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ARTICLE INFO ABSTRACT

Keywords: Carbon dioxide is one of the most important anthropogenic greenhouse gases. We previously confirmed that
Cucumber seedling elevated [CO,] alleviated the negative consequences of drought stress to cucumber seedlings, but the physio-
Chloroplast logical mechanism remains unknown. We investigated the morphological and physiological characteristics as
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well as iTRAQ-based proteomics analyses in this study under different combinations [CO.] (400 and (800 + 20)
umol'mol ~!) and water conditions (no, moderate and severe drought stress simulated by polyethylene glycol
6000). The results showed: (1) elevated [CO,] significantly increased plant height, stem diameter, leaf area and
relative water content (RWC) under drought stress; (2) drought stress significantly increased J and K peaks of the
chlorophyll a fluorescence transient, indicating the damage of photosynthetic electron transport chain, while
elevated [CO,] decreased them especially under moderate drought condition; (3) iTRAQ-based proteomics
analyses indicated that elevated [CO,] increased the abundance of psbJ and the PSI reaction center subunit VI-2
in seedlings exposed to moderate drought stress; (4) the abundance of uroporphyrinogen decarboxylase 2 and
tetrapyrrole-binding protein decreased in response to elevated [CO,] under severe drought condition; (5) ele-
vated [CO,] regulated the expression of chloroplast proteins such as those related to stress and defense response,
redox homeostasis, metabolic pathways. In conclusion, elevated [CO,] enhanced the efficiency of photosynthetic
electron transport, limited the absorption of excess light energy, enhanced the ability of antioxidant and osmotic
adjustment, and alleviated the accumulation of toxic substances under drought stress. These findings provide
new clues for understanding the molecular basis of elevated [CO,] alleviated plant drought stress.

1. Introduction which can lead to reducing plant water loss (Ainsworth and Rogers,

2007; Hsu et al., 2018). Photosynthesis is one of the most important

Global climate change is driven by an increasing atmospheric CO,
concentration (A[CO,]), which leads to temperature extremes and al-
ters precipitation patterns, impacting plant growth and productivity
(Feng et al., 2014). The A[CO,] is predicted to increase from current
levels of approximately 400 umolmol ™' to 730-1020 umolmol ! by
the end of the century (Canadell et al., 2007; Bala, 2013). Elevated CO,
concentration (E[CO5]) reportedly promoted drought tolerance or mi-
tigated damages due to drought stress in various plant species, espe-
cially Cs species (Kirkham, 2011). E[CO,] increased photosynthetic
rates, reduced stomatal conductance, induced rapid stomatal closure,

processes in plants (Baker, 1991), negative effects of drought stress on
its performance will decrease crop productivity (Carmo-Silva et al.,
2012; Ghotbi-Ravandi et al., 2014). The chlorophyll a fluorescence
signal can be used as a probe for photosynthetic activity, and to monitor
regulatory processes affecting the PSII antenna (Kalaji et al., 2016). The
chlorophyll a fluorescence transient measured under high light shows a
typical O-J-I-P polyphasic rise (Strasser, 1997). Chloroplast as a site for
photosynthesis conducts many complex biochemical and biophysical
processes, the operation of chloroplasts depends on the assembly and
homeostasis of thousands of proteins, and chloroplast proteins are
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subject to proteolytic regulation, which plays important roles in
maintaining normal organellar functions and in delivering responses to
developmental and environmental cues (Ling et al., 2019). There is
little information on the effects of E[CO,] or drought stress on chlor-
oplast proteins (Kosmala et al., 2012), even less is known about the
interactive effects of these environmental variables on chloroplast
proteins.

Cucumber (Cucumis sativus L.) is one of the most popular green-
house-grown vegetables worldwide, and is the predominant vegetable
grown in solar greenhouses in northern China. We previously confirmed
that E[CO;] increased photochemical efficiency, apparent quantum
efficiency and maximum CO, assimilation rate of cucumber seedlings
under moderate drought conditions (Li et al., 2008, 2011), and im-
proved the antioxidant capacity by accumulating L-gulonolactone,
pyrocatechol and 1,2,3-trihydroxybenzene, and improves osmotic ad-
justment by accumulating glutamate of cucumber seedlings under se-
vere drought conditions (Li et al., 2018), which ultimately alleviated or
offset the negative consequences of drought stresses. However, chlor-
oplast protein profiles of cucumber plants in response to CO, enrich-
ment and drought stress have not been clearly investigated. Isobaric
tags for relative and absolute quantitation (iTRAQ) based proteome
analysis have been carried out to elucidate mechanisms of abiotic stress
responses in plant species such as maize (Benesova et al., 2012), grape
(Liu et al., 2014), because of its higher identification rate of low
abundance proteins and more accurate quantification of proteins as
compared to traditional 2D gel electrophoresis analysis (Zieske, 2006).
Therefore, the aim of this study is to elaborate the mechanism of E
[CO.] alleviating drought stress by the iTRAQ based proteome analyses
of chloroplast of cucumber seedlings, which also may provide a theo-
retical basis for CO, fertilization for cucumber plants in greenhouses.

