxylate oxidase 223 0.02 2.59 0.04 1.86  0.02
218 0.0l 2.46 0.03 182 0.03
gil222844179  Allene oxide synthase 192 0.04 1.92 2.15 0.03 224 312 001 3.26
family protein 1.99  0.03 2.25 0.03 323 0.2
1.84  0.02 231 0.01 342 0.03
gil7576446  1-aminocyclopropane-1- 215  0.03 2.19 2.56 0.03 254 198  0.02 1.89
carboxylate oxidase 223 0.02 2.59 0.04 1.86  0.02
218 001 2.46 0.03 182  0.03
Material and energy metabolism
gil566208506 Glucose-6-phosphate 112 0.02 1.11 3.26 0.03 335 260  0.03 2.73
dehydrogenase .01  0.03 3.35 0.02 285  0.03
1.19 001 3.45 0.04 274 0.02
gil226452183 Chloroplast glutamine 185 001 186 2.38 0.03 237 1.10  0.03 1.13
synthetase 193 0.02 245 0.02 123 0.02
179  0.01 227 0.02 1.05 0.2
gil566208506 Ferredoxin-dependent 1.69 0.03 1.67 1.99 0.03 1.85 271 0.02 2.78
glutamate synthase family 1.85 0.02 285 0.02
protein 158 0.02 1.72 0.02 277 0.03
173 0.02
gil224112589  Sedoheptulose-1 family 170 0.01 1.74 2.58 0.03 247 137 0.03 1.48
protein 183 02 145 001
1.69 03 2.35 0.02 1.62 0.2
0.04 247 0.02
gil224111294  Spermidine synthase family 1.78 0.02 1.79 2.50 0.03 2.44 3.17 0.03 3.22
protein 1.88  0.03 2.48 0.02 323 0.2
172 0.02 2.34 0.02 325 001
gil566211147 Aquaporin TIP-type alpha 201 002 2.10 2.85 0.03 276 295 003 2.85
family protein 212 0.03 2.75 0.01 286  0.02
2.16  0.02 2.68 0.02 275 0.02
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Table 1 continued

Accession Protein names 114:113° P value Average 115:113° P value Average 116:113° P value Average
number® 118:117° 119:117° 121:117°
114:117° 114:117° 116:117°
gil566161404 Aquaporin TIP2.3 family 112 0.02 1.16 2.46 0.03 249 208  0.03 2.14
protein 123 02 2.49 0.01 212 0.02
1.14  0.03 251 0.02 223 0.02
gil224136894 Putative esterase family 092 001 0.91 131 0.03 132 1.59  0.03 1.64
protein 0.95  0.00 1.25 0.02 1.65  0.03
0.86  0.02 1.39 0.02 1.67  0.02
gil224086942  Esterase d, 250  0.02 2.35 3.86 0.02 385 281 003 2.75
s-formylglutathione 234 0.03 3.95 0.03 275 0.02
hydrolase 220 0.03 3.75 0.01 269 002
gil224100561  Fasciclin-like domain- 099  0.02 0.99 1.20 0.03 123 205  0.03 2.06
containing protein 092  0.00 1.15 0.03 202 0.02
1.05 001 1.34 0.02 212 002
gil224161898 Flavanone 3-hydroxylase 2.27 0.02 225 3.34 0.03 3.47 2.26 0.01 2.28
232 0.03 3.45 0.02 235 0.02
216  0.04 3.62 0.01 224 0.02
gil224145588  Flavonol synthase 1 134 0.02 1.37 2.18 002 214 290  0.03 2.85
134  0.03 2.05 0.03 285  0.03
144  0.02 2.19 0.00 279 0.02
gil224129102 Formate dehydrogenase 2.35 0.03 2.38 3.21 0.02 3.40 1.69 0.03 1.76
243 002 3.34 0.02 176 0.03
236 001 3.64 0.01 182 0.02
gil224124942  s-Adenosylmethionine 141 001 1.30 3.93 003 372 225 0.02 2.41
synthetase 2 123 0.00 3.48 0.02 253 0.02
125 0.02 3.75 0.02 246 001
gil224055837  Serine 155 001 1.64 1.64 0.03  1.69 3.18  0.03 3.24
hydroxymethyltransferase 3.23 0.02
1.67  0.02 1.75 0.02 332 0.03
1.69  0.03 1.68 0.03
gil89214190  Glucose-6-phosphate 371 0.02 3.67 2.95 003 291 150  0.03 1.54
dehydrogenase 356 0.03 2.85 0.02 145  0.02
373 001 2.94 0.01 1.67  0.02
gil566180559 Metal transporter Nramp3 156  0.00 1.65 2.44 0.03 239 341 0.3 3.34
family protein 1.67  0.02 2.32 0.02 332 0.03
172 0.03 242 0.02 329 0.02
gil57283313 ~ Ammonium transporter 1.04 0.00 1.08 3.77 0.03 3.72 2.57 0.02 2.66
113 0.02 3.65 0.01 265 003
1.08 0.3 3.74 0.00 276  0.02
gil222843909 Fructose-1 family protein 222 0.02 222 3.06 0.03  3.09 204  0.03 2.14
229  0.03 3.12 0.02 221 0.02
2.16  0.03 3.08 0.01 218  0.02
gil307949452  Cinnamyl alcohol 1.88  0.03 175 2.39 0.03  2.132 225 0.03 2.30
dehydrogenase 1.65  0.02 2.26 0.02 229  0.02
171 0.04 2.31 0.02 236  0.03
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Table 1 continued

