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Abstract

Key message Our results based on proteomics data and
physiological alterations proposed the putative mecha-
nism of exogenous Spd enhanced salinity tolerance in
cucumber seedlings.

Abstract Current studies showed that exogenous sper-
midine (Spd) could alleviate harmful effects of salinity.
It is important to increase our understanding of the
beneficial physiological responses of exogenous Spd
treatment, and to determine the molecular responses
underlying these responses. Here, we combined a phys-
iological analysis with iTRAQ-based comparative pro-
teomics of cucumber (Cucumis sativus L.) leaves, treated
with 0.1 mM exogenous Spd, 75 mM NaCl and/or
exogenous Spd. A total of 221 differentially expressed
proteins were found and involved in 30 metabolic
pathways, such as photosynthesis, carbohydrate meta-
bolism, amino acid metabolism, stress response, signal
transduction and antioxidant. Based on functional clas-
sification of the differentially expressed proteins and the
physiological responses, we found cucumber seedlings
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treated with Spd under salt stress had higher photosyn-
thesis efficiency, upregulated tetrapyrrole synthesis,
stronger ROS scavenging ability and more protein
biosynthesis activity than NaCl treatment, suggesting
that these pathways may promote salt tolerance under
high salinity. This study provided insights into how
exogenous Spd protects photosynthesis and enhances salt
tolerance in cucumber seedlings.
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Abbreviations

ALA 5-Aminolevulinic acid

Ci Intercellular CO,

FwW Fresh weight

Gs Stomatal conductance

iTRAQ Isobaric tags for relative and absolute
quantification

NPQ Non-photochemical quenching

PAs Polyamines

Pn Net photosynthetic rate
ROS Reactive oxygen species
Spd Spermidine

TCA Tricarboxylic acid cycle
OPP Oxidative pentose phosphate pathway
Introduction

Saline land that contains high levels of salt, severely limits
plant growth and productivity. Salt stress is an increasingly
serious problem worldwide. High salinity depresses plant
growth by inducing an initial water deficit, which later
leads to secondary oxidative stress and ion-specific toxicity
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(Zhu 2001). In leaves, water deficit from salt stress causes
stomatal closure and a reduction in the photosynthetic rate
(Robinson et al. 1983). Oxidative stress accelerates the
generation of ROS, which disturbs the balance between
formation and removal of ROS, leading to damage mem-
brane structure and cellular apparatus (Triantaphylidés and
Havaux 2009). Na® accumulation in leaves negatively
affects photosynthetic efficiency, decreases the stability of
PSII and inhibits electron transport (Stepien and Johnson
2009). Furthermore, the ion imbalance aggravates hyper-
osmotic stress and nutrient deficiency in plants, limiting
plants growth (Zhu 2001). Under salt stress, a lot of
pathways are affected, including substance/energy meta-
bolism and signal transduction. To cope with salt stress,
new molecular technologies or exogenous growth regula-
tors have been used.

Polyamines (PAs) are ubiquitous low molecular weight
aliphatic nitrogen compounds that are positively charged at
physiological pH and are present in animals, plants and
bacteria (Groppa and Benavides 2008). In higher plants,
putrescine (Put), spermidine (Spd) and spermine (Spm) are
the major PAs. Many recent researchers investigated, PAs
could protect negatively charged macromolecules like
DNA, RNA, and some proteins (Alcazar et al. 2010). PAs
participate in signal transductions. ABA can induce PAs
biosynthesis genes expression. Put, one of the major PAs
has a positive feedback with ABA, Put and ABA can
promote each other’s biosynthesis under stress condition.
PAs catabolic products include H,O,, which can associate
with other signal molecule, like ABA, Ca’" and NO. PAs
are also reported to promote NO production had been
reported. In addition, biosynthesis of polyamine and ethy-
lene shared the common precursor SAM (S-Adenosyl
methionine). Therefore, ABA, H,O,, NO, Ca2+, PAs, and
ethylene could response to stress condition and become a
complex network from cells to whole plants(Alcdzar et al.
2010; Tanou et al. 2014). In many plant species, the ability
to regulate PAs levels has been linked to salt stress toler-
ance (Kasukabe et al. 2004; Moschou et al. 2008). Trans-
genic plants overexpressed PAs synthesis enzymes genes,
such as odc (ornithine decarboxylase) (Kumria and Rajam
2002), samdc (S-AdenosylL-methionine decarboxylase)
(Wi et al. 2006) and spds (spermidine synthase) (Kasukabe
et al. 2004), exhibited increased salt stress tolerance.
Application of exogenous PAs also have been reported
could alleviate salinity-induced damages in rice (Chat-
topadhayay et al. 2002; Roychoudhury et al. 2011), citrus
(Tanou et al. 2014), bermudagrass (Shi et al. 2013) and
cucumber.

Cucumber, an important vegetable crop, is sensitive to
high salinity, and rapidly senses exogenous PAs applica-
tion under salt stress (Duan et al. 2008). Recent studies in
cucumber suggested that exogenous application of Spd
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could work at different levels to enhance plant stress tol-
erance, e.g., by protecting cell membrane integrity,
improving ROS scavenging ability and increasing photo-
synthesis efficiency (Duan et al. 2008; Shu et al. 2014).
Despite many studies on the putative functions of exoge-
nous Spd in salt stress resistance, the physiological roles
and molecular responses remain unclear. Therefore, in this
study, we used the isobaric tags for relative and absolute
quantification (iTRAQ) technology to investigate proteins
change in cucumber leaves. iTRAQ is a powerful technique
for identified and quantified protein, especially for
hydrophobic and low-abundant proteins in environmental
conditions (Wang et al. 2013). We identified specific pro-
teins whose abundances changed under salt stress with
exogenous Spd using comparative proteomic analysis.
Combined with an analysis of important physiological
parameters, we revealed a close link between the differ-
entially expressed proteins and the observed physiological
alterations. The molecular responses to salinity stress
treated external Spd in cucumber seedling leaves was
proposed.

