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of Vigna unguiculata cultivars differing in salt tolerance

Carlos Eduardo Braga de Abreu - Gyedre dos Santos Araijo - Ana Cristina de Oliveira Monteiro-Moreira *
José Hélio Costa - Hugo de Brito Leite - Frederico Bruno Mendes Batista Moreno -

José Tarquinio Prisco - Enéas Gomes-Filho

Received: 4 December 2013 /Revised: 1 April 2014/ Accepted: 2 April 2014 /Published online: 26 April 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract

Key message Cowpea cultivars differing in salt toler-
ance reveal differences in protein profiles and adopt
different strategies to overcome salt stress. Salt-tolerant
cultivar shows induction of proteins related to photo-
synthesis and energy metabolism.

Abstract Salinity is a major abiotic stress affecting plant
cultivation and productivity. The objective of this study
was to examine differential proteomic responses to salt
stress in leaves of the cowpea cultivars Pititiba (salt toler-
ant) and TVu 2331 (salt sensitive). Plants of both cultivars
were subjected to salt stress (75 mM NaCl) followed by a
recovery period of 5 days. Proteins extracted from leaves
of both cultivars were analyzed by two-dimensional elec-
trophoresis (2-DE) under salt stress and after recovery. In
total, 22 proteins differentially regulated by both salt and
recovery were identified by LC-ESI-MS/MS. Our current
proteome data revealed that cowpea cultivars adopted
different strategies to overcome salt stress. For the salt-
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tolerant cultivar (Pititiba), increase in abundance of pro-
teins involved in photosynthesis and energy metabolism,
such as rubisco activase, ribulose-5-phosphate kinase
(Ru5PK) (EC 2.7.1.19), glycine decarboxylase (EC 1.4.4.2)
and oxygen-evolving enhancer (OEE) protein 2, was
observed. However, these vital metabolic processes were
more profoundly affected in salt-sensitive cultivar (TVu),
as indicated by the down-regulation of OEE protein 1, Mn-
stabilizing protein-II, carbonic anhydrase (EC 4.2.1.1) and
Rubisco (EC 4.1.1.39), leading to energy reduction and a
decline in plant growth. Other proteins differentially reg-
ulated in both cultivars corresponded to different physio-
logical responses. Overall, our results provide information
that could lead to a better understanding of the molecular
basis of salt tolerance and sensitivity in cowpea plants.

Keywords Cowpea - Mass spectrometry - Proteomics -
Salinity - Vigna unguiculata

Abbreviations

ACN Acetonitrile

cTP Chloroplast transit peptides
DTT Dithiothreitol

EDTA  Ethylenediamine tetraacetic acid
EST Expressed sequence tag

GDC Glycine decarboxylase

IEF Isoelectric focusing

MW Molecular weight

MS Mass spectrometry

mTP Mitochondrial targeting peptide
OEE Oxygen-evolving enhancer
PEG Polyethylene glycol

pl Isoelectric point
PVPP  Polyvinylpolypyrrolidone
PMSF  Phenylmethylsulfonyl fluoride
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PPlase  Peptidyl-prolyl cis—trans isomerase
PSII Photosystem 11

RuBP  Ribulose-1,5-bisphosphate

Ru5PK  Ribulose-5-phosphate kinase

SBP Sedoheptulose-1,7-bisphosphatase

SP Signal peptide

TCA Trichloroacetic acid
2-DE Two-dimensional electrophoresis
Introduction

Salinity is one of the major abiotic stresses limiting plant
growth and yield in many areas of the world, particularly
on irrigated land. NaCl is the predominant salt in most
saline environments (Tirkan and Demiral 2009). Many
crop species are sensitive to high concentrations of salt,
with negative impacts on agricultural production. As a
result, the development of improved levels of tolerance to
salt stress has become an urgent priority for many crop
breeding programs (Vinocur and Altman 2005), and much
research effort has been devoted to gain a better under-
standing of the mechanisms adopted by plants to combat
salt stress.