Accession Protein names 114:113° P value Average 115:113° P value Average 116:113° P value Average
number® 118:117° 119:117° 121:117°
114:117¢ 114:117° 116:117¢
gil566159968  S-nitrosoglutathione 1.23 0.04 1.28 2.35 0.02 2.51 1.56 0.02 1.57
reductase 1.53 0.03
1.30 0.03 2.65 0.02 1.62 0.01
1.32 0.02 2.52 0.01
gil743935527 Nitrate reductase 1.56 0.03 1.60 225 0.00 2.28 1.63 0.03 1.58
1.65 0.02 2.32 0.02 1.55 0.02
1.58 0.03 2.28 0.01 1.58 0.03
Epigenetics modification
2il224131666 Histone deacetylase 1.05 0.030 1.14 2.92 0.02 2.89 2.41 0.03 2.32
1.13 0.02 2.85 0.03 2.21 0.03
1.23 0.02 2.89 0.04 2.35 0.04
Defense protein
gil224112795 Heat shock protein 70 2.23 0.03 241 2.32 0.03 2.46 3.32 0.02 1.40
2.35 0.02 2.45 0.02 3.36 0.03
2.65 0.03 2.62 0.05 3.52 0.03
2il224109416  18.2 kDa class I heat shock 3.32 0.03 3.38 2.89 0.02 2.82 2.45 0.03 2.44
family protein 336 0.02 2.85 0.03 252 0.02
3.45 0.03 2.74 0.03 2.37 0.03
2il566167535 Heat shock family protein 1.35 0.02 1.31 2.20 0.03 2.26 2.32 0.02 2.26
1.28 0.03 223 0.03 221 0.03
1.30 0.01 2.34 0.01 2.24 0.03
gil224059176  26.5 kDa class I small heat 1.52 0.032 1.57 223 0.03 2.27 2.98 0.02 291
shock family protein 158 0.02 2.35 0.02 288 0.02
1.62 0.01 2.24 0.02 2.86 0.03
2il743879886 Delta-1-pyrroline-5- 1.79 0.03 1.76 3.48 0.02 3.60 2.43 0.02 2.35
carboxylate synthase .82 0.02 3.65 0.03 232 0.02
1.67 0.02 3.67 0.01 2.29 0.03
gil743844755  Pyrroline-5-carboxylate 1.55 0.02 1.61 1.98 0.02 1.91 2.32 0.04 2.36
reductase 1.65 0.02 1.88 0.03 2.35 0.03
1.64 0.02 1.86 0.02 2.42 0.04
gil222850426 Cysteine desulfurase family 1.09 0.03 1.08 2.80 0.03 2.80 3.39 0.02 3.38
protein 1.02 0.02 2.76 0.02 3.32 0.03
1.14 0.03 2.84 0..01 342 0.02
Transcriptional factors
gil259121425 WRKY transcription factor 1.87 0.02 1.86 1.37 0.02 1.31 1.16 0.03 1.27
30 196 0.03 136 0.02
1.75 0.04 1.26 0.03 1.29 0.02
1.31 0.05
2il259121399 WRKY transcription factor 2.58 0.04 2.55 2.71 0.02 2.72 2.65 0.02 2.69
7 245 0.02 2.66 0.03 268  0.03
2.63 0.03 2.72 0.02 2.75 0.04
gil355398573 WRKY transcription factor 1.17 0.03 1.13 2.94 0.01 291 2.55 0.03 2.55
1.03 0.02 2.89 0.02 2.49 0.03
119 0.03 291 0.03 2.62 0.04
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Table 1 continued

Accession Protein names 114:113° P value Average 115:113° P value Average 116:113° P value Average
number® 118:117° 119:117° 121:117°
114:117° 114:117° 116:117°
gil566195301 bHLH family protein 3.01 0.02 3.10 1.72 0.01 2.70 1.34 0.05 1.44
3.12 0.03 1.68 0.02 1.45 0.02
3.17 0.01 1.71 0.03 1.52 0.03
2il566199296 bZIP transcription factor 1.28 0.03 1.26 3.57 0.03 3.59 3.56 0.03 3.57
family protein 114 0.02 3.52 0.03 3.68  0.02
1.35 0.03 3.67 0.02 3.47 0.03
2il224105353  bZIP transcription factor 1.50 0.01 1.44 1.42 0.02 1.41 2.48 0.03 2.55
family protein 135 0.02 256 0.03
1.48 0.03 1.39 0.04 2.62 0.04
1.42 0.02
gil224110988 Ethylene response factor 1 1.09 0.02 0.97 2.98 0.03 2.87 1.39 0.03 1.44
family protein 095 003 278 0.02 146 0.02
0.88 0.01 2.84 0.01 1.47 0.02

# The protein ID from NCBI

® Using one kit to label eight differential individual iTRAQ samples of control, 1, 3, and 7 days of cold treatment. The tags of 113 and 115 were
used to label the control samples; the tags of 114 and 118 were used to label the samples after 1 day of cold treatment; the tags of 115 and 119
were used to label the samples after 3 days of cold treatment; the tags of 116 and 121 were used for the samples after 7 days of cold treatment

¢ Using another kit to label four differential individual iTRAQ samples of control, 1, 3, and 7 days of cold treatment. The tags of 113 and 115
were used to label the control samples; the tags of 114 and 118 were used to label the samples after 1 day of cold treatment; the tags of 115 and
119 were used to label the samples after 3 days of cold treatment; the tags of 116 and 121 were used to label the samples after 7 days of cold

treatment

enzymes and proteins, such as catalase (gil90818818),
ascorbate peroxidase (gil411101112), and glutathione per-
oxidase (gil224089376), were up-regulated upon exposure
to chilling stress and clustered together (Fig. 2c). In addi-
tion, proteins involved in NO metabolism, including NR
(gil743935527) and GSNOR (gil566159968), were up-
regulated in response to chilling stress. Proteins associated
with plant hormone biosynthesis and response, such as
auxin response factor 2 family protein (gil566215821),
I-aminocyclopropane-1-carboxylate oxidase (gil7576446),
and allene oxide synthase family protein (gil222844179),
and the defense response, such as heat shock protein 70
(gil224112795) and delta-1-pyrroline-5-carboxylate syn-
thase (gil743879886), were differentially accumulated,
suggesting their critical roles during poplar exposure to
chilling stress.