2. Materials and methods
2.1. Experimental design and conditions

2.1.1. Experimental design

The experiments consisted of two [CO.] and three drought treat-
ments, which were arranged in a randomized complete block design.
The [CO,] treatments included an ambient concentration of approxi-
mately 400 pmol mol ~? (designated A) and an elevated concentration
of (800 = 20) umol'mol’1 (designated E). Each [CO,] treatment was
replicated in two open-top greenhouses (area 36m?, ridge height
2.6 m). Two open-top greenhouses were supplied with CO, from a
compressed CO, gas cylinder, and maintained at (800 = 20)
pmolmol ™! controlled by an environmental control system (Auto
Company, Beijing, China). The other two greenhouses were maintained
at the ambient [CO,]. The drought treatments consisted of control
condition (nutrient solution; designated 0), moderate drought stress
(nutrient solution + 5% polyethylene glycol (PEG) 6000; designated
1), and severe drought stress (nutrient solution + 10% PEG 6000; de-
signated 2). Each drought treatment was replicated in four plastic
containers placed inside the open-top greenhouses under each [CO-]
treatment condition.

2.1.2. Plant materials and growth conditions

Cucumber (Cucumis sativus L. cv Jinyou No. 35) seeds were rinsed in
distilled water. They were subsequently imbibed in water for 6-8 h, and
then germinated at 28 °C for about 1 d in darkness. The seeds were then
sown in fifty holes with plugs and incubated in the greenhouse. The
plugs (width, 26.5cm; length, 52.3cm) contained a 31:1: (volume
ratio) mixture of peat, perlite, and vermiculite. Representative seed-
lings with one true leaf were transplanted and cultured hydroponically
in darkened plastic containers (length, 35cm; width, 28 cm; height,
12 cm; six plants per container). Twelve containers were placed ran-
domly in each open-top greenhouse. We used full-strength Yamazaki
cucumber nutrient solution (1.0mM NH4H,PO,, 3.5mM Ca
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(NO3)>4H,0, 6.0 mM KNO3, 2.0 mM MgSO47H,0, and full-strength
trace elements). The electrical conductivity and pH of the nutrient so-
lutions were maintained at 2.2-2.5mS cm ™! and 6.8-7.0, respectively.
Additionally, they were aerated every 5min using air pumps, re-
plenished to the original volumes daily, and refreshed every 3 d. Leaves
were harvested after 5d treatments for physiological analyses and for
isolating chloroplasts. Each treatment consisted of three independent
biological replicates.

2.2. Morphological indices and relative water content measurements

Plant height was measured as the distance from the stem base to the
highest growing point. The hypocotyl diameter was measured using a
vernier caliper. Leaf area was calculated based on the quadratic sum of
the length of all fully expanded leaves. We measured the fresh weight
(Wp), then dry weight (W4) based on the weight of leaves after heating
at 150-160 °C for 1h, while the saturated fresh weight (W,) was de-
termined as the constant weight of leaves after soaking in distilled
water for 70 min. The relative water content (RWC; %) was calculated
as follows: (W¢ — Wg)/(W, - Wg) x 100.

2.3. The chlorophyll a fluorescence transient

The chlorophyll a fluorescence transient (JIP-test) was measured
using a Handy PEA chlorophyll fluorimeter (Hansatech Instruments Ltd,
United Kingdom). The chlorophyll a fluorescence was induced with a 1-
s red light treatment (3000 umolm_zs_l). Each transient was stan-
dardized and analyzed according to Strasser's method (Appenroth et al.,
2001). The O-step and P-step represent the minimum and maximum
fluorescence intensities, respectively. The fluorescence intensities at
300 ps (K-step), 2 ms (J-step), and 30 ms (I-step) were also detected in
the transient.

2.4. Measurement of malondialdehyde content and activity of antioxidant
enzymes

All samples were prepared for malondialdehyde (MDA) and enzyme
analyses by homogenization of the fresh tissue in a solution (4 mL g~*
fresh weight) containing 50 mM KH,PO,/K,HPO, (pH 7.8), 1% PVP,
0.2 mM EDTA and 1% Triton X-100, using a mortar and pestle. After the
homogenate was centrifuged at 12000 X g for 20 min at 4 °C, the su-
pernatant was used to determine the enzyme activities (Cho and Park,
2000). All of the spectrophotometric analyses were conducted using an
UV-visible spectrophotometer (UV-2450, Shimadzu, Japan). MDA
content was determined using TBA colorimetric method (Heath and
Packer, 1968); superoxidase dismutase (SOD) enzyme activity was
measured by NBT reduction method (Beyer and Fridovich, 1987);
peroxidase (POD) enzyme activity was measured by method of Omran
(1980); catalase (CAT) enzyme activity was analyzed according to the
method of Chance and Maehly (1955); ascorbate peroxidase (APX)
enzyme activity was analyzed by the method of Nakano and Asada
(1981).