Salt stress causes water deficit, ion toxicity, nutrient
imbalance, and oxidative stress and leads to cellular dam-
age, growth reduction and even plant death (Tester and
Davenport 2003; Munns 2005; Miller et al. 2010). Under
natural conditions, plants have evolved several mecha-
nisms to cope with the presence of salt. Physiological
studies have demonstrated that changes in water relation,
nutrient uptake, hormonal metabolism, carbon metabolism
and antioxidant metabolism play an important role in salt
tolerance. In addition, dramatic alterations in gene
expression, which lead to changes in the protein profile,
have been found to be closely related to these processes
(Du et al. 2010; Sobhanian et al. 2011). Therefore, a clear
understanding of stress-response proteins is important for
further understanding the molecular mechanisms control-
ling plant salt tolerance.

Proteomics, the study of global changes in proteins,
including information on protein abundances, their varia-
tions and modifications, has proven to be a powerful
approach for the identification of proteins and mechanisms
involved in salt response and tolerance (Veeranagamallaiah
et al. 2008; Aghaei et al. 2009; Pang et al. 2010; Liu et al.
2012). Recently, Du et al. (2010), while studying the
effects of salinity on the proteome of cucumber (Cucumis
sativus) roots, identified 29 protein spots with functions
related to metabolism, energy and transport that were
involved in regulating reactions and defending against
stress. According to Kosova et al. (2011), information on
proteome changes in response to stress has been
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fragmentary. Typically, studies have only compared non-
stressed (control) and stressed plants. Moreover, few
studies in this area have taken into account the dynamic
processes of the plant response to stress that depend on
stress intensity and duration. In this context, an even less
studied process is that of recovery following the cessation
of stress treatment. In this respect, the great majority of
these studies were performed on plant subjected to drought
stress (Salekdeh et al. 2002; Gazanchian et al. 2007; Ingle
et al. 2007; Echevarria-Zomefio et al. 2009). However,
very limited information has been available concerning
protein changes in plants during recovery from salt stress.
Chourey et al. (2003) reported that several salinity-stress-
induced LEA proteins were accumulated during the salt-
stress-triggered growth arrest of young rice (Oryza sativa
L.) seedlings and that the recovery from salt stress was
accompanied by the degradation of these proteins.

Cowpea is widely grown in arid and semiarid regions of
the world (Ehlers and Hall 1997), and it is one of the most
important crops for people living in developing countries.
However, cowpea is subject to salt stress that reduces its
yield, like many other crops. Studies of the salt tolerance of
cowpea using physiological and biochemical approaches
have produced a large body of data. Most of these studies
have focused on biomass production, photosynthesis,
compatible solute accumulation and antioxidant enzyme
activities (Silva et al. 2003; Murillo-Amador et al. 2006;
Cavalcanti et al. 2007). Earlier studies conducted in our
laboratory have indicated varying behaviors of key
enzymes of several metabolic pathways, varying levels of
metabolites and altered photosynthetic and N assimilation
efficiency in plants of two cowpea cultivars. Our data
showed that Pitiuba is a salt-tolerant cultivar, while TVu
2331 is a salt-sensitive cultivar (Costa et al. 2003; Praxedes
et al. 2010). However, the protein dynamics of salt toler-
ance has not been investigated. In the present study, two-
dimensional electrophoresis (2-DE) in conjunction with
mass spectrometry (MS) analysis was used to investigate
leaf proteome-level differences between cultivars of cow-
pea exhibiting differential salinity tolerance. The main goal
of this study was to characterize the differential abundance
of proteins in leaves during salt stress and recovery and to
discuss their roles in mediating the response of cowpea to
salt stress.

Materials and methods
Plant material and growth conditions
Seeds of cowpea [Vigna unguiculata (L.) Walp], cultivars