Chilling stress enhanced the accumulations of NO
and RNS, and the activities of NR, NOS,
and GSNOR

NO is reported to increase tolerance to cold stress in
Arabidopsis (Zhao et al. 2009). Here, our iTRAQ results
showed that proteins associated with NO metabolism
including NR (gil743935527) and GSNOR (gil566159968)

were increased after chilling stress, suggesting the
potential role of NO in poplar’s response to chilling
stress. Thus, we determined NO levels in poplar leaves
after exposure to chilling stress. Chilling treatment
induced a striking increase in NO levels in poplar leaves
after 1, 3, and 7 days of treatment (Fig. 3a). NR and
NOS are two major enzymes responsible for NO gener-
ation in plants (Neill et al. 2002b). Chilling stress
induced both NR and NOS enzyme activity (Fig. 3b),
which correlates with the iTRAQ results indicating that
the levels of both enzymes increased after chilling stress.
Chilling-induced activities of NR and NOS peaked after
3 days of treatment and then slightly declined after 5 and
7 days of treatment. These data suggest that NO is the
endogenous signal that regulates poplar’s response to
chilling stress.

NO and its derivatives can react with thiol in the
tyrosine residues to form S-nitrosothiols (SNOs), which
have been shown to alter the activity, localization, or
conformation of target proteins (Spadaro et al. 2010;
Spoel and Loake 2011). Cellular SNO level are con-
trolled by the conserved cytosolic enzyme GSNO
reductase (GSNOR) (Frungillo et al. 2014). Our iTRAQ
data demonstrated that chilling stress induced the accu-
mulation of poplar GSNOR (gil566159968), suggesting a
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= Antioxidant proteins and enzymes = Protein kinase and phosphatase
Protein degradation Plant hormone metabolism
= Material and energy metabolism = Epigenetic modifications

m Defense proteins

m Transcriptional factors

(b)

Up-regulated protein Down-regulated protein

Fig. 2 Characterization of proteins differentially expressed in poplar
after exposure to cold stress. a Functional classification of proteins
that were differentially expressed after exposure to cold stress.
b Venn diagram analysis of proteins that were differentially expressed
after cold stress. 1 day/control: the differential protein number
between 1 day of cold treatment and the control; 3 days/control: the
differential protein number between 3 days of cold treatment and the
control; and 7 days/control: the differential protein number between
7 days of cold treatment and the control. ¢ Hierarchical clustering of

possible role for GSNOR in regulating the cytosolic
redox status and SNO levels. To evaluate this possibility,
we firstly measured the level of SNOs in poplar leaves.
Similar to the pattern observed for NO generation,
chilling treatment markedly gradually induced the accu-
mulation of total SNOs in poplar leaves after chilling
treatment (Fig. 3c¢). Chilling stress also induced GSNOR
activity, which peaked after 3 days of treatment
(Fig. 3d). This result correlates with the iTRAQ data
presented above. However, GSNOR activity declined
after 5 and 7 days of chilling treatment, although the
activity remained higher than that of control leaves not
subjected to chilling treatment (Fig. 3d), suggesting the
existence of a feedback mechanism that suppressed the
increase in GSNOR activity after 5 days of chilling
treatment.

© 1 day/control
O 3 day/control
© 7 day/control

(c)

0.5 1 2

the poplar leaf protein expression profile following cold stress
treatment. Different colors correspond to the differential expression
ratios of proteins, depicted in the bar at the bottom of the figure.
Three-week-old poplar seedlings were subjected to cold stress at 4 °C
for 1, 3, and 7 days, and seedlings not subjected to cold treatment
were used as the control. Differences in protein accumulation between
the treatment and control sample were compared by iTRAQ, and
ratios of >1.5 or <0.5 were selected as cutoffs for differential protein
expression

Chilling stress induced ROS accumulation
and antioxidant enzyme activity

Because the iTRAQ results showed that chilling stress
induced the accumulation of a set of antioxidant enzymes,
and ROS including H,O, and O, are important signals
that mediate the plant’s response to abiotic stress (Neill
et al. 2002a), we investigated whether chilling stress-in-
duced ROS accumulation and whether the antioxidant
enzymes were involved in ROS scavenging. We first
quantified in situ ROS levels, including those of H,O, and
0,7, in leaves exposed to chilling stress. In the absence of
chilling stress, poplar leaves accumulated low levels of
H,0,, as indicated by 3,3'-diaminobenzidine (DAB)
staining. One day of exposure to chilling stress slightly
increased the accumulation of H,O,, but 3 or 5 days of

@ Springer
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Fig. 3 Effects of cold stress on the generation of NO and SNO, and
on the activities of enzymes involved in NO metabolism. Three-week-
old poplar seedlings were subjected to cold stress at 4 °C for 1, 3, 5,
and 7 days, and seedling maintained at 25 °C were used as the
control. The generation of NO (a) and SNO (c¢), the enzyme activities

chilling stress resulted in increased H,O, levels, and
browning of the leaves. H,O, levels increased after 7 days
of chilling stress (Fig. 4a). This generation pattern for O,
is similar to that for superoxide radicals, as indicated by
nitroblue tetrazolium (NBT) staining. Compared with
control leaves, chilling treatment, especially for 5 or
7 days, markedly increased O,  accumulation (Fig. 4a). In
accordance with this phenotype, the quantitative data of
H,0O, (Fig. 4b) and O,  (Fig. 4b) also demonstrate that
chilling treatment substantially induced the increase of
H,0, and O, compared with the control leaf not subjected
to cold stress. Malondialdehyde (MDA) is the important
index to reflect the damage degree of plant plasma mem-
brane under chilling injury. Here, we also found that cold
treatment gradually increased the MDA content in the
poplar leaves (Fig. 4c).

The antioxidant enzyme system could maintain ROS at
acceptable levels during environmental stress. Our iTRAQ
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of NR and NOS (b), and GSNOR enzyme activity (d) were measured.
Data represent the means of three replicate experiments (+SD). The
means denoted by different letters indicate significant differences
according to Tukey’s test (P < 0.05)

results showed that chilling stress increased the content of a
series of antioxidant enzymes, suggesting their potential
role during chilling stress. We thus monitored the antiox-
idant enzyme activities of MDHAR, DHAR, APX, and GR
(Fig. 4d—g) and found that chilling stress gradually induced
these enzymes activities to different degrees. These results
are in good agreement with our iTRAQ results and indicate
the possible role of these antioxidant enzyme in suppress-
ing the over-accumulation of ROS during chilling stress.