2.5. Measurement of GSH, ASA and osmolytes

The content of reduced glutathione (GSH) and ascorbic acid (ASA)
was measured by the method of Wang et al., 2004. Proline content was
determined according to the ninhydrin coloration method (Bates et al.,
1973). Soluble sugars were determined by the anthrone method and
soluble proteins were determined by Coomassie brilliant blue G-250
method (Irigoyen et al., 1992).

2.6. Quantitative proteomics analyses of chloroplast

2.6.1. Protein extraction
Intact chloroplasts were isolated from leaves using Chloroplast
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Fig. 2. Effects of drought stresses and E[CO,] on chlorophyll a relative variable fluorescence parameters intensity (V,.,) and the difference of relative variable

fluorescence parameters intensity (AV,.,) of cucumber seedlings.

Isolation Kit (Sigma). We then added 200 puL SDT buffer (4% SDS,
100 mM DTT, and 150 mM Tris-HCI, pH 8.0) to those chloroplasts. The
suspension was boiled in water for 3 min, sonicated (10 times at 80 W
for 10 s with intervals of 15s), and then incubated at 100 °C for 3 min.
The crude extract was centrifuged at 13,000 x g at 25 °C for 10 min.
Protein abundance was determined using the BCA Protein Assay
Reagent (Promega, USA), after which the supernatants were stored at
—80 °C until used.

2.6.2. Protein digestion and iTRAQ labeling

Proteins were digested using the filter aided proteome preparation
procedure as previously described (Wisniewski et al., 2009). The re-
sulting peptide mixture was labeled using the 8-plex iTRAQ reagent
according to the manufacturer's instructions (Applied Biosystems).
Briefly, for each sample, 200 ug proteins were prepared in 30 pL STD
buffer. The detergent, DTT, and other low molecular weight compo-
nents removed using UA buffer (8 M urea and 150 mM Tris-HCl, pH 8.0)
and repeated ultrafiltration (10 kDa molecular weight cut-off; Pall). We
then added 100 pL 0.05M iodoacetamide (prepared in UA buffer) to
block reduced cysteine residues, and the samples were incubated for
20 min in darkness. The filters were washed three times with 100 uL. UA
buffer and then two times with 100puL DS buffer (50 mM
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triethylammonium bicarbonate, pH 8.5). Finally, the protein suspen-
sions were digested with 2pug trypsin (Promega) in 40 uL. DS buffer
overnight at 37 °C. The resulting peptides were collected as a filtrate.
The peptide content was estimated according to the UV light spectral
density at 280 nm. We used an extinction coefficient of 1.1 for a 0.1%
(gL™") solution, which was calculated based on the frequency of
tryptophan and tyrosine in vertebrate proteins.

For labeling, each iTRAQ reagent was dissolved in 70 pL ethanol
and added to the peptide mixtures. The samples were labeled as (AO)
—-113, (A1) —114, (A2) —115, (E0) —116, (E1) —117, (E2) —118,
and (IS)-119, and then multiplexed and vacuum-dried.

2.6.3. Peptide fractionation by strong cation exchange chromatography
The iTRAQ-labeled peptides were fractionated by strong cation ex-
change chromatography using the AKTA Purifier system (GE
Healthcare). The dried peptide mixture was reconstituted and acidified
with 2 mL buffer A (10 mM KH,PO, in 25% acetonitrile, pH 2.7), and
then loaded onto a Poly SULFOETHYL 4.6 x 100 mm column (5 pm,
200 A; PolyLC Inc., Maryland, USA). The peptides were eluted at a flow
rate of 1 mL min ! with a gradient of 0-10% buffer B (500 mM KCl and
10 mM KH,PO, in 25% acetonitrile, pH 2.7) for 2 min, 10-20% buffer B
for 25 min, 20-45% buffer B for 5 min, and 50-100% buffer B for 5 min.
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Fig. 3. Effects of drought stresses and E[CO,] on the antioxidant enzyme activity of cucumber seedlings.
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Fig. 4. Effects of drought stresses and E[CO,] on GSH and ASA contents of cucumber seedlings.