Pitiuba (salt tolerant) and TVu 2331 (salt sensitive) were
surface sterilized in 1 % (v/v) sodium hypochlorite for
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5 min and then rinsed three times in distilled water. Seeds
of each cultivar were sown in vermiculite moistened with
half-strength Hoagland’s nutrient solution in the absence
(control) or presence of 75 mM NaCl (salt stress). Five
days after sowing, seedlings of each cultivar were trans-
ferred to 6-L pots with full-strength Hoagland’s nutrient
solution remaining a set of plants exposed to control con-
ditions (Hoagland solution without NaCl) and another set
of plants exposed to salt stress (Hoagland solution with
75 mM NaCl). Seventeen days after sowing, a set of salt-
stressed plants was transferred to pots containing Hoa-
gland’s nutrient solution without NaCl (recovery treat-
ment). All nutrient solutions were replaced every 5 days
and routinely aerated. Water loss by evapotranspiration
was estimated by the pot weight loss and replaced daily
with distilled water. Twenty-two days after sowing, leaves
(second and third fully expanded leaves from the apex) of
all treatments (control, salt stress and recovery) were flash
frozen in liquid nitrogen, lyophilized and stored at —80 °C
for proteomic analysis. Physiological parameters such as
leaf area and shoot dry mass were also evaluated. Leaf area
was determined with a Li-Cor area meter (LI-3100, Li-Cor
Inc., Lincoln, NE, USA). Plant shoots were separated, dried
for 72 h at 60 °C and weighed for determination of dry
mass. The experiment was conducted in Fortaleza (3.74°S,
38.58°W), northeastern Brazil, under greenhouse condi-
tions with mean midday photosynthetically active radiation
of approximately 1,500 pmol m~2 s~!, a temperature of
29.7 £ 0.6 °C, and a relative humidity of 70 &+ 5 %.

Protein extraction

Total soluble protein was extracted in five replicates from
leaves of each treatment according to the method of Shen
et al. (2002) with some modifications. The samples were
ground to powder in liquid nitrogen with a pre-cooled
mortar and pestle. Approximately, 200 mg of leaf samples
was mixed with 200 mg of polyvinylpolypyrrolidone
(PVPP) and homogenized in 5 mL of extraction buffer
containing 40 mM Tris—HCI (pH 7.5), 250 mM sucrose,
10 mM ethylenediamine tetraacetic acid (EDTA), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothrei-
tol (DTT) and 1 % (v/v) Triton X-100. The mixture was
vortexed, shaken at 4 °C for 1-2 h, and centrifuged at
15,000x g for 15 min at 4 °C. The supernatant was pre-
cipitated with 10 mL 10 % (w/v) trichloroacetic acid
(TCA) in cold acetone for 12 h at —20 °C. After centri-
fugation at 15,000x g for 15 min at 4 °C, the supernatants
were discarded, and the pellets were washed four times
with ice-cold acetone. The resulting pellet was vacuum
dried and dissolved in 300 pL lysis buffer (7 M urea, 2 M
thiourea, 2 % (w/v) 3-[(3-Cholamidopropyl) dimethylam-
monio] propanesulfonic acid (CHAPS), 2 % (v/v)

immobilized pH gradient (IPG) buffer 3—10 and 1 % (w/v)
DTT) (GE Healthcare: Life sciences, USA) at room tem-
perature for 1 h. The suspension was centrifuged at
12,000x g for 10 min at 25 °C. The supernatant was col-
lected as the protein extract and used for 2-DE analysis.
Protein concentrations were determined in duplicate
according to Bradford (1976) using bovine serum albumin
(Sigma-Aldrich, USA) as the standard.