Controlling NO metabolism affects the response
of poplar leave to chilling stress

Our above results showed that chilling stress induced NO
accumulation and GSNOR activity, and increased SNO
levels. To further determine the potential roles of NO and
GSNOR in modulating poplar’s response to chilling stress,
we treated the poplar plantlets with the NO scavenger
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Fig. 4 Effects of cold stress on ROS generation and antioxidant
enzymes activities in poplar leaves. Three-week-old poplar seedlings
were subjected to cold stress at 4 °C for 1, 3, 5, and 7 days, and
seedlings maintained at 25 °C were used as the control. The in situ
accumulation of H,O, and O,  was detected by DAB and NBT
staining (a). The experiment was replicated three times with similar
results. One representative leaf is shown. Quantification of H,O, and

cPTIO, and the GSNOR inhibitor N6022 or DA, respec-
tively, by adding these inhibitors to the hydroponic solu-
tion, before subjecting the plants to chilling treatment. As
shown in Fig. 5a, pretreatment with cPTIO, N6022, or DA
markedly increased the plant’s sensitivity to chilling stress,
as indicated by the lower Fv/Fm fluorescence (Fig. 5b) and
higher ion leakage (Fig. 5c¢) in leaves exposed to 3 days of
chilling stress, compared with control leaves. These data
suggest that reducing NO accumulation by cPTIO or
increasing RNS accumulation by GSNOR inhibitors dam-
ages the leaves. We also found that treatment with the
GSNOR enzyme inhibitor D6022 or DA markedly
increased the accumulation of SNOs and suppressed the
activity of GSNOR in poplar leaves after 3 days of chilling
treatment (Fig. 6a, b). Treatment with the NO scavenger
cPTIO did not significantly affect the activity of GSNOR,
but significantly reduced the generation of SNOs (Fig. 6b),

0O, (b), the accumulation of MDA (c), and the antioxidant enzyme
activities of MDHAR (d), DHAR (e), APX (f), and GR (g) were
analyzed after cold stress treatment for the indicated periods. Data
represent the means of three replicate experiments (SE). Means
denoted by different letters show significant differences at P < 0.05
according to Tukey’s test

possibly because cPTIO completely removed the NO that
is required for SNO production in planta. The GSNOR
enzyme inhibitor N6022 or DA also reduced the NR and
NOS activity in the leaves after 3 days of chilling treat-
ment, but cPTIO did not significantly affect NR or NOS
activity (Fig. 6c, d).

We then observed the in situ accumulation of H,O, and
O, after treatment with the NO scavenger cPTIO or the
GSNOR inhibitor N6022 or DA followed by 3 days of cold
stress. As shown in Fig. 7a, poplar leaves exposed to
3 days of chilling stress accumulated much higher levels of
H,0, than did control leaves not subjected to chilling
stress. Pretreatment with cPTIO, N6022, or DA, respec-
tively, markedly increased the in situ H,O, accumulation
and resulted in leaf browning than only with 3 days of
chilling treatment (Fig. 7a). Furthermore, pretreatment
with cPTIO, N6022, or DA, respectively, also resulted in
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(a) 3 d cold

3 dcold 1 DA cPTIO

Control

C
A
£

| I
Fv/Fm 0.0

Fig. 5 Effects of treatment with the NO biosynthesis scavenger or
GSNOR inhibitors on the leaf’s photosynthesis ability and electrolyte
leakage under cold stress. a Phenotype of poplar leaves subjected to
NO biosynthesis inhibitors and GSNOR inhibitor under cold stress at
4 °C. Three-week-old poplar seedlings were treated with the GSNOR
enzyme inhibitor N6022 (5-chloro-3-(2-[(4-ethoxyphenyl)ethy-
lamino]-2-oxoethyl)-1H-indole 2-carboxylic acid,2 pM) or DA (do-
decanoic acid, 10 mM), or the NO scavenger cPTIO (30 uM),
respectively, under cold stress at 4 °C for 3 days, and the photosyn-
thetic capabilities were recorded by Fv/Fm imaging using a PAM

more dark blue spots in the leaves, in contrast to leaves
subjected only to 3 days of cold stress (Fig. 7a), suggesting
that more superoxide radicals accumulated after cPTIO,
N6022, or DA pretreatment. Consistent with the observed
in situ accumulation of H,O, and O, the quantitative data
demonstrated that pretreatment with cPTIO or N6022 or
DA, respectively, strongly enhanced chilling-induced H,O,
or O, accumulation (Fig. 7b). Malondialdehyde (MDA) is
a useful indicator of plasma membrane lipid oxidation and
damage. We found that 3 days of chilling increased the
MDA value and pretreatment with cPTIO, N6022, or DA
further increased the MDA value (Fig. 7c), suggesting that
cPTIO, N6022, or DA pretreatment aggravates chilling-
induced plasma membrane damage.

We further measured the antioxidant enzyme activities of
MDHAR, DHAR, APX, and GR after cPTIO, N6022, or DA
pretreatment and chilling stress (Fig. 7d—g). Chilling treat-
ment for 3 days markedly increased the activity of these
enzymes, and pretreatment with cPTIO, N6022, or DA for
12 h, respectively, partially suppressed these antioxidant
enzymes’ activities compared with those in plants exposed
to only 3 days of chilling stress, which explains our finding
that pretreatment with cPTIO, N6022, or DA caused an
increase in H,O, and O, levels (Fig. 7a—c).
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chlorophyll fluorometer (right). Images captured under white light
were used as controls. The pseudocolor untreated leaves were used as
the control. The experiment was repeated three times with similar
results. One representative leaf is shown. Bars 1.5 cm. b Average Fv/
Fm values and ion leakage. Fv/Fm and electrolyte leakage were
determined for whole leaves subjected to the inhibitors described
above, and then subjected to cold stress at 4 °C for the indicated
periods. Data represent the means of five replicate experiments (SE).
Means denoted by different letters show significant differences at
P < 0.05 according to Tukey’s test

Controlling NO metabolism affects defense-related
protein accumulation during chilling stress