Materials and methods
Plant materials and treatments

Seeds of cucumber (Cucumis sativus L. Jinchun No. 2)
were germinated in the dark at 30°C for 20 h, sown in a
quartz sand-filled plastic tray, and growth in a greenhouse
at 28 £ 2°C (day)/18 % 2°C (night), under natural light
and a relative humidity of 60-70 %. After emergence of
the third leaf, cucumber seedlings were transferred to
18-L containers in a hydroponic system containing full-
strength Hoagland’s nutrient solution. The pH of the
nutrient solution was kept between 6.3 and 6.6. The
nutrient solution was renewed every 3 days and an air
pump was used to maintain the dissolved oxygen at
8.0 = 0.2 mg L™'. After 3 days of pre-culture, cucumber
seedlings were received to four different nutrient solution
treatments: Cont, 0 mM NaCl 4+ 0 mM Spd; Spd, 0 mM
NaCl 4+ 0.1 mM Spd (Sigma Chemical Co); NaCl,
75 mM NaCl; and NaCl+Spd, 75 mM NaCl + 0.1 mM
Spd. Total 36 plants of each treatment were measured or
harvested after 1, 3, and 6 days. All plants were separated
into roots, stems and leaves, and the fresh weight (FW)
was recorded. For proteomic analysis, leaves from 12
plants separated into two independent biological replicates
were harvested and washed with deionized water three
times before immersion into liquid nitrogen after 3 days
of each treatment. The samples were stored at —80°C for
further analyses. Leaf determinations used the third leaf
under the growing point.
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Measurement of leaf gas exchange and chlorophyll
fluorescence parameters

Leaf gas exchange parameters, including net photosyn-
thetic rate (Pn), stomatal conductance (Gs) and intercellu-
lar CO, (Ci), were measured using a
portable photosynthesis system (LI-6400; Li-COR Inc.,
Lincoln, NE, USA), and maintained leaf temperature at
25 °C, relative humidity in the leaf chamber at 70 %,
external CO, concentration at 380 & 10 pmol mol ' and
light intensity at 1000 pmol photons m~> s~'. Chlorophyll
fluorescence  parameters were measured with a
portable fluorometer (PAM-2100; Walz, Effeltrich, Ger-
many). After dark-adaptation, the measurement of maximal
photochemical efficiency of PSII (Fv/Fm), actual photo-
chemical efficiency of PSII (¢PSII) and non-photochemi-
cal quenching (NPQ) was measured as previously
described (Zhang et al. 2009).

Chlorophyll content

After 3 and 6 days of treatment, for chlorophyll measure-
ment, the FW of leaves from different treated plants was
measured after washing with distilled water; the tissues
were then extracted in 80 % v/v acetone. Chlorophyll
content was determined by the method previously descri-
bed (Porra et al. 1989). Six replicates were measured for
each treatment.

Protein extraction, digestion and iTRAQ labeling

Total protein was extracted using the cold acetone method
(Liu et al. 2014). Two biological replicates were carried out
for each sample. The sample was grinded to powder with
liquid nitrogen, then added 10 mL cooled acetone con-
tained 10 % trichloroacetic acid (TCA) to 1 g sample
powder at —20 °C for 1 h. The samples were then cen-
trifuged at 15,000 g for 15 min at 4 °C, collected the
deposit and added cooled acetone at —20 °C for 1 h, then
repeated. Suspended the deposit in cold phenol extraction
buffer and added equal volume of phenol saturated with
Tris—HCI (pH 7.5), then waggled the mixture for 30 min at
4 °C. After centrifuged (5000 g, 30 min at 4 °C), trans-
ferred the upper phenol phase to a new centrifuge tube and
repeated two to three times. Added five volumes of cold
ammonium sulfate-saturated methanol to precipitated the
proteins, and incubated at —20 °C for 3 h. After cen-
trifuged (5000 g, 30 min at 4 °C), the protein were sus-
pended and rinsed t with ice-cold methanol. Washed the
pellet with ice-cold acetone and centrifuged at 5000 g for
30 min at 4 °C more than three times. After final cen-
trifuged, the supernatant was decanted carefully and pellets
were air-dried for use. The concentrations of the protein

extracts were determined according to the Bradford method
(Bradford 1976). 100 pg protein samples were digested
with 50 pL of trypsin (50 ng pL™") (Promega, Madison,
WI, USA) at 37°C for 12 h. The samples were then labeled
using iTRAQ 8plex kits (AB Sciex Inc., Framingham, MA,
USA), according to the manufacturer’s protocol. The
control samples (Cont) were labeled with iTRAQ tags 113
and 114; Spd-treated samples were labeled with iTRAQ
tags 115 and 116; NaCl-treated samples were labeled with
117 and 118; and NaCl+4Spd-treated samples were labeled
with 119 and 121.