2-DE separation and image analysis

The proteins extracted were diluted with rehydration buffer
containing 8 M urea, 2 % (w/v) CHAPS, 2 % (v/v) IPG
buffer (pH 3-10), 0.3 % (w/v) DTT and 0.002 % (w/v)
bromophenol blue (GE Healthcare: Life sciences, USA).
Approximately 400 pg of protein was loaded onto a 13-cm,
pH 4-7 linear gradient IPG strip (GE Healthcare, USA).
Isoelectric focusing (IEF) was performed using a Multi-
phor™ II apparatus (Amersham Pharmacia Biotech)
according to the manufacturer’s instructions. Briefly,
focusing was performed at 20 °C with the following steps:
gradient at 300 V for 5 min, gradient at 3,500 V for 1:30 h,
and 3,500 V for 4:10 h. After IEF, the protein in the strips
was denatured for 15 min with equilibration buffer
[50 mM Tris—HCI (pH 8.8), 6 M urea, 30 % (v/v) glycerol,
2 % (w/v) sodium dodecyl sulfate (SDS), 0.002 % (w/v)
bromophenol blue and 1 % (w/v) DTT] and then incubated
with the same buffer containing 2.5 % (w/v) iodoacetamide
instead of DTT for 15 min at room temperature. The sec-
ond dimension of electrophoresis (SDS-PAGE) was per-
formed on a 12.5 % (v/v) gel using a Hoefer SE 600 Ruby
electrophoresis unit (GE Healthcare: Life sciences, USA).
Strips were embedded on the top of SDS-PAGE gels and
then sealed using 0.5 % (v/v) molten agarose solution.
Electrophoresis was run at 15 mA per gel for 30 min,
followed by 25 mA per gel until the bromophenol blue
tracking dye ran off the gel. After SDS-PAGE, gels were
fixed overnight with a fixing solution containing 10 % (v/v)
acetic acid and 40 % (v/v) ethanol and stained with col-
loidal Coomassie Blue G-250 (Neuhoff et al. 1988).
2-DE gels were scanned at 300 dpi using an Image
Scanner (GE Healthcare: Life sciences, USA). Image
analysis was performed using ImageMaster' ™ 2-D Plati-
num software (version 6.0, GE Healthcare, USA). At least
three gels from each treatment (control, salt stress and
recovery) from three independent experiments were used
for the analysis. Background subtraction, landmark iden-
tification, the aligning/matching of spots within gels, the
quantification of matched spots and spot analysis were
performed according to the software guide. Before spot
matching, one of the gel images was selected as the ref-
erence gel. To correct the variability due to staining, the
abundance of each protein spot was estimated by the
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percentage intensity (intensity %), i.e., the spot intensity of
one spot in relation to the sum of all detected spots on the
gel. The normalized percentage intensity of protein spots
from triplicate biological samples was subjected to statis-
tical analysis by ImageMaster 2-D Platinum software.
Quantitative image analysis was conducted to reveal pro-
tein spots with reproducible differences in relative abun-
dance (intensity % >2.0-fold and p value <0.05). The
experimental MW (kDa) of each protein was estimated
using 2-DE markers (Sigma-Aldrich, USA), and the
experimental pl was determined by the migration of the
markers on the IPG strip.

In-gel digestion and MS analysis

Selected protein spots were manually excised from the gel
and digested with sequencing-grade trypsin as described by
Shevchenko et al. (2006). Briefly, gel pieces were
destained by washing three times with 25 mM ammonium
bicarbonate in 50 % (v/v) acetonitrile (ACN). After
removing the destaining buffer, the gel pieces were dehy-
drated twice with 100 % ACN and lyophilized before
digestion at 37 °C overnight (16 h) with 20 pL of 40 mM
ammonium bicarbonate in 10 % (v/v) ACN containing
20 ng pL~" trypsin (Promega, Madison, WI, USA). The
peptides were extracted three times with 5 % (v/v) formic
acid in 50 % (v/v) ACN using an ultrasonicator (UltraC-
leaner 1400A, Unique, SP, Brazil). The resulting peptide
extracts were pooled, lyophilized in a vacuum centrifuge
(SpeedVac SVC100H, Savant, USA) and stored at —80 °C
until identification by mass spectrometry (MS) analysis.

The extracted tryptic fragments were analyzed by cap-
illary liquid chromatography/nanoelectrospray ionization
tandem mass spectrometry (LC-ESI-MS/MS), using a
Q-ToF mass spectrometer (Waters Corp., Milford, MA,
USA) coupled with a Waters Nano high-performance
liquid chromatography (UPLC) unit. The product ion
spectra collected were processed using Protein Lynx Glo-
bal Server 2.0 (Waters Corp., MA, USA) and were con-
verted to peak-list text files for database searching.