The elution was monitored by absorbance at 214nm, and fractions
were collected every 1 min for a total of about 33. These fractions were
combined into 12 pools, and then desalted using Empore™ SPE
Cartridges C18 (standard density; 7mm bed ID and 3ml volume;
Sigma). Each fraction was concentrated by vacuum centrifugation and
reconstituted in 40 pL 0.1% (v/v) trifluoroacetic acid. All samples were
stored at —80°C until analyzed by liquid chromatography—tandem
mass spectrometry.
2.6.4. Liquid chromatography-electrospray ionization tandem mass
spectrometry analysis

Experiments were performed using a Q Exactive mass spectrometer
coupled to the Easy nLC system (Thermo Fisher Scientific). A 10-puL
aliquot of each fraction was analyzed by nanoLC-MS/MS. The peptide
mixture (5pg) was loaded onto a C18-reversed phase column (length,
15 cm; inner diameter, 75 um) packed in-house with RP-C18 5-um resin
in buffer A (0.1% formic acid). The peptides were separated with a
linear gradient of buffer B (80% acetonitrile and 0.1% formic acid) at a
flow rate of 250 nL.min ' (controlled by IntelliFlow technology) over
140 min. Mass spectrometry data were obtained using a data-dependent
Top 10 method, in which the most abundant precursor ions from the
survey scan (300-1800 mz~ ') were selected for HCD fragmentation.
The target value was determined based on the predictive Automatic
Gain Control. The dynamic exclusion duration was 60s. Survey scans
were generated at a resolution of 70000 (mz~! 200), while the

resolution setting for HCD spectra was 17500 (mz~! 200). The nor-
malized collision energy was 30eV, and the underfill ratio, which
specifies the minimum percentage of the target value likely to be
reached at the maximum fill time, was defined as 0.1%. The instrument
was run with the peptide recognition mode enabled.

2.6.5. Sequence database search and data analysis

The MS/MS spectra were analyzed using the Mascot search engine
(Matrix Science, London, UK; version 2.2) of Proteome Discoverer 1.4
(Thermo Electron, San Jose, CA, USA). We searched the UniProt
Cucumber database (24636 sequences downloaded September 22,
2016) and the decoy database. The following parameters were used to
identify proteins: Peptide mass tolerance, 20 ppm; MS/MS tolerance,
0.1 Da; Enzyme, trypsin; Missed cleavage, 2; Fixed modifications,
Carbamidomethyl (C), iTRAQS8plex (K), and iTRAQS8plex (N-term);
Variable modification, Oxidation (M) and FDR < 0.01 (Sandberg et al.,
2012).

2.6.6. Bioinformatics

The Gene Ontology (GO) program Blast2GO (https://www.
blast2go.com/) was used to annotate differentially expressed proteins
(DEPs), which were used to create histograms of GO annotations (i.e.,
cell component, biological process, and molecular function) (Gotz et al.,
2008). For pathway analyses, the DEPs were mapped to the terms in the
Kyoto Encyclopedia of Genes and Genomes database using theKAAS
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Fig. 5. Effects of drought stresses and E[CO,] on MDA, proline, soluble protein and soluble sugar contents of cucumber seedlings.

Table 1
Protein identification result statistics.

Category Number
Total spectra 688981
Spectra 112963
Peptide 8589
Unique peptide 8063
Protein 2046

program (Kanehisa et al., 2012) (http://www.genome.jp/kaas-bin/
kaas_main).

2.7. Statistical analyses

Data are presented as the mean + standard deviation of three re-
plicates. The statistical analyses were completed using the DPS soft-
ware. Duncan's multiple range tests were applied to compare the sig-
nificant differences (p < 0.05) between treatments.

3. Results

3.1. Morphological and photochemistry efficiency of cucumber seedlings in
response to drought stresses and E[CO,]

Moderate and severe drought stress significantly decreased plant
height, stem diameter, leaf area, and relative water content (RWC) of
cucumber seedlings under A[CO,], E[CO,] significantly increased these
morphological parameters and RWC of cucumber seedlings under
drought stresses (Fig. 1). Compared with A[CO,], E[CO,] increased
plant height by 13.6% and 11.6% under moderate and severe drought
stress conditions, respectively; increased stem diameter by 13.9% and
9.2% under moderate and severe drought stress conditions, respec-
tively; increased leaf area by 30.2% and 26.7% under moderate and
severe drought stress conditions, respectively; increased RWC by 9.2%
and 8.8% under moderate and severe drought stress conditions, re-
spectively. Therefore, E[CO,] can alleviate drought stress through
promoting growth and maintaining water balance in seedlings.

The fast chlorophyll fluorescence induction kinetics curve (JIP-test)
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based on the theory of energy fluxes in biomembranes has been widely
used to analyze the chlorophyll a fluorescence kinetics transient helping
researchers to have a deeper insight into the primary photochemical
reaction in the photosynthetic apparatus. From Fig. 2, moderate and
severe drought stress significantly increased the J and K peaks of kinetic
curves of rapid chlorophyll fluorescence induction, while they were
decreased by E[CO-], especially under moderate drought stress, which
indicate that E[CO,] can alleviate the damage of photosynthetic elec-
tron transport chain caused by drought stresses.