Strong cation exchange and LC-MS/MS analysis

After labeling, all samples were pooled and purified using a
strong cation exchange chromatography (SCX) column
(Agilent 1200 HPLC). The parameter of SCX column was:
Poly-SEA 5 pm 300 A2.0 x 150 mm with 215 and
280 nm UV detection. Separation was performed at
0.3 mL/min using a nonlinear binary gradient starting with
buffer A (10 mM KH,PO, in an aqueous solution of 25 %
acetonitrile and acidified to a pH of 3.0 with H3PO,) and
transitioning to buffer B (add 2 M KCI to butter A). The
gradient was set as 0-50 % buffer B for 30 min, 50-80 %
buffer B for 5 min, and 80-100 % buffer B for 15 min. The
fractions were collected every 4 min, and collected total 12
fractions. Eluted fractions were dried for LC-MSMS
analysis. The supernatant separated by liquid chromatog-
raphy (LC) using an Eksigent nanoLC-Ultra 2D system
(AB SCIEX). The LC fractions were analyzed using a
Triple TOF 5600 mass spectrometer (AB SCIEX). Mass
spectrometer data acquisition was performed with the
Triple TOF 5600 System (AB SCIEX, USA) fitted with a
Nanospray III source (AB SCIEX, USA) and a pulled
quartz tip as the emitter (New Objectives, USA). Data were
acquired using an ion spray voltage of 2.5 kV, curtain gas
of 30 PSI, nebulizer gas of 5 PSI, and an interface heater
temperature of 150°C. For information-dependent acqui-
sition (IDA), survey scans were acquired in 250 ms and as
many as 35 product ion scans were collected if they
exceeded a threshold of 150 counts per second (counts/s)
with a 24 to 5+ charge-state. The total cycle time was
fixed at 2.5 s. A rolling collision energy setting was applied
to all precursor ions for collision-induced dissociation
(CID). Dynamic exclusion was set for the K value of the
peak width (18 s), and the precursor was then refreshed off
the exclusion list, as previously described (Zhang et al.
2014).

Database searching and protein quantification

The iTRAQ data were processed with Protein Pilot Soft-
ware v4.0 against the Cucumis sativus L. database, using
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the Paragon algorithm (Shilov et al. 2007). Protein identi-
fication was performed with the search option that
emphasized biological modifications. The database search
parameters were as follows: the instrument was TripleTOF
5600, iTRAQ quantification, cysteine modified with
iodoacetamide; biological modifications were selected as
ID focus, trypsin digestion. For the false discovery rate
(FDR) calculation, an automatic decoy database search
strategy was employed to estimate FDR using PSPEP
(Proteomics System Performance Evaluation Pipeline
Software, integrated in the Protein Pilot Software). The
FDR was calculated as the number of false positive mat-
ches divided by the number of total matches. Then, iTRAQ
was chosen for protein quantification with unique peptides
during the search, and peptides with global FDR values less
than 1 % were considered for further analysis. Within each
iTRAQ run, the p values were generated by Protein Pilot
using the peptides used to quantitate the respective protein
(Zhang et al. 2014). Finally, for differential expression
analysis, fold change was calculated as the average ratio of
two independent biological replicates, respectively. Pro-
teins with a fold change of 1.5 (increased abundance) or
0.67 (decreased abundance) and p value less than 0.05 were
considered to be differentially expressed.

Protein functional classification analysis
and hierarchical cluster analysis

The annotations of the identified proteins, combined with
the result of BLAST alignments, provided the biological
function of the proteins. The proteins were classified
functionally according to the MapMan ontology (http://
mapman.gabipd.org/). Hierarchical cluster analysis were
used the HemlI 1.0 software.

Statistical analysis

The statistical data are presented as the mean =+ standard
deviation (SD). Statistical analysis was performed by one-
way ANOVA and Duncan’s multiple range tests, with a
5 % level of significance, using the SPSS software (version
12.0).

Results and discussion

Plant development

Depending on analysis of cucumber seedlings organ
(shoots or roots), we found the effects of different treat-
ments applied were different (Fig. 1). During 6 days of

treatment, the FW values of shoots and roots of plants
grown under exogenous Spd were very similar to those

@ Springer

A 25
— —— Cont
£ 204 —— spd
©
- —=—  Salt
o 15+
2 —A—  Salt+Spd
E 10 *x
)
i)
o
o 54
<
)
0
6
B
< 54
-
c
8 44
o
o
= 34 *k
£,
P _
o *
o 14
[1'4
0 T T T
1 3 6

Treatment duration (Day)

Fig. 1 Shoots (a) and roots (b) fresh weight (FW) obtained from
cucumber seedlings grown under Cont, Spd, Salt or Salt+Spd
treatments. The Fig is representative of two independent experiments.
Values represent mean = SD (n = 6). The asterisks indicate the
significance of differences between treatments and their correspond-
ing controls (*P < 0.05)

obtained under control conditions (Fig. 1). However, salt
treatment (75 mM NaCl) affected the growth of cucumber
seedlings’ shoots and roots after 3 days of treatment, with a
reduction of 37 % in the shoots (Fig. 1a) and 36 % in the
roots (Fig. 1b) compared with control plants (P < 0.01). In
contrast with salt treatment, applied exogenous Spd alle-
viated the inhibition of cucumber seedling growth, and the
FW values of the shoots and roots were significantly
increased after 3 days of treatment. Therefore, we chose
3 days as the key time point for further experiments.