A previous study demonstrated that proline synthesis
enhances Arabidopsis tolerance to cold stress (Zhao et al.
2009). Interestingly, our iTRAQ results showed that chil-
ling induced the accumulation of P5CS (delta-1-pyrroline-
5-carboxylate synthase, gil743879886) and PSCR (pyrro-
line-5-carboxylate reductase, gil743844755), both of which
are important for proline biosynthesis. Furthermore, the
accumulation of proline dehydrogenase (gil743906676),
which catalyzes proline degradation, was reduced after
chilling stress, suggesting that proline metabolism is
involved in poplar’s response to chilling stress. We thus
measured the proline content in polar leaves after chilling
stress and found that chilling stress indeed caused proline
to accumulate in leaves (Fig. 8a). Treatment with the
GSNOR inhibitor DA and N6022 or NO scavenger cPTIO
markedly suppressed cold-induced proline biosynthesis in
polar leaves (Fig. 8a), suggesting a role for NO metabolism
in controlling proline biosynthesis under cold stress.
Several lines of evidence indicate that the phyto-
horomones JA and ABA enhance tolerance to cold or
freezing stress in Arabidopsis (Baron et al. 2012; Hu et al.
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Fig. 6 Effects of different scavengers or inhibitors of RNS genera-
tion and RNS metabolism-related enzyme activity of poplar exposed
to 3 days of cold stress. Three-week-old poplar seedlings were
subjected to different scavenger or inhibitor treatments under cold
stress at 4 °C for 3 days, as described above; SNO accumulation

2013; Ding et al. 2015). Our iTRAQ data also demon-
strated that several proteins associated with JA and ABA
biosynthesis, such as 9-cis-epoxycarotenoid dioxygenase
NCED (gil566153852), lipoxygenase (gil227345104), and
allene oxide synthase family protein (gil222844179), were
up-regulated after 1 and 3 days of cold stress. In agreement
with these findings, the content of JA and ABA in poplar
leaves increased after 1 and 3 days of cold stress, and
suppressing GSNOR activity by N6022 or DA, or NO
accumulation by cPTIO also reduced JA or ABA accu-
mulation after cold treatment (Fig. 8b, c), suggesting that
NO signal-mediated JA and ABA biosynthesis has essen-
tial roles in poplar’s response to cold stress. Previous
research showed that ethylene is also a positive regulator of
cold or freezing stress in Arabidopsis (Catala et al. 2014).
In agreement with this, our iTRAQ data showed that the
levels of 1-aminocyclopropane-1-carboxylate oxidase,
(gil7576446), which is associated with ethylene biosyn-
thesis, increased after cold stress treatment in poplar
leaves. Furthermore, our iTRAQ data showed that proteins
associated with the auxin and gibberellin biosynthesis and
response pathways, such as auxin-responsive protein IAA
(gil62125392) and gibberellin 20-oxidase family protein
(gil566202999), increased after cold stress, suggesting
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(a) and the enzyme activities of NR (b), GSNOR (c), and NOS
(d) were measured. Data represent the means of three replicate
experiments (SE). Means denoted by different letters show significant
differences at P < 0.05 according to Tukey’s test

potential roles for auxin and gibberellin in the cold stress
response. A previous study showed that the WRKY tran-
scription factor is involved in Glycine max (soybean) or
Hordeum vulgare (barley) tolerance to cold stress (Mare
et al. 2004; Zhou et al. 2008). Our iTRAQ also provided
data that transcription factors, including those belonging to
the WRKY transcription factor family, such as WRKY
transcription factor 30 (gil259121425) and WRKY tran-
scription factor 17 (gil259121399), were differentially
regulated by cold stress. What is more, the bZIP tran-
scription factor family protein (gil566199296) and MYB
transcription factor R2R3 type (gil31980095) were also
involved in this process.

Previous studies showed that starch and sucrose sig-
naling are components of the cold stress response in
plants (Seo et al. 2011; Kong et al. 2014). Here, our
iTRAQ data revealed that glucose-6-phosphate dehydro-
genase (gil566208506) and a series of proteins involved in
photosynthesis were differentially regulated after cold
stress, suggesting that changes in sucrose accumulation
occur during cold stress. Indeed, we measured sucrose
accumulation in the leaves of poplar plants subjected or
not to various pretreatments and then exposed to cold
stress for 3 days, and found that suppressing GSNOR
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Fig. 7 Effects of N6022, DA, and cPTIO on ROS generation and
antioxidant enzyme activity in poplar leaves after 3 days of cold
stress treatment. Three-week-old poplar seedlings were subjected to
the indicated scavengers or inhibitors, followed by cold stress
treatment at 4 °C for 3 days. The in situ accumulation of H,O, and
0O,~ were detected by 3,3’-diaminobenzidine (DAB) and nitroblue
tetrazolium (NBT) staining, respectively (a). The experiment was

activity with N6022 or DA, or NO accumulation with ¢
PTIO also reduced sucrose accumulation after cold stress
(Fig. 8d).

Our iTRAQ data, as well as the physiological results
presented above, showed that chilling stress increased the
accumulation and activity of a series of enzymes,
including those involved in NO metabolism and in
antioxidant enzymes. To confirm this finding, we used
immunoblot analysis to measure the accumulation of
APX, SOD, GSNOR, and NR after 1, 3, and 7 days of
chilling stress. As shown in Fig. 9a, we found the chilling
treatment for 1 or 3 days increased these proteins’ accu-
mulations compared to the leaves without chilling stress.
Treatment for 7 days also induced protein accumulations
of GSNOR and NR, but not too strongly (Fig. 9a) Other
HSP proteins including HSP90 and HPS17.6 increased
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repeated three times with similar results. One representative leaf is
shown. The content of H,O, and O, (b), the accumulation of MDA
(c), and the antioxidant enzyme activities of MDHAR (d), DHAR (e),
APX (f), and GR (g) were analyzed. Data represent the means of three
replicate experiments (SE). Means denoted by different letters show
significant differences at P < 0.05 according to Tukey’s test

after chilling stress as observed by iTRAQ. Western
blotting analysis confirmed that these protein accumula-
tion increased after cold stress (Fig. 9a), while the tubulin
protein as loading control did not change during different
periods of chilling stress. We found that treatment with
cPTIO, which reduces NO accumulation, suppressed the
chilling-induced accumulation of APX, GR, SOD, HSP90,
and HSP17.6, suggesting that NO is an important signal
that mediates the chilling-induced accumulation of these
proteins (Fig. 9a). Similarly, suppressing GSNOR activity
by pretreatment with N6022 or DA also reduced the
chilling-induced accumulation of these defense-related
proteins (Fig. 9a). It is possible that loss of GSNOR
activity caused more accumulation of RNS to damage the
leaves by suppressing the accumulation of defense-related
proteins.
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Fig. 8 Effects of N6022, DA, and cPTIO on proline and sucrose
accumulation and phytohormone biosynthesis in poplar leaves after
3 days of cold stress. Three-week-old poplar seedlings were subjected
to the indicated scavenger or inhibitors, followed by cold stress at
4 °C for 3 days. The accumulation of proline (a) and sucrose (b) was