3.2. Antioxidant system of cucumber seedlings in response to drought
stresses and E[CO,]

According to Fig. 3, drought stress increased the activities of APX,
POD and CAT, E[CO,] significantly increased the activities of APX,
POD, and CAT under all three of the water conditions. Also E[CO,],
significantly increased the activity of SOD under moderate and severe
drought stress.

GSH and ASA contents under moderate and severe drought stress
were significantly higher than that of control, but the differences be-
tween them were not significant (Fig. 4). Although E[CO,] increased
GSH and ASA contents under moderate and severe drought stress, only
GSH content in moderate drought stress was significantly different.

According to Fig. 5, a gradual increase in MDA content was detected
in cucumber leaves as drought stress getting severer under both A[CO-]
and E[CO-]. And there was a significant decrease of MDA content under
E[CO,] when cucumber seedlings exposed to severe drought stress.
Proline, soluble protein and soluble sugar content were increased as
drought stress getting severer. E[CO-] significantly increased the con-
tent of soluble protein and proline under severe drought stress. Soluble
sugar content under E[CO,] was lower than that under A[CO,].

3.3. iTRAQ-based proteomic analyses of chloroplast protein patterns under
different [CO,] and drought stresses conditions

Table 1 presents the protein identification statistics after the MS/MS
data were analyzed with the Mascot search engine (filter condition:
peptide FDR = 0.01). We identified 688981 total spectra, 112963
spectra matched to known spectra, 8589 peptides, 8063 unique
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8882389 peptides, and 2046 proteins. To more stringently screen DEPs, we used
~ : i j’l : 'fl j’l : a fold change > 1.5 (p < 0.05) as the cutoff.
g N~ N DO In this study, we focused on the chloroplast differentially expressed
g122323383 proteins (DEPs) with important function and the highest confidence
R levels (Table 2 and Table S1). To visualize their expression patterns in
ssg2228 response to E[CO,] and drought stresses, we performed venn diagram,
S| o H hierarchical clustering and functional classification to find associated
§ 8 xn8Ra changes of chloroplast proteins. From Fig. 6, there were no differential
mlpeeeceees expression of chloroplast proteins under E[CO,], while eight differ-
gSeggaes ential expressed proteins were observed under different water condi-
SScSsSsss tions. Hierarchical clustering analysis revealed that E[CO»] changed
% :;' : : :;' ;I ;' :;' proteins abundance under control and drought stress, and the number
2| s8833333 of down-regulated proteins was more than up-regulated proteins
(Fig. 7). The chloroplast DEPs in response to E[CO,] under both mod-
22222z erate and severe drought stress were functionally classified (Fig. 8).
o | HHHH A According to Fig. 8A, the DEPs under E[CO,] were mainly associated
NI with the metabolic pathway (17%), photosynthesis (15%), stress and
MR S p y p Y
Bl mde—-e-9o defense responses (11%), the ribosome (11%), redox homeostasis
coanmo o (11%), and pigment biosynthesis (8%). These categories were also de-
= Q9o nNe o .
So oSS as o tected under moderate and severe drought stress (Fig. 8B-C), 42% of
% :rol :3' ;' : :\' : :rol the DEPs in cucumber seedlings exposed to severe drought stress were
| 2822882 related to the ribosome (Fig. 8C), suggesting that drought stress altered
ribosome formation in chloroplasts, which further affected protein
O N = O NN X .
g88=2853 synthesis.
o oo oo oo
G | H H A H A H
§ R RS 4. Discussion
< | S-S A
szg2zgn 4.1. Proteins involved in pigment biosynthesis and photosynthesis
oo o ocooo
EN Y Pathways of DEPs involved in pigment biosynthesis and photo-
N M ONTONHAA . . . . R .
=l I e I B i synthesis were diagrammatized in Fig. 9. In this study, proto-
chlorophyllide reductase A (PCRA), tetrapyrrole-binding protein (TB),
L | aRIFIRA magnesium-chelatase subunit ChlH (ChlH), magnesium-chelatase sub-
(=% N O WD DNDNDNDN . .
unit Chll-2 (ChlI-2), and uroporphyrinogen decarboxylase 2 (UPD2)
= were identified as chlorophyll biosynthetic proteins. The contents of
= moTnmse PCRA and TB decreased considerably after the moderate drought
; SERSS g treatment. The ChlH was down-regulated under moderate drought
conditions, while the ChlI-2 was down-regulated under severe drought
“D © conditions. The decreased abundance of these enzymes suggested that
VN MMeM e~
chlorophyll biosynthesis was inhibited in drought-stressed plants. The
4 | a B 29 2 loss of chlorophyll under drought stresses might decrease photons ab-
S|2c28 808 sorption of leaves, leading to enhanced photoprotective and antioxidant
capacities of leaves related to the number of photon absorption
—
5 (Munné-Bosch and Alegre, 2000). Additionally, we found that the
_é’ abundance of ChlI-2 increased significantly at E[CO-] in the absence of
[’}
; 8 drought stress. In contrast, E[CO,] decreased the abundance of UPD2
£ % é under severe drought stress and tetrapyrrole-binding protein under
= 5 .
E 2 5 both moderate and severe stress. These findings suggested that E[CO,]
- -
a = % % - promoted the synthesis of chlorophyll in the absence of drought stress,
'é 5 = &3 but reduced the synthesis of chlorophyll under drought stress.
Evg 8 _n: = Four proteins associated with carotenoid biosynthesis were identi-
g 2 & g 28 j fied in this study. They were carotene epsilon-monooxygenase (CEM),
= %:‘i é 2 2 ] protein LUTEIN DEFICIENT 5 (PLD5), phytoene synthase (PSY) and
PR E & ’é g g zeaxanthin epoxidase (ZEP). The abundance of the four proteins was
ol
% g @‘ § % E ?) X down-regulated under moderate and severe drought conditions, espe-
9 = o0 o . P .
g £ ESTR -@ & =2 cially under the A[CO,]. This implied that although carotene was one of
o | & % < 5 g g E g E the most important metabolites in plant antioxidant defense system, it
¢ T o 80 L . . . . . . .
E| = ¢ & % ;% % S = was very susceptible to oxidative destruction caused by water deficit
g g 852 2 % 2 stress (Jaleel et al., 2009). Furthermore, the abundance of ZEP de-
sl 8 _é‘i =5 E '-é 5|2 3 2 v creased in drought stressed plants, resulted in lowered violaxanthin
S| A|E2FT=EEAA g g s g . ]
< S ZTE 3 contents, which ultimately decreased the number of photons absorbed
g 8 8us % ; g § g :‘; by leaves, thereb}r e.llleviatir}g photodamages due to water deficit stress.
S g % % - % % g‘ | 2¢g y 2 2 Photosynthesis is the primary process adversely affected by drought
~ 3| SSR8SESS % 2 -5 £ L E stress (Ghotbi-Ravandi et al., 2014). We observed that most proteins
2 o
= g :oz § g:oz § fcé :oz f > UD She related to photosynthetic light reaction and electron transfers were
& down-regulated when plants were exposed to moderate and severe
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Fig. 6. Venn diagram analysis of the differentially expressed chloroplast proteins with max confidence from cucumber seedlings for E[CO,] (A) and drought stresses