Photosynthesis performances

The changes in gas exchange parameters were both mea-
sured under saturating light and atmospheric CO,. Pn, Gs
and Ci showed no significant differences between applied
exogenous Spd and control plants, while both groups of
plants showed drastic reductions in these three parameters
under 75 mM NaCl treatment. After 3 days of treatment,
plants treated with exogenous Spd and NaCl showed a
higher photosynthetic rate than the plants treated with NaCl
alone; however, Pn increased without a rise in Ci, which
implied that exogenous Spd may regulate non-stomatal
factors to enhance photosynthetic efficiency under salt
stress (Fig. 2a—c). Salt-treated leaves and non-saline-
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Fig. 2 Effect of exogenous Spd on photosynthesis parameters and
chlorophyll content in cucumber seedlings exposed to salinity. Gas
exchange parameters of Pn (a), Gs (b), Ci (c) and chlorophyll content
of Chla (d), Chlb (e) in cucumber seedlings treated with Spd and/or
NaCl for 3 and 6 days were measured. Changes in chlorophyll
fluorescence parameters, Fv/Fm (maximum quantum efficiency of
PSII) (f), $PSII (actual photochemical efficiency of PSII) (g) and
NPQ (non-photochemical quenching) (h) were measured. The Fig is
representative of two independent experiments. Values represent
mean £ SD (n = 6). Different letters indicate that they are signif-

icantly different from each other (P < 0.05)

treated leaves had no significantly different of chlorophyll
a and b after 3 days of treatment; however, the salt-treated
leaves had lower chlorophyll a and b contents after 6 days.
This probably resulted from an imbalance of chlorophyll
synthesis and degradation, along with exacerbated salt
damage (Fig. 2d, e). The chlorophyll a and b levels in the
NaCl+Spd-treated plants were lower than in the controls,
but higher than in the NaCl alone-treated plants. Chloro-
phyll fluorescence parameters related to PSII were then
determined (Fig. 2f-h). Fv/Fm showed no significant dif-
ference in all treatments after 3 days. However, ¢PSII

showed slight decreases, and NPQ was increased after
3 days of treatment with NaCl alone. After 6 days of salt
treatment, chlorophyll fluorescence parameters including
Fv/Fm, ¢PSII and NPQ had all decreased. By contrast, in
the leaves of plants treated with exogenous Spd and NaCl,
the chlorophyll fluorescence parameters were considerably
higher than those under salt treatment alone, suggesting
that the exogenous polyamine protected PSII. Our results
are similar to previous studies in cucumber (Shu et al.
2014).

Protein identification and functional classification

After 3 days of treatment, a total of 17,618 identified pep-
tides and 2970 proteins were identified. Among those pro-
teins, 221 proteins were characterized as differentially
expressed proteins, with at least two significant peptide
sequences and an expression ratio >1.50 or <0.67 (Liu et al.
2014; Wang et al. 2013) under exogenous Spd or NaCl
compared with the control and in Spd+NaCl-treated plants
compared with NaCl alone (Supporting Information Table 1
and 2). Compared with the control, exogenous Spd treatment
changed the abundances of 45 proteins: 40 proteins were
increased and five were decreased. During salt stress, a total
189 proteins were differently expressed compared with
control, the proteins levels of 95 proteins were increased and
94 were decreased. Compared with salt-treated leaves,
exogenous Spd treatment changed the expression levels of
74 proteins: 52 were increased levels and 22 were decreased
in proteins levels. Among the proteins affected by applica-
tion of Spd and NaCl treatment, 35 proteins were increased
that had been decreased abundance by salt stress and 18
were decreased that had been increased proteins levels by
NaCl alone (Fig. 3a). In addition, there were 17 proteins
which were only increased protein abundance in NaCl4-Spd
treatment. There results suggested that different strategies
might be activated in response to salt stress in cucumber
seedlings treated with exogenous Spd and NaCl.

To further analyze the differentially expressed proteins
in leaves caused by salt and/or Spd treatment, the identified
proteins were grouped into 30 functional categories using
the Mercator (MapMan) ontology (Fan et al. 2011; Liu
et al. 2014; Lohse et al. 2014), as shown in Fig. 3b. Among
the functional groups, Spd treatment affected two major
categories: photosynthesis (33 %) and protein metabolism
(13 %), in which most proteins were upregulated, which
indicated that exogenous Spd might have a positive effect
on the photosystem and protein metabolism. Compared
with the control, complicated changes occurred under high
salt stress. The differentially expressed proteins were
classified into all 30 functional categories, and proteins in
photosynthesis, major and minor CHO metabolism, and
respiratory metabolism (glycolysis, OPP, TCA and
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Fig. 3 Hierarchical clustering analysis of differentially expressed
proteins (a) and functional classification (b). a Hierarchical cluster
analysis of the differentially expressed proteins respond to exogenous
Spd applied with NaCl treatment in cucumber leaves under 3 days
treated, compared with other treated plants. The ranks represent

mitochondrial electron transport) were upregulated; how-
ever, proteins in other metabolisms were downregulated. In
addition, compared with salt stress alone, exogenous
Spd+NaCl changed the levels of proteins enriched into
photosynthesis, tetrapyrrole synthesis, redox pathway, and
protein metabolism. These differentially expressed proteins
might be helpful to understand the mechanism by which
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individual proteins. b Functional characterization of protein abun-
dances changed in response to 3 days of treatment with exogenous
Spd with/without salt stress in cucumber leaves. The classification is
based on Mercator (MapMan) ontology (http://mapman.gabipd.org/)

exogenous Spd enhances salinity tolerance in cucumber
seedlings.
Proteins involved in photosynthesis

Photosynthesis is sensitive to salt stress (Sudhir and Mur-
thy 2004). In the present study we identified 27
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differentially expressed proteins in the light reactions,
Calvin cycle and photorespiration, in response to exoge-
nous Spd with/without NaCl.