Protein identification

To identify proteins, MS/MS ion searches were performed
on the processed spectra in the NCBI non-redundant data-
base using MASCOT Daemon (Matrix Science, London,
UK), under the taxon Viridiplantae (Green Plants). All
peptides were assumed to be monoisotopic and [M+H]"
(protonated molecular ions). The other search parameters
were the following: a mass accuracy of +1.2 Da, one missed
cleavage, complete carbamidomethylation of cysteine resi-
dues and partial oxidation of methionine residues. To iden-
tify a protein by LC-ESI-MS/MS, the following criteria
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were used: a minimum of three independent matching pep-
tides, significant protein scores given by MASCOT
(p < 0.05), and a minimum of 10 % coverage of protein by
matching peptides. The identified proteins had to be in the
top hit. Additional searches were also performed against the
cowpea EST database to achieve or confirm the protein
identification. In addition, the theoretical pI and MW of
identified proteins were compared with the experimental pl
and MW. The sub-cellular location of identified proteins was
estimated using the software TargetP (http://www.cbs.dtu.
dk/services/TargetP/). The server predicted whether the
sequences contained chloroplast transit peptides (cTP), a
mitochondrial targeting peptide (mTP), or a signal peptide
(SP) for secretion. In addition, Uniprot (http://www.uniprot.
org/) was used to search for the pathways and biological
reactions associated with the identified proteins.

Experimental design and statistical analysis

The plants were distributed over a completely randomized
two-plant plot design, with six treatment combinations
(two cultivars and three salt treatments) and five replicates.
The results of physiological parameters were analyzed
using two-way ANOVA test performed with Assistat
software, version 7.6 beta (Silva and Azevedo 2002).
Differences were analyzed using the Tukey test at a
p < 0.05 level. Results were reported as the mean £+ SD of
the replicates. Spot intensities of differential proteins in a
2D gel were calculated from three spots in three replicated
gels. Significance of abundance protein spot differences
was assessed by Student’s 7 test using the ImageMaster ™
2-D Platinum software. The protein spots showing a sig-
nificant difference (p < 0.05) of abundance change (up or
down) were considered as “proteins differentially
regulated”.

Results
Plant growth response to salt stress and recovery

Salt stress with 75 mM NaCl caused a significant
(p < 0.05) reduction in evaluated growth parameters,
especially in the salt-sensitive cultivar (Fig. 1). Salinity
reduced the leaf area by 48 % in Pititiba and 64 % in TVu
as compared to plants under control conditions (Fig. 1a).
Shoot dry mass was also reduced in both cultivars, but the
reduction was more pronounced in TVu (54 %) than in
Pitiiba (38 %) as compared to their respective control
values (Fig. 1b). After recovery treatment (complete NaCl
withdrawal from the root medium), leaf area and shoot dry
mass were significantly (p < 0.05) higher than in plants
under salt stress.
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2-DE protein profile in response to salt stress
and recovery

The effects of salt stress and recovery on the leaf protein
profiles of cowpea cultivars were analyzed with 2-DE. In
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Fig. 1 Leaf area (a) and shoot dry mass (b) of Vigna unguiculata, cv.
Pititba (open square) and cv. TVu (filled square), when subjected to
control or salt-stress (75 mM NaCl) conditions and after recovery for
5 days. Vertical bars indicated the mean value £SD of five
replicates. Within each treatment, small letters indicate significant
differences with p < 0.05 (Tukey test)

pH

the preliminary experiments, major differences in protein
profiles were observed at 75 mM NaCl (data not shown)
which corresponded to the same concentration used pre-
viously by Costa et al. (2003) and Praxedes et al. (2010) in
V. unguiculata cultivars. This salt concentration was
selected as the reference for all subsequent differential
2-DE analyses. These experiments revealed that many of
the proteins resolved were in the pH range of 4-7 with
a molecular mass of 10.8-73.4 kDa. Accordingly, IEF
was carried out within 4-7 pH range, and the second
dimension of SDS-PAGE was performed with 12.5 %
polyacrylamide.