NO-modulated protein S-nitrosylation
during chilling stress

NO is a well-documented modulator of protein function by
modulating the status of protein S-nitrosylation (He et al.
2004; Frungillo et al. 2014). We therefore examined if
GSNOR is subjected to S-nitrosylation during chilling
stress using the biotin switch approach. This technique
relies on specific reduction of SNO groups by ascorbate
followed by their labeling with biotin. Using this tech-
nique, we found that GSNOR is S-nitrosylated after 1 day
of chilling treatment, while no obvious S-nitrosylation of
GSNOR was detected in leaves not exposed to chilling
treatment (Fig. 10a). Similarly, we found that chilling
treatment increased the protein S-nitrosylation of APX and
NR (Fig. 10a). Previous research reported that protein S-
nitrosylation suppressed the activity of GSNOR in Ara-
bidopsis (Frungillo et al. 2014). It is possible that S-nitro-
sylation also suppressed the activity of GSNORI1, APX,
and NR after prolonged chilling treatment, which may
explain our finding that long-term chilling (i.e., a 7-day
chilling treatment) reduced the activities of NR, GSNOR,
or APX in poplar leaves.
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measured, and the contents of JA (¢) and ABA (d) were analyzed.
Data represent the means of three replicate experiments (SE). Means
denoted by different letters show significant differences at P < 0.05
according to Tukey’s test

Treatment with the GSNOR inhibitor N6022 markedly
increased the protein S-nitrosylation degree of APX, NR,
and GSNOR in poplar leaves after 1 day of chilling stress
(Fig. 10a), probably because treatment with GSNOR
inhibitor induced the over-production of SNOs in leaves.
This result explains why treatment with N6022 aggravated
leaf damage in plants subjected to chilling stress. Our
iTRAQ data indicated that thioredoxin m (gil222843925)
was induced by cold treatment, and Kneeshaw et al. (2014)
reported that the Arabidopsis oxidoreductase thioredoxin-
h5 (TRXhS5) showed a selective protein denitrosylation
activity to modulate plant immunity. We also detected the
effect of thioredoxin on the cold-induced protein S-nitro-
sylation status. As shown in Fig. 10b, thioredoxin treat-
ment obviously reduced the S-nitrosylation status of
GSNOR after 3 days of cold stress; as the negative control,
we treated the sample after 3-day cold stress with the
reducing reagent dithiothreitol (DTT) to denitrosylate the
protein. DTT treatment completely abolished the protein
nitrosylation status for GSNOR, indicating a dynamic
regulating of protein S-nitrosylation and enzyme activity
by the NO signal and reducing the thioredoxin system in
the response of poplar to cold stress.
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Fig. 9 Effects of different scavengers or inhibitors on cold-respon-
sive protein expression and protein S-nitrosylation modification in
poplar leaves subjected to cold stress. a Effects of cold stress on cold-
responsive protein expression as determined by immunoblot analysis.
Total proteins were extracted from leaves subjected to cold stress for
the indicated periods, and the level of protein expression was
analyzed using the corresponding antibody. Tubulin is included as a
protein loading control. b Effect of the indicated scavenger or
inhibitors on protein expression in poplar leaves after 3 days of cold
stress. The poplar leaves were treated with cPTIO (30 pM), DA
(10 mM), or N6022 (2 uM), respectively, followed by 3 days of cold
stress, or only with 3 days of cold stress, and the protein expression
level was measured by immunoblot analysis using the corresponding
antibody. Tubulin is included as a protein loading control

Discussion

Poplar applies multiple strategies to enhance its
tolerance to chilling stress

Low-temperature stress is a major factor limiting the geo-
graphical distribution of plants and their growth and
development (He et al. 2004; Wilson et al. 2008; Yu et al.
2014). Many plants exposed to low temperatures have
evolved mechanisms to enhance their tolerance to cold
stress (Zhao et al. 2009). Identifying and characterizing the
genes involved in cold acclimation have advanced our
knowledge of the molecular mechanisms underlying cold
acclimation and freezing tolerance in plants. Previous
studies of cold acclimation mainly focused on crop plants,
such as rice and barley, or model plants, such as Ara-
bidopsis (He et al. 2004). The molecular mechanism
underlying the woody plant’s response to cold stress is
poorly understood. Here, we applied a quantitative pro-
teomic approach to investigate the molecular mechanism of
poplar’s response to chilling stress. Our iTRAQ results
showed that a series of proteins exhibited dramatic changes
after chilling stress. These proteins can be classified into
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ten categories. Among these, we identified proteins asso-
ciated with NO metabolism, including NR and GSNOR,
which suggests the importance of the NO signal during the
response to chilling stress in poplar. In agreement with this
notion, we found that the main enzyme activities respon-
sible for NO biosynthesis, including NR and NOS,
increased in activity after chilling stress, and that reducing
NO accumulation using the NO scavenger cPTIO reduced
the tolerance to chilling stress. Thus, NO is an important
factor in the response to chilling stress in poplar.