The light reaction is the first stage of photosynthesis
whereby light energy is converted into chemical energy,
including ATP and NADPH. In this study, the levels of the
PSII47KD protein (CP47, gil74027126), 44-kDa protein
(CP43, gil74027097) and reaction center D2 protein
(gil75317322) increased under salt stress (Fig. 4a). These
proteins are responsible for receiving and transferring pho-
ton in PSII, and damage to them under stress could lead to
photoinhibition or photodamage (Takahashi and Murata
2008). We hypothesized that the increased abundance of
these three proteins was a manifestation of repair to PSII
under salt stress. In the middle stage of salt stress, the levels
of GPSII slightly decreased, but Fv/Fm showed no signifi-
cant difference (Fig. 2f, g). On the contrary, application of
exogenous Spd under NaCl treatment decreased proteins
levels of the three proteins compared with salt treatment
alone, but their levels were still higher than the control
(Fig. 4b). This indicated exogenous PAs might reduce
damage to PSII under salinity. Chlorophyll a—b binding
proteins CP26 (gil449510691), CP24 (gil449497079) and
CP29 (gil449516143) are small subunits of LHCII, which
bind with zeaxanthin and function in heat dissipation
(Amarie et al. 2009). The levels of these proteins increased
under salt treatment, indicating that NPQ was activated, as
shown by the measured chlorophyll fluorescence parameter
(Fig. 2h). Cytochrome f (gil74027114), part of the cyto-
chrome b6f complex (Kurisu et al. 2003), two PSI P700
chlorophyll a apoproteins (Al, gil68164803 and A2,
gil75317318), and PSI reaction center subunit III
(gil449487680) all showed increased abundance under salt
stress. These results implied that the levels of light reaction
proteins were maintained to permit sufficient transfer of
excitation energy in the middle phase of salt stress. To cope
with high salinity, more energy is required, which correlated
with the increased levels of the ATPase alpha subunit
(gil74027087) and gamma chain (gil449488358), and ferre-
doxin-NADP reductase (gil449456811) under NaCl treat-
ment. Similar results were observed in wheat (Kamal et al.
2012). The protein level of ATP synthase subunit b was
increased under NaCl+Spd treatment.

The Calvin cycle consumes the energy produced by the
light reaction to fix CO, into carbon skeletons, which are
used for synthesis starch and sucrose (Raines 2003). Salt
stress causes water deficit, leading CO, diffusion restric-
tion via limitation on stomatal opening (Chaves et al.
2009). Under CO, limited conditions, ribulose-1,5-bis-
phospate carboxylase/oxygenase (Rubisco) tends to cat-
alyze the oxygenation of RuBP to produce glycolate-2-P,
rather than the carboxylation of RuBp to produce 3-phos-
phoglycerate (3-PGA). Glycolate-2-P is subsequently

metabolized in the photorespiration carbon cycle to gen-
erate the 3-PGA and CO,, which can supply the Calvin
cycle, thus avoiding photodamage by maintaining energy
utilization via the Calvin cycle (Takahashi and Badger
2011). However, the photorespiration carbon cycle only
recovers 75 % of the carbon from RuBp, to generate
3-PGA and CO,, and generates toxic intermediates such as
glyoxylic acid and H,O, (Bauwe et al. 2010), which, if not
scavenged quickly, might aggravate oxidative stress. In this
study, proteins belonging to CO, carboxylation and the
reduction stage of Calvin cycle were decreased abundances
after 3 days of salt stress (Fig. 4a), including ribulose
bisphosphate  carboxylase/oxygenase activase (RA,
2il449459892), Rubisco large subunit-binding protein
subunit alpha (gil449496181) and phosphoglycerate kinase
(PGK, gil449475841). Proteins belonging to photorespira-
tion were upregulated, including glycerate dehydrogenase
(HPR, hydroxypyruvate reductase, gil525507045), peroxi-
somal (S)-2-hydroxy-acid oxidase (GOX, glycolate oxi-
dase, gil449526029), serine-glyoxylate aminotransferase
(SGAT, gil449480967), glycine dehydrogenase (GDC,
2il449450349), phosphoglycolate phosphatase (PGP,
2il449485338) and ferredoxin-dependent glutamate syn-
thase (FxGS, gil449438000). Proteins involved in the
Calvin cycle’s regeneration of RuBp were upregulated,
including fructose-bisphosphate aldolase (ADL,
gil449464838), transketolases (TK, gil525507124) and
fructose-1,6-bisphosphatase (FBP, gil449506460). These
results suggested that salt stress inhibits CO, carboxylation
and triggers photorespiration. Research using salt-treated
rice showed that increases of these enzymes in the pho-
torespiratory pathway are indicative of oxidative stress
(Abbasi and Komatsu 2004). Compared with NaCl treat-
ment, applied exogenous Spd under salinity stress were
induced RA and PGK, and were reduced the photorespi-
ration proteins (GOX, SGAT, GDC and FxGS) (Fig. 4a). In
addition, NaCIl+Spd treatment increased the abundance of
thioredoxin M (Trx, gil449516397) and CBS domain-con-
taining proteins 1 (CBSX1, gil449525190) (Fig. 6), which
are thought to regulate the Calvin cycle and CO, assimi-
lation via the ferredoxin-Trx system (FTS) (Cheng et al.
2014; Yoo et al. 2011). In this context, it is suggested that
exogenous Spd upregulated CO, carboxylation under salt
stress by increasing the protein levels of Rubisco activase
and PGK, reduced the competition for Rubisco by pho-
torespiration, and regulated the Calvin cycle flux via FTS,
thereby enabling coordinated enhancement of photosyn-
thetic efficiency.