To detect differences in abundance of proteins from
cowpea leaves, 2-DE maps obtained from control and salt-
treated plants from both stress and recovery treatments
were compared with ImageMaster'™ 2-D Platinum soft-
ware. At least three 2-DE gels obtained from five biolog-
ical replicates of the control and treated leaf samples were
used for image analysis. Representative images from 2D
gels of the Pititiba and TVu cultivars are shown in Figs. 2
and 3, respectively. Quantitative image analysis revealed
the protein spots that significantly changed their relative
abundance (int. %) by 2.0-fold at p < 0.05. Changes in
relative abundance of differentially regulated proteins
during salt stress and recovery are available in Online
Resource 1. In our research, 10 spots (spots 95, 100, 112,
118, 120, 134, 185, 212, 230 and 233) exhibited increases
in abundance (up-regulation), and 13 spots (spots 93, 101,
105, 119, 121, 140, 149, 157, 179, 181, 184, 189 and 207)
exhibited a decrease in abundance (down-regulation) in
Pitiiba plants under salt stress (Figs. 2, 4; Online Resource
1). In TVu, 13 spots (spots 57, 58, 60, 79, 80, 111, 124,
143, 172, 178, 187, 232 and 236) were found to be up-
regulated and 14 spots (spots 38, 82, 139, 146, 159, 163,
190, 195, 199, 200, 229, 233, 262 and 265) were down-

pH pH

4.0 > 7.0 40—

kDa

14.2—

Control

Fig. 2 Coomassie-stained two-dimensional gels of proteins extracted
from Vigna unguiculata cv. Pitiiba leaves grown under salt-stress
(75 mM NaCl) and control conditions and after recovery treatment.
Proteins (400 pg) were separated in 13-cm IPG strips (pH 4-7 linear)

Salt stress

7.0 4.0 - > 7.0

Recovery

in the first dimension and by SDS-PAGE on 12.5 % polyacrylamide
gels in the second. Differentially regulated protein spots (intensity
% >2.0-fold) are numbered. Spot no. 77 was detected only under the
condition of stress. The nine framed zones are enlarged in Fig. 5
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Control

Fig. 3 Coomassie-stained two-dimensional gels of proteins extracted
from Vigna unguiculata cv. TVu 2331 leaves grown under salt-stress
(75 mM NaCl) and control conditions and after recovery treatment.
Proteins (400 pg) were separated in 13-cm IPG strips (pH 4-7 linear)

Fig. 4 Venn diagram
representation of different
subsets of proteins in leaves of
Vigna unguiculata, cv. Pitidba
and cv. TVu 2331, showing
changes in their abundance
under salt-stress (75 mM NaCl)
and control conditions and after
recovery treatment

Stress

regulated under salt-stress conditions (Figs. 3, 4; Online
Resource 1).

The effects of recovery from salt stress on the protein spot
relative abundance in cowpea leaf were also studied
(Figs. 2, 3). After recovery, the abundance of some
responsive protein spots returned to the control levels for
both cultivars. For example, spots 95, 100 and 185 increased
(3.7-fold, 2.3-fold and 2.6-fold, respectively) in Pititiba
leaves under salt stress and then decreased to control levels
after the end of stress treatment (Fig. 2; Online Resource 1).
A similar result was observed in TVu plants, where some
protein spots increased in size under salt stress and then
shrank to control levels after recovery (for example, spots
79, 80 and 143) (Fig. 3; Online Resource 1). In contrast,
spots 181 and 184 were strongly down-regulated by 3.1- and
2.3-fold, respectively, in Pitiiba leaves during salt stress
compared to the control, and then increased after recovery
(Fig. 2; Online Resource 1). Similarly, spots 139, 195 and
199 in TVu leaves during salt stress were down-regulated by
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Salt stress

Pitiuba

Recovery

in the first dimension and by SDS-PAGE on 12.5 % polyacrylamide
gels in the second. Differentially regulated protein spots (intensity
% >2.0-fold) are numbered. Spot no. 263 was detected only under the
condition of stress. The nine framed zones are enlarged in Fig. 6