(B).
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Fig. 7. Hierarchical clustering analysis of the differentially expressed chloroplast proteins with max confidence from cucumber seedlings for E[CO2] (A) and drought
stresses (B). The rows represent individual proteins. The proteins that increased and decreased in abundance are indicated in red and green, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Functional classification of differentially expressed proteins (DEPs)
identified in chloroplast of cucumber seedlings under E[CO,] (A), moderate
drought stress (B) and severe drought stress (C). The classification is based on
KEGG (http://www.kegg.jp/kegg/pathway.html).

drought stress. PSII reaction center proteins L and J (psbL and psbJ) and
chlorophyll a/b-binding protein (CHIB) were down-regulated under
moderate and severe drought conditions (Table 2). This suggested that
drought stress led to PSII structural damages that inhibited light-har-
vesting and electron transfers. PSI assembly protein Ycf4 (YCF4) and
PSI reaction center subunit VI-2 (VI-2) contents were considerably
down-regulated under drought conditions (Table 2), indicating that
drought stress decreases PSI protein quantity and integrity. Ad-
ditionally, the abundance of RuBisCO accumulation factor 1.1 (Ru-
BisCO AF) decreased under drought conditions. Many studies have
concluded that E[CO,] could increase plant photosynthesis under
drought stress (Chen et al., 2015; Hao et al., 2016). Our previous re-
search showed that E[CO,] significantly increased photosynthetic rate
under moderate and severe drought stress (Liu et al., 2017). E[CO5]
increased the abundance of psbL and CHIB of PSII in seedlings grown in
nutrient solution. Similar results were observed for psbJ and VI-2 in
seedlings exposed to moderate drought stress. These results indicated
that E[CO,] enhanced electron transfers and photosystem stability,
which might increase photosynthetic activities under moderate drought
conditions. In response to severe drought stress, we observed that E
[CO,] increased the abundance of ferredoxin-2 (Fd) and decreased the

Plant Physiology and Biochemistry 143 (2019) 142-153

abundance of RuBisCO AF. Ferredoxin serving as an electron transfer
bifurcation point, and increased in its abundance, which might indicate
that more types of electron transport were involved in photosynthetic
activities under severe drought conditions at relatively high [CO,].
Additionally, our results suggested that RuBisCO assembly or stability
were affected by E[CO5] under severe drought conditions. Decreases in
RuBisCO activity in leaves at E[CO,] were caused by decreased activase
activity, possibly in response to unfavorable ATP/ADP ratios (Crafts-
Brandner and Salvucci, 2000).