Proteins involved in metabolism

Metabolism represents the basic physiological processes
that maintain cell living. Metabolic proteins belonging to
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carbohydrate metabolism, respiratory metabolism and
other metabolisms were changed their abundances after
different treatment in this study (Figs. 3, 5). Proteins
related to carbohydrate metabolism, especially in small
molecule osmolytes synthesis, were increased their abun-
dances under 3 days salt stress. Also, proteins involved in
energy production processes, including glycolysis, TCA
and OPP, were upregulated. By contrast, proteins related to
lipid metabolism, amino acid metabolism, tetrapyrrole
synthesis, S assimilation, secondary metabolism, and
cofactors and vitamin metabolism showed reduced abun-
dance in highly salinity. These results indicated that
cucumber seedlings in the middle stage of salt stress shifted
their metabolic focus away from low-priority activities
toward high-priority activities including essential carbo-
hydrates and energy production; however, some other
metabolisms are also important in coping with stress.
Many metabolic processes require the assistance of
cofactors. Coenzyme A (CoA) is a key co-factor of certain

important biosynthetic, degradative and energy production
pathways (Begley et al. 2001). Phosphopantetheine
adenylyltransferase (PPAT, gil449529337), an important
biosynthetic enzyme of CoA, was increased protein level in
plants treated with NaCl4-Spd. Overexpression of PPAT in
Arabidopsis thaliana increased resistance to salt stress and
osmotic stress (Rubio et al. 2008). Salt stress reduced the
protein levels of ATP sulfurylase 1 (gil449514837), ATP
sulfurylase 2 (gil449505729) and 5’-adenylylsulfate (APS)
reductase 3 (gil449433968), which participate in the initial
steps of S assimilation, and catalyze the transformation of
SO,*” to cysteine (Tsakraklides et al. 2002). Applying
exogenous Spd under NaCl raised the protein expression of
APS reductase 3, which could help to increase cysteine
level. Cysteine play important role in ROS scavenging via
form to glutathione (Youssefian et al. 2001). In addition, a
chloroplastic soluble inorganic pyrophosphatase (PPasee,
2il449527824), which catalyzes the conversion of
pyrophosphate (PPi) to orthophosphoric acid (Pi), was
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boxes in red/green and arranged with the same shape mean that they

represent the same proteins (color figure online)
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decreased protein level under salt stress. PPi is generated
by multiple metabolic pathways, and an accumulated
excess would lead to feedback inhibition on these reac-
tions, so removing it quickly could be very important
(Geigenberger et al. 1998). In the chloroplast, PPi could be
generated during the metabolism of chlorophyll, starch,
nucleic acids, fatty acids and amino acids; therefore, defi-
ciencies in PPi removal might inhibit the activity of these
pathways. Silencing the PPase gene in tobacco led to
growth restriction and sensitivity to stress (George et al.
2010). The amount of the chloroplast PPase protein was
reduced under salt stress, which might have exacerbated
the accumulation of PPi, resulting in feedback inhibition of
the above-mentioned metabolisms. However, the applica-
tion of exogenous Spd under salt stress increased the
abundance of PPase. This result suggested that polyamines
might help to maintain the operation of chlorophyll syn-
thesis, amino acid and fatty acid synthesis under salt stress.

Tetrapyrroles, such as chlorophyll and hemoglobin, play
important roles in plant. Their synthesis starts from glu-
tamyl-tRNA, generated from 5-Aminolevulinic acid (ALA)
by glutamate-1-semialdehyde 2,1-aminomutase (GSAAT,
2il449527822), and follows several steps to generate pro-
toporphyrin IX. Then protoporphyrin IX binds to magne-
sium-chelating enzyme or iron-chelating enzyme to
generate chlorophyll or hemoglobins, respectively. Recent
research has suggested that enzymes related to tetrapyrrole
synthesis participate in the signal transduction of the
plastid to the nucleus and are involved in environmental
stress resistance; however, the specific regulation pathways
remain unknown (Nagahatenna et al. 2015; Zhang et al.
2015). Meanwhile, the intermediate product ALA is con-
sidered a plant regulator that has been reported to play an
important role in salt stress tolerance (Akram and Ashraf
2013; Akram et al. 2012). In this experiment, proteins
involved in the generation from glutamyl-tRNA to
chlorophyll, including GSAAT, coproporphyrin oxidase III
(COO, gil449527089), tetrapyrrole-binding protein and
uroporphyrinogen decarboxylase (UPD, gil449457423),
magnesium-chelatase subunit Chll (Mg-C, gil449433772)
and protochlorophyllide reductase (PPR, gil525507350)
(Fig. 5), showed reduced abundance under salt stress. In
addition, salt stress also caused a reduction in the amount
of a geranylgeranyl diphosphate reductase (GGDR,
2il449477252), which is involved in generating chlorophyll
via isoprene (Laule et al. 2003). These results indicated salt
stress could strongly inhibit the synthesis of chlorophyll
and other tetrapyrrole. However, the application of
exogenous Spd under NaCl treatment resulted in increased
abundances of COO, UPD, Mg-C, PPR and GGDR
(Figs. 5, 6). This finding suggested that exogenous
polyamines could alleviate the inhibition of tetrapyrrole
synthesis under salt stress, and might influence the ALA or
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tetrapyrrole signal pathway to enhance salt tolerance. To a
certain extent, these results confirmed our chlorophyll
content determinations (Fig. 2d, e). Collective observations
of physiological and proteomic analyses showed that
exogenous Spd had protective effect of various metabolic
pathways under salt stress.