TVu

D¢

Stress Recovery

Recovery

186 135

2.0-, 4.3- and 2.7-fold, respectively, but were subsequently
restored in recovered plants (Fig. 3; Online Resource 1). In
addition, salinity caused the appearance of two new protein
spots (spot 77 in Pititiba and spot 263 in TVu) that exhibited
significant reductions in their intensity levels after recovery
from salt stress (Figs. 2, 3; Online Resource 1). In summary,
for Pitiuba, the comparison between stress and recovery
revealed nine spots that increased (spots 101, 105, 106, 140,
181, 182, 184, 222 and 253) and eight spots that decreased
(spots 77, 94, 95, 100, 112, 156, 185 and 230) in abundance
in the recovered plants. For TVu, seven spots augmented
(spots 139, 163, 190, 199, 200, 201 and 233) and 17 spots
decreased (spots 33, 38, 58, 60, 85, 79, 80, 123, 124, 143,
149, 157, 161, 172, 187, 193 and 263) in abundance after
recovery from salt stress (Fig. 4). Some of the changes in
protein abundance under salt and recovery treatment are
enlarged in Figs. 5 and 6.

Analysis of the 2-DE gels for control and recovered
plants revealed variations in the abundance of some spots
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Fig. 5 Enlargement of the nine
zones (I-IX) within the 2-DE
gels of Vigna unguiculata cv.
Pititba (Fig. 2) showing
significant protein spot intensity
changes during salt stress

(75 mM NaCl) and after
recovery. The arrows indicate
the spot positions on the gel.
Some of these spots were
identified by LC-ESI-MS/MS
(see Table 1). Vertical bars
represent the relative abundance
of each spot (Mean £ SD of
three independent gels).
Difference between the
treatments was significant at

*p < 0.05; **p < 0.01;

*#%p < (0.001 according to
Student’s 7 test

Control

Zone 1

Zone 11

Zone 111

Zone 1V

Zone V

Zone VI

Zone VII

Zone VIII

Zone IX

in both cultivars. Among the differentially regulated
proteins in Pitiuba, nine spots showed an increased accu-
mulation (spots 112, 117, 118, 134, 140, 182, 184,
233, 247) and eight protein spots showed a decreased
accumulation (spots 119, 121, 157, 174, 181, 189, 207,
295) in the recovered plants when compared with controls
(Figs. 2, 4; Online Resource 1). In TVu, five spots were up-
regulated (spots 35, 139, 201, 229, 236) and four were
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down-regulated (spots 85, 146, 195, 265) during the
recovery period relative to the control (Figs. 3, 4; Online
Resource 1).

Identification of differentially regulated proteins

We have selected the spots that presented the highest dif-

ferences in response to salt stress and recovery. For each
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Fig. 6 Enlargement of the nine
zones (I-IX) within the 2-DE
gels of Vigna unguiculata cv.
TVu 2331 (Fig. 3) showing
significant protein spot intensity
changes during salt stress

(75 mM NaCl) and after
recovery. The arrows indicate
the spot positions on the gel.
Some of these spots were
identified by LC-ESI-MS/MS
(see Table 1). Vertical bars
represent the relative abundance
of each spot (Mean £ SD of
three independent gels).
Difference between the
treatments was significant at

*p < 0.05; “p < 0.01;

"*p < 0.001 according to
Student’s ¢ test

Zone 11

Zone 111

Zone IV

Zone V

Zone VI

Zone VII

Zone VIII

Zone IX

cultivar, a total of 11 differential protein spots were sub-
jected to tryptic digestion, and the resulting peptides were
analyzed by LC-ESI-MS/MS. Nineteen proteins identified
through tandem mass spectra and non-redundant NCBI
database searches using the MASCOT tool (http://www.
matrixscience.com/) are listed in Table 1. The majority of
these protein spots corresponded to proteins involved in
photosynthesis and energy metabolism, e.g., three rubisco
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activase proteins (spots 77, 93 and 95 in Pitiuba), two
ribulose-5-phosphate kinase proteins (spot 100 in Pitiuba
and spot 60 in TVu), two ATP synthase beta subunit pro-
teins (spot 184 in Pititiba and spot 172 in TVu), one oxy-
gen-evolving enhancer (OEE) protein 2 (spot 185 in
Pitiiba), one OEE protein 1 (spot 139 in TVu), one car-
bonic anhydrase protein (spot 163 in TVu), and one ribu-
lose-1,5-bisphosphate  carboxylase/oxygenase (rubisco)
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Fig. 7 Overall representation
of differential proteomic
responses of Vigna unguiculata

cultivars to salt-stress (red line) Ru5PK (100)
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RuSPK (60) FAD/NAD(P)-binding
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PSII Factor 3

apd recovery treatment (green GDC (230) HCF 136 (80) SBP (79)
line). The control plants were Rubisco
grown in absence of NaCl stress activase (77)
(blue line). (color ﬁgure online) Rubisco Calreticulin Plastocyanin (263)
activase (95) (262)
Rubisco
activase (93)
Viellin (140)  OEE 1 (139) Rubisco (195)
Lectin (149)
FAD/NAD(P)-binding Mn stabilizing