4.2. Proteins involved in stress and defense responses

The stimulation of stress can trigger pathways more than one,
therefore we characterized and analyzed stress and defense response
proteins. Probable plastid-lipid-associated protein may be involved in
stress-related jasmonate (JA) biosynthesis and contributes to the pro-
tection of PSII against light stress (Youssef et al., 2010). JA can improve
plants resistance, and plants are vulnerable to light stress caused by
excess light energy under drought stress. These indicate that an increase
in the abundance of probable plastid-lipid-associated protein can im-
prove cucumber's resistance to drought stress and protect PSII against
light stress. PLAT domain-containing protein is a positive regulator of
abiotic stress tolerance involved in the regulation of plant growth and
may be a downstream target of the abscisic acid (ABA) signaling
pathway (Hyun et al., 2013). In this study, drought stresses up-regu-
lated probable plastid-lipid-associated protein and PLAT domain-con-
taining protein, which might enhance the resistance of cucumber to
drought. We found an up-regulation of Late embryogenesis abundant
protein-like (LEA), which might be involved in protecting plants sub-
jected to drought stress and helping plants adapting and surviving in
drought condition (Costa et al., 2015). Previous studies had reported
that higher of RWC, SOD and POD activities, and photosystem II ac-
tivity were found in transgenic tobacco that ectopically express BhLEA1
and BhLEA2 were higher than wild-type plants (Nakayama et al.,
2008). Our results also showed that drought stresses up-regulated LEA
protein as well as SOD and POD activities (except A2 treatment). This
further implied that LEA protein could prevent enzymes from in-
activating. Under A[CO,] conditions, SOD activity decreased after se-
vere drought treatment, which probably because the drought stress was
too severe for the response system of cucumber plants. However, under
E[CO] conditions, SOD activity in severe drought treatment was higher
than that in control and moderate drought treatment, which indicated
that E[CO,] could increase antioxidative capacity(Fig. 3). Cysteine
proteinase inhibitor, which involved in the regulation of endogenous
processes and in defense against pests and pathogens, was up-regulated
by drought stresses. These results implied that cucumber seedlings
could improve the ability of plants adapting to drought stress by reg-
ulating the expression of stress and defense response proteins.

Glutathione transferase is associated with oxidative stress and plays
an important role in stressed plants (Berhane et al., 1994). Previous
studies have shown that adversity induced the expression of GST
(Marrs, 1996), and drought stress up-regulated glutathione transferase
in wheat and brassica napus (Koh et al., 2015). In this study, in the
condition of A[CO,], moderate drought stress also up-regulated glu-
tathione S-transferase F10. The contents of GSH and ASA and APX ac-
tivity were also increased under moderate and severe drought stress,
which alleviated oxidative damage of cucumber seedlings under
drought stress (Figs. 3 and 4). Under moderate drought stress, E[CO]
down-regulated NADPH-dependent aldo-keto reductase which function
as detoxifiying enzyme by reducing a range of toxic aldehydes and
ketones produced during stress, and significantly decreased MDA con-
tent under severe drought stress (Fig. 5). This indicated that toxic al-
dehydes or ketones induced by drought stress under E[CO,] were less
than that under A[CO,].
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Fig. 9. Diagrammatic representation showing pathways of differentially expressed proteins involved in photosynthesis and pigment biosynthesis. Red letters re-
present proteins positive regulated by both moderate and severe drought stress; green letters represent proteins negative regulated by both moderate and severe

drought stress;

represent proteins positive regulated by severe drought stress; blue letters represent proteins negative regulated by moderate drought

stress; purple letters represent proteins negative regulated by severe drought stress. Red arrows indicated up-regulation and green arrows indicated down—
regulation by E[CO,] under control (dashed lines), moderate drought stress (thin solid lines) and severe drought stress (thick solid lines). Abbreviations: UPD2:
Uroporphyrinogen decarboxylase 2; TB: Tetrapyrrole-binding protein; ChlH: Magnesium-chelatase subunit ChlH; ChlI-2: Magnesium-chelatase subunit ChlI-2; PCRA:
Protochlorophyllide reductase A; IPP: Isopentenyldiphosphate; GGPP: Geranylgeranyl diphosphatel; PSY: Phytoene synthase; PLD5: Protein LUTEIN DEFICIENT 5;
CEM: Carotene epsilon-monooxygenase; ZEP: Zeaxanthin epoxidase; CHIB: Chlorophyll a/b binding protein; psbL: Photosystem II reaction center protein L; psbJ:
Photosystem II reaction center protein J; Fd: Ferredoxin-2; YCF4: Photosystem I assembly protein Ycf4; VI-2: Photosystem I reaction center subunit VI-2; B:
ATPsynthase subunit beta; b: ATPsynthase subunit b; TK: Transketolase; NDH: NAD(P)H-quinone oxidoreductase subunit 1; RuBisCO AF: RuBisCO accumulation

factor 1.1.