Proteins involved in the ROS scavenging system

Salt stress often causes the rapid production of ROS, which
involves processes like electron transport chain in chloro-
plasts and mitochondria, photorespiration, fatty acid oxi-
dation and amine oxidases in the apoplast (Miller et al.
2010). Under stress conditions, the excess photon intensity
from reduced CO, assimilation caused by stomata closure
would be transferred toward molecular oxygen to generate
O, at PSI (Asada 2006). In addition, a copper/zinc
superoxide dismutase (Cu/ZnSOD) in the vicinity of PSI
converts O, to H,O,, and a glutathione-ascorbate cycle in
the chloroplast converts H,O, to water, this process being
referred to as the water—water cycle. In this study, a copper
chaperone for Cu/ZnSOD (CCS, gil449524344) was
induced under exogenous Spd plus NaCl treatment, which
is a key factor integrating copper into Cu/ZnSOD, and
regulates posttranslational activation of copper/zinc
superoxide (Brown et al. 2004; Chu et al. 2005). Moreover,
a MnSOD increased protein level in Spd with NaCl treat-
ment, which did not change abundance under salt stress.
After 3 days of salt stress, in the water—water cycle, pro-
teins level of monodehydroascorbate reductase (MDAR,
gil525507286), glutathione reductase (GR, gil449517205)
and L-ascorbate peroxidase 3 (gil449507004) were
increased. But glutathione  S-transferase = DHAR2
(gil449513501) was decreased by salt, but increased
abundance by exogenous Spd treatment. In addition, the
PrxR (peroxiredoxin)/Trx pathway is a central antioxidant
defense system in chloroplasts (Zhang et al. 2011). CBSX1
could directly regulate PrxR/Trx via interaction, thereby
controlling H,0, levels. Overexpression of CBSX/
decreases the level of ROS in Arabidopsis thaliana (Yoo
et al. 2011).The proteins level of CBSX1 and Trx M were
increased under exogenous Spd treated with NaCl, sug-
gesting that exogenous Spd could enhance detoxification of
photochemically produced H,O, in chloroplasts by posi-
tively regulating the CBSX-Trx/PrxR pathway.

Salt stress causes reduced water availability, induces
stomatal closure, decreases the CO, to O, ratio in leaves
and increases photorespiration, which produces glycolate
in chloroplasts. Oxidation of glycolate generates the
majority of H,O, in peroxisomes (Bauwe et al. 2010).
Catalases (CAT) are major antioxidative enzymes in per-
oxisomes that detoxify the H,O, produced by photorespi-
ration. CAT-deficient plants showed H,0O, accumulation
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vulinic acid, CAT catalases, CBSXI! CBS domain-containing proteins
1, CCS copper chaperone for Cu/ZnSOD; COO coproporphyrin
oxidase III, DHAR dehydroascorbate reductase, EF-Tu elongation
factor Tu, FNR ferredoxin-NADP(H) oxidoreductase, FxGS

and cell death triggered by high light (Vandenabeele et al.
2004). In our data, the abundance of CAT (gil449485121)
protein was decreased under salt stress, but was increased
under Spd+NacCl, indicating that exogenous Spd helped to
remove H,O, via increased CAT.

Vitamin B6 (pyridoxine) is an essential coenzyme for
various metabolism enzymes (John 1995; Mittenhuber
2001). Recently, vitamin B6 was reported to play a role in
antioxidation. Pyridoxal biosynthesis protein 1 (PDX1) is
an essential vitamin B6 biosynthetic protein that partici-
pates in stress tolerance and photoprotection, and its defi-
ciency increased salt sensitivity and photooxidative stress
(Titiz et al. 2006). In this study, the PDXI1 protein
(gil449523121) level decreased under salt stress, but
increased under Spd with NaCl. Additionally, polyamines
could worked as efficient non-enzymatic scavengers of
ROS (Alcazar et al. 2010), which suggested that applica-
tion of exogenous Spd may upregulate non-enzymatic ROS

Synthesis ¥y

2\
<

%
2

ferredoxin-dependent glutamate synthase, GDC glycine dehydroge-
nase, GGDR geranylgeranyl diphosphate reductase, GOX glycolate
oxidase (peroxisomal (S)-2-hydroxy-acid oxidase), Mg-C magne-
sium-chelatase subunit Chll, PGK phosphoglycerate kinase, PGP
phosphoglycolate phosphatase, PPR protochlorophyllide reductase,
Proto protoporphyrin IX, PrxR peroxiredoxin, RA ribulose bisphos-
phate carboxylase/oxygenase activase, SGAT serine-glyoxylate
aminotransferase, 7Trx thioredoxin M. UCF ubiquitin combination
factor E4 protein, UPD uroporphyrinogen decarboxylase (color
figure online)

scavenger, such as vitamin B6 and polyamine, to cope with
high salt stress. Based on our results, exogenous Spd might
activating multiple antioxidant pathways, including SOD,
CAT, Trx/PrxR, the water—water cycle, and non-enzymatic
ROS scavenger, to increase antioxidant capacity under
stress condition. Exogenous Spd enhanced antioxidant
capacity and reduced accumulation of H,O, and O,
alleviated oxidative damage (Supplementary Fig. 1).