Previously, it was reported that NO enhanced the
accumulation of proline by modulating the expressions of
P5CS and ProDH to increase tolerance to cold stress in
Arabidopsis, and that this tolerance could be impaired by
treatment with an NR inhibitor or NO scavenger (Zhao
et al. 2009). We found that cold stress induced the rapid
accumulation of oxygen species, including H,O, and O,",
and increased both the level and activity of antioxidant
proteins, which suggests that cold stress increases the
activities of antioxidant enzymes to reduce ROS damage
(Figs. 4, 7), as a reduction in antioxidant enzyme activity
markedly increased the over-accumulation of ROS and
reduced the photosynthesis capability during cold stress.
Our iTRAQ and immunoblot analyses showed that cold
stress increased the accumulation of P5CS, P5SCR, and
proline. Such an effect could be inhibited by pretreatment
with the NO scavenger cPTIO (Figs. 8a, 9a), suggesting
that NO-mediated proline biosynthesis has a similar func-
tion in poplar as in Arabidopsis under cold stress. Fur-
thermore, cold also induced sucrose accumulation, and this
effect could be suppressed by pretreatment with a GSNOR
enzyme inhibitor or the NO scavenger cPTIO, which
confirmed the previous suggestion that starch and sucrose
signaling modulates cold stress in plants (Seo et al. 2011;
Kong et al. 2014).

Previous research showed that protein stability or pro-
tein degradation, such as ICE1 degradation in Arabidopsis,
was involved in the plant’s response to cold stress (Dong
et al. 2006). In plants, two major proteolytic systems
degrade damaged or oxidized proteins under stress, the
ubiquitin—proteasome system and vacuolar autophagy. In
plant cells, the ubiquitin—proteasome system and a specific
type of vacuolar autophagy, chaperone-mediated autop-
hagy, are involved in the degradation of proteins during
oxidative stress (Vierstra 1996). Autophagy is involved in
the degradation of oxidized proteins under oxidative stress
conditions in Arabidopsis (Xiong et al. 2007). In the
ubiquitin—proteasome system, ubiquitin is covalently
attached to target proteins through the action of three
enzymes known as El, E2, and E3, and ubiquitination
results in the degradation of the target protein. The iTRAQ
data presented in the present work demonstrated that cold
stress induced the accumulation of proteins involved in
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Fig. 10 Modification of protein S-nitrosylation status by cold stress.
a Cold induced the S-nitrosylation of NR, APX, and GSNOR. Poplar
leaves were treated with N6022 (2 uM), respectively, followed by
1 day of cold stress, or with only 1 day of cold stress, and the degree
of protein S-nitrosylation was measured by immunoblot analysis
using the biotin switch technique. Total NR, APX, or GSNOR
proteins were detected by the corresponding antibody before biotin
switch assay. Ponceau staining was used to confirm the equal addition
among different samples. During biotin switch assay, the sample
without Asc (20 mM ascorbate) treatment was used as the negative
control. The signal ratio means the protein S-nitrosylation degree in

protein degradation (Table 1). In addition, the iTRAQ and
immunoblotting analyses revealed that autophagy 4b and
autophagy 8 were induced after cold stress (Table 1;
Fig. 9a), suggesting the potential and novel role of autop-
hagy in degrading oxidative proteins during cold stress.
Given that NO has been reported to modulate protein
degradation in response to light stimulation (Lozano-Juste
and Leon 2011), it is possible that NO is also involved in
protein degradation during cold stress. Among the differ-
entially expressed proteins identified by iTRAQ, we iden-
tified several proteins associated with epigenetic
modification, including histone acetylation, such as histone
deacetylase (gil224131666) and SET domain protein
(gil224117488). These data suggest that epigenetic regu-
lation may contribute to the cold stress response in poplar.
In agreement with our data, a previous study demonstrated
that HDACs (histone deacetylases), including HDA6 and
HDA19, mediate histone deacetylation in response to ABA
or salt stress in Arabidopsis (Chen and Wu 2010). The
histone acetyltransferase (HAT) GCNS interacts with the
transcriptional adaptor (ADA) to regulate cold tolerance
(Stockinger et al. 2001). It is possible that cold-induced
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contrast to the total protein. b Modification of protein S-nitrosylation
status by thioredoxin. Poplar leaves were treated with 3 days of cold
stress, and the total proteins were extracted for biotin switch assay.
For thioredoxin treatment, thioredoxin (TRX, 50 pM) was incubated
with the total protein before detecting SNO-GSNOR by biotin switch
assay. For denitrosylation (De-nitro) treatment, DTT (5 mM) was
incubated with the total protein before protein S-nitrosylation
detection. The total GSNOR protein content was detected by a
GSNOR antibody. Ponceau staining ensures equal protein loading.
The signal ratio shows the S-nitrosylation degree of GSNOR in
contrast to the total GSNOR protein

epigenetic changes might be one of the mechanisms
underlying adaptation to cold stress in poplar.

It is reported that the plant hormones JA, ABA, and
ethylene positively regulate tolerance to cold stress in
Arabidopsis (Shi et al. 2012; Hu et al. 2013; Catala et al.
2014; Ding et al. 2015). Our iTRAQ data showed that
many proteins associated with JA, ABA, and ethylene
biosynthesis were induced after cold stress. Consistent with
this observation, we found that cold stress induced
increases in JA and ABA contents (Fig. 8c, d). Further-
more, proteins involved in gibberellin (GA) and auxin
signaling were also differentially accumulated after cold
stress. The GA signal has been reported to participate in the
plant’s response to abiotic stress through DELLA, which
interacts with EIN3 or JAZs, components of the JA signal
transduction pathway, to modulate the response to envi-
ronmental stress or development in Arabidopsis (An et al.
2012). Furthermore, it is possible that the GA signal
interacts with the JA or ethylene signal to control the
response to cold stress in poplar. In our study, we also
found that several proteins associated with cell division and
the cell cycle were less abundant after cold stress, which
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Fig. 11 Schematic representation of a proposed model for enhancing
poplar leaf tolerance to cold stress. Upon cold stress, NO production
is rapidly induced in the poplar leaves through NR or NOS enzyme
activity. NO plays the central role in enhancing poplar tolerance to
cold stress: NO can trigger the downstream defense response by
increasing proline and sucrose accumulation, induce phytohormone
biosynthesis, modulate cell division, and trigger various protein
degradation and epigenetic modification mechanisms. NO also
activates antioxidant enzymes, which scavenge the over-accumulated
ROS, and activate GSNOR activity to avoid the over-accumulation of
RNS subjected to cold stress. Furthermore, the NO signal fine-tunes
by feedback regulating NR, GSNOR, and APX enzyme activity
through protein S-nitrosylation

might explain the slow growth observed during cold
conditions.