4.3. Proteins involved in redox homeostasis

We found drought stresses up-regulated ferritin under the A[CO,],
which indicated that ferritin positively responded to drought stress.
Moderate drought stress up-regulated Phospholipid hydroperoxide
glutathione peroxidase (PHGPx) under the A[CO-], indicating that cu-
cumber seedlings can protect themselves from oxidative damage by
increasing the expression of peroxidase under drought stress. In this
study, less abundance of CBS domain-containing protein CBSX1 de-
tected under severe drought stress and E[CO,], but there was no sig-
nificant increase in thioredoxin family protein, which indicated that the
reduction of CBSX1 didn't reduce the expression of thioredoxin protein.
Chloroplast CBSX1, ferredoxin, thioredoxins, adenosine-containing li-
gands, and target enzymes can regulate H,O, levels and help to main-
tain cellular redox homeostasis and Calvin cycle activity by interacting
with each other (Bertoni, 2011). It also showed that the regulation
mechanism of E[CO,] on the redox balance under drought stress was
complicated and need to be further studied.

4.4. Proteins involved in metabolic pathways

Threonine dehydratase participates in the biosynthesis of isoleucine.
It is the first speed-limiting enzyme in L-isoleucine biosynthesis
pathway. Our results showed that severe drought stress and E[CO5] up-
regulated threonine dehydratase and promoted isoleucine biosynthesis
under severe drought stress, and E[CO,] significantly increased the
content of proline compared with A[CO,] (Fig. 5). These free amino
acids induced by abiotic stress can act as osmotic regulators and play an
important role in plant stress resistance. It also showed that E[CO,]
could improve drought resistance of cucumber by increasing the ex-
pression and content of osmolytes under drought stress.

Imidazole glycerol phosphate synthase his HF is an enzyme in the
process of histidine metabolism. It participates in biosynthesis of L-
histidine and abscisic acid. Probable N-acetyl-gamma-glutamyl-phos-
phate reductase participates in the biosynthesis of arginine, which has
the highest efficiency for nitrogen storage. In this study, E[CO,] down-
regulated imidazole glycerol phosphate synthase his HF under mod-
erate drought stress and N-acetyl-gamma-glutamyl-phosphate re-
ductase under severe drought stress. Moreover, drought stresses down-
regulated ferredoxin-nitrite reductase under E[CO,] condition, which

indicated that drought stress affected the reduction of nitrate and the
absorption of nitrogen in the plant.

ATP-dependent zinc metalloprotease FTSH 6 is involved in the de-
gradation of the light-harvesting complex of photosystem II (LHC II)
during senescence or high light acclimation (Zelisko et al., 2005).
Drought stresses increased its abundance under A[CO.], but only
moderate drought stress increased its abundance under E[CO5] condi-
tions, which indicated that E[CO,] accelerating the degradation of the
LHC II depends on degree of drought stress. Plant lipoxygenases may
involve a number of diverse aspects of plant physiology including
growth and development, pest resistance, and senescence or responses
to wounding, and the synthesis of jasmonic acid caused by leaf
wounding requires the participation of lipoxygenase (Bannenberg et al.,
2008). In this study, drought stresses up-regulated lipoxygenase,
showed that plants could improve the expression of lipoxygenase to
alleviate the damage caused by drought stress, while E[CO,] has no
significant alleviating effect on drought stress.

5. Conclusion

Chloroplast proteins in response to [CO,] and drought stress in
cucumber seedlings were analyzed basically in this study. We herein
provide an overview of the characteristic proteome related to pigment
biosynthesis, photosynthesis, stress and defense response, redox
homeostasis and metabolic pathways in the chloroplasts of cucumber
leaves exposed to E[CO,] and drought stresses. Combined with mor-
phological and physiological data, this study revealed the mechanism
underlying the increases in photosynthetic ability induced by E[COs]
under drought conditions. E[CO,] down-regulated pigment biosynth-
esis under drought conditions, which decreased the absorption of excess
light energy, thus minimizing the effects of reactive oxygen species and
photodamage induced by drought stress. E[CO,] improved photo-
synthesis, antioxidant ability and osmotic adjustment ability, and re-
lieved photodamage and accumulation of toxic substance under
drought stress by regulating expression of chloroplast proteins such as
those related to stress and defense response, redox homeostasis, meta-
bolic pathways, which alleviate cucumber drought stress to some ex-
tents. However, screen and verification of the target protein still need to
be further investigated.
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