Proteins involved in signal transduction

Salt stress can induce a variety of stress signal transduc-
tions, and their interactions form a network regulation
leading to a variety of physiological responses. In this
experiment, salt stress induced a lipoxygenase (LOX,
gil449523035) protein that participates in jasmonic acid
signaling, and induced a 1-aminocyclopropane-1-carboxy-
late (ACC) oxidase (gil449492729) protein associated with
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ethylene synthesis. Previous reports have documented that
increased ethylene synthesis might cause leaf senescence
and inhibit root elongation. ACC oxidase is a key enzyme
in ethylene synthesis and overexpression of ACC oxidase
gene in Arabidopsis thaliana increased salt sensitivity,
possibly as the result of inhibition of ABA-dependent stress
response way (Chen et al. 2014). In this study, exogenous
Spd reduced ACC oxidase protein expression, possibly
because the exogenous polyamine promoted the synthesis
of polyamines, which consumed the common precursor of
ethylene production, S-adenosylmethionine, thereby
decreasing ACC synthesis (Slocum et al. 1984).

Proteins involved in protein synthesis, folding,
transportation and degradation

Protein synthesis plays an important role in plants during
abiotic stress. Many proteins belonging to protein synthesis
pathways were downregulated under salt stress, such as
29 kDa (gil449483348), 31 kDa (gil449501439) chloro-
plast ribonucleoproteins, and a number of chloroplast
ribosome proteins and cytoplasmic ribosome proteins. This
suggested that inhibition of protein synthesis occurred
under salt stress, which was similar to the results of a
previous study (Tuteja 2007). The proteins levels of
multiple ribonucleoproteins (28, 29, 31 kDa) and
ribosomal proteins (30 S and 50 S) were increased in
chloroplasts under exogenous Spd with NaCl, which might
be related to polyamines being able to protect biologi-
cal macromolecules by a positive charge. The chloroplas-
tic elongation factor Tu (EF-Tu) (gil449529128) and
the mitochondrial elongation factor Tu (EF-Tu)
(gil449515049), which function in elongation of the
growing peptide chains (Momcilovic and Ristic 2007;
Suzuki et al. 2007), were down-regulated under salt stress,
but were induced by NaCl applied with Spd. Exogenous
Spd also induced three proteins that decreased abundances
of proteins under salt stress, a 10 kDa chaperonin
(gil449470662), a 20 kDa chaperonin (gil449521557) and a
trigger factor-like protein TIG (gil449463242), which
function in chloroplast protein folding (Geisler and Bailly
2007; Sharkia et al. 2003). These results suggested that
high level of polyamines might assist their molecular
partners and play roles in protein synthesis, processing and
assembly. In addition, application of exogenous Spd under
salt stress induced a TIC40 protein (gil449462371), which
participated in protein transport from the cytoplasm to the
chloroplast (Kalanon and McFadden 2008). Application of
exogenous Spd under salt stress decreased the protein level
of a ubiquitin combination factor E4 protein (UCEF,
2il449494681), which is involved in the ubiquitin degra-
dation pathway (UP) (Azevedo et al. 2001). These results
suggested that exogenous Spd enhanced protein
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biosynthesis, folding and transport, and depressed protein
degradation, thereby protecting protein metabolism under
salt stress.

The putative mechanism of exogenous Spd enhanced
salinity tolerance in cucumber seedlings

In the present study, based on the proteomics data and the
observed physiological alterations, the possible mecha-
nisms of exogenous Spd enhancing salinity tolerance in
cucumber seedling leaves were proposed (Fig. 6). Appli-
cation of exogenous Spd could alleviate the damage caused
by salt stress in the following ways: (1) Spd activated
Rubisco’s carboxylation ability and increased Calvin cycle
flux, inhibition of photorespiration, increasing CO, fixation
by decreasing photoinhibition and the oxidative damage to
photorespiration, all of which resulted in enhanced photo-
synthetic efficiency. (2) Spd regulated the flux of some
important metabolic pathways, including chlorophyll
biosynthesis and other important metabolism pathways. (3)
Spd enhanced the antioxidant capacity by increasing ROS
scavenging in multiple antioxidant pathways, such as SOD,
CAT, Trx/PrxR, non-enzymatic scavengers and the water—
water cycle. (4) Spd protected protein biosynthesis, folding
and transport and inhibited protein degradation.

Conclusions

On the basis of our findings from the proteomics data and
the observed physiological alterations, we found that
compared with salt treatment alone, cucumber seedlings
treated with exogenous Spd and NaCl had higher photo-
synthesis efficiency via upregulated carboxylation ability.
Moreover, upregulated some important metabolisms,
increased ROS scavenging ability and promoted more
protein biosynthesis, might be contributed to protect
metabolism homeostasis and maintain cell survival in
plants treated with NaCl4-Spd. Through synergistic effects
of these pathways, exogenous Spd significantly increased
biomass, enhanced photosynthetic performance, and
maintained the growth of cucumber seedlings under salt
stress.
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