Based on our iTRAQ data and physiological analysis,
we propose that poplar adopts multiple strategies, including
activating antioxidant enzyme activity, inducing proline,
phytohormones, and sucrose accumulation, controlling cell
division, triggering degradation at the post-translation
level, and even imitating epigenetic modification, to adapt
to cold environments.

GSNOR-mediated control of RNS levels and the NO
signal affect poplar defenses against chilling stress.

In plants, a burst of reactive oxygen and nitrogen species
can mediate the cellular response to the environment by
modifying cysteine residues in signaling proteins (Spadaro
et al. 2010). Cysteine reactivity toward NO leads to the
formation of SNOs, which play important roles in patho-
genesis and immunity (Liu et al. 2001). Arabidopsis
knockout mutants deficient in GSNO reductase 1
(GSNORU) fail to remove cellular SNOs and consequently
accumulate high levels of protein-SNO; these mutants are
also impaired in SA-dependent immune signaling and are
highly susceptible to disease (Feechan et al. 2005),
demonstrating that GSNORI1 plays a critical role in gov-
erning protein-SNO levels during the plant immune
responses. Our iTRAQ data revealed that cold stress
induced the accumulation of GSNOR, suggesting that this
enzyme functions in the response to cold stress in poplar.
Further enzyme activity analysis showed that GSNOR
activity was markedly increased after exposure to cold
stress. Cold stress also induced an increase in RNS,
whereas suppressing GSNOR activity reduced RNS
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content and further impaired leaf vigor, suggesting that
GNSOR adjusts RNS levels in poplar during cold stress. In
agreement with our result, a previous study showed that
GSNOR regulates NO homeostasis under high temperature
stress, and that loss of GSNOR activity rendered the Ara-
bidopsis GSNO reductase 1 (gsnorl) mutant more sensitive
to high temperatures (Lee et al. 2008).

Genetic manipulation of the NO signal in different NO
metabolism mutants also affects the plant’s response to
abiotic stress. Our iTRAQ results and physiological results
demonstrated that cold stress induced the NR and NOS
enzyme activities responsible for NO generation. Sup-
pressing NR and NOS activities reduced plant tolerance to
cold stress, inhibited antioxidant enzyme activities, and
increased ROS over-accumulation, confirming that the NO
signal enhances tolerance to cold stress in poplar by scav-
enging ROS. Suppressing NO generation also reduced pro-
line and sucrose accumulation, and influenced JA and ABA
biosynthesis, suggesting that the NO signal has broad
functions in triggering tolerance to cold stress in poplar.
Previously, feedback regulation of NR activity by the NO
signal during nitrate uptake was suggested (Frungillo et al.
2014). Our iTRAQ results and enzyme activity analysis
showed that long-term cold stress (i.e., for 5 or 7 days)
partially reduced NR and NOS activity compared with the
3-day treatment, suggesting that a similar feedback regula-
tory mechanism exists for NR activity in poplar under long-
term cold stress. NR activity has been coupled to GSNOR1
activity through S-nitrosylation modification in Arabidopsis
(Frungillo et al. 2014), because the over-generation of NO
by NR activity caused the over-accumulation of RNS, which
is strictly controlled by GSNOR activity, while RNS often
regulates enzyme activity through S-nitrosylation. Our
immunoblot analysis revealed that levels of S-nitrosylation
increased sharply after 5 days of cold stress, and that pro-
moting RNS accumulation by inhibiting GSNOR activity
further increased the S-nitrosylation degree of NR protein,
suggesting that NR activity is controlled by a novel post-
transcriptional modification mechanism under cold stress.
We also observed that APX is modified by S-nitrosylation.
The GSNOR enzyme itself could be S-nitrosylated after
long-term exposure to cold stress (Fig. 9c), which could
explain why long-term cold stress reduces GSNOR activity.
Recently, Kneeshaw et al. (2014) reported that the Ara-
bidopsis oxidoreductase thioredoxin-h5 (TRXhS) reverses
SNO modifications by acting as a selective protein-SNO
reductase. Thioredoxin is a class of small redox proteins and
plays a role in many important biological processes
including redox signaling, and it acts as antioxidant by
facilitating the reduction of other proteins by cysteine thiol—
disulfide exchange. Our iTRAQ data found that thioredoxin
m (gil222843925) was induced by cold treatment, suggest-
ing the potential role of thioredoxin in reverse S-
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nitrosylation modification to antagonize the damage of S-
nitrosylation on protein activity. Our iTRAQ data also show
that other proteins, such as L-ascorbate peroxidase family
protein (gil224103203), ascorbate peroxidase
(gil411101112), glutathione peroxidase (gil224089376), and
ascorbate peroxidase (gil411101112) could be induced after
cold stress; these enzymes could modulate the cytosolic
redox status that possibly reverse S-nitrosylation damage
during cold stress. Thus, GSNOR activity and protein S-
nitrosylation status may be regulated by a feedback mech-
anism in response to cold stress.

Based on our quantitative proteomics and physiological
findings, we conclude that poplar has multiple strategies to
enhance its adaptation to cold stress and that homeostasis
plays a central role in this process. We propose a model
that illustrates the essential function of the NO signal
during adaptation to cold stress in poplar (Fig. 11). Upon
cold stress, the poplar seedling quickly induces the gen-
eration of NO through enhancing NR and NOS enzyme
activity. NO is the central activator of antioxidant enzymes
that scavenge the over-accumulated ROS in response to
cold stress. Furthermore, NO also activates GSNOR to
reduce the over-accumulation of RNS after cold stress. NO
subsequently acts as the signal that activates the down-
stream defense response, including proline and sucrose
biosynthesis, stimulates phytohormone biosynthesis, and
controls cell division. Protein degradation and epigenetic
modification also participate in poplar’s response to cold
stress. Furthermore, NO and RNS homeostases are strictly
controlled by NR and GSNOR enzymes, respectively, and
the activities of NR, GSNOR, and antioxidant enzymes are
reduced by NO or RNS through a feedback mechanism
involving S-nitrosylation. In conclusion, we show that the
NO signal and GSNOR enzyme activity have important
roles in the plant’s response to cold stress in poplar. These
findings may be used to genetically engineer poplar with
enhanced resistance to cold stress.
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