ATP synthase (184)

large subunit protein (spot 195 in TVu). Other proteins in
Pitidba included one vicilin (spot 140), one lectin precursor
(spot 149), and two proteins with unknown function (spots
157 and 212). In TVu, we also identified proteins involved
in folding and stability, such as photosystem II (PSII)
stability/assembly factor HCF136 (spot 80) and manga-
nese-stabilizing protein-II (spot 199) and proteins involved
in carbohydrate metabolism and signal transduction, such
as sedoheptulose-1,7-bisphosphatase (SBP) isoform 1 (spot
79) and calreticulin (spot 262).

Spots 212 and 230 in Pititiba and spots 143 and 263 in
TVu were identified only after additional searches using
the MASCOT tool and the plant EST database, which
revealed the highest score for ESTs from cowpea. Protein
spots 143, 212, 230 and 263 generated the best scores
(1,142; 351; 160; 156) with the cowpea ESTs FC460400,
FF382103, FC459361 and DR068329, respectively. Fur-
ther, BLASTn searches comparing these ESTs with the
NCBI nr database revealed that spots 143, 212, 230 and
263 were highly similar to Arabidopsis FAD/NAD(P)-
binding oxidoreductase (NM_101382) [73 % of identity
(coverage 60 %)]; soybean peptidyl-prolyl cis—trans
isomerase (XM_003556536) [84 % of identity (coverage
99 %)]; soybean glycine decarboxylase complex H-protein
(XM_003539121) [86 % of identity (coverage 91 %)]; and
Medicago truncatula plastocyanin (XM_003603795)
[72 % of identity (coverage 75 %)], respectively.

The differential pattern of main regulated proteins in
leaves of V. unguiculata cultivars during salt-stress and
recovery is showed in a radar plot (Fig. 7).

Discussion

Salinity is a major abiotic stress that affects plant growth
and development. To cope with salt stress, plants have
developed many strategies mediated by changes in gene
expression, which result from protein changes altering
certain metabolic and signal pathways (Vinocur and

oxidoreductase (157)

Carbonic anhydrase (163) protein-II (199)

Altman 2005). Previously, our research group has identi-
fied two V. unguiculata cultivars revealing different levels
of salt-stress tolerance: Pitiiba (salt tolerant) and TVu
2331 (salt sensitive) (Costa et al. 2003; Praxedes et al.
2010). In the present study, salt stress caused physiological
changes in cowpea plants, as shown by a significant
reduction in leaf area and in shoot dry mass, especially in
sensitive cultivar (Fig. 1). In this context, we conducted
proteomic analyses in leaves of Pitiiba and TVu cultivars
to gain insights into the regulatory mechanisms involved in
salt tolerance of V. unguiculata plants. Although a high
similarity of protein profiles was observed in both cultivars,
there were significant differences between them in abun-
dance of some salt responsive proteins. The present study
indicated that the variation in salt tolerance and sensitivity
in cowpea plants might be associated with the differential
accumulation of certain stress-responsive proteins. The
main differentially regulated proteins from leaves of both
cultivars during salt stress and recovery are discussed
below.

Stress-responsive proteins in Pitiiba

Two spots corresponding to rubisco activase (spots 77 and
95) were significantly up-regulated (¢ test, p < 0.01) in
Pitiuba leaves by salt stress (Figs. 5, 7; Online Resource 1)
probably corresponding to different isoforms of this
enzyme. Rubisco activase (EC 4. 1. 1. 39) removes
inhibitory sugar phosphates such as ribulose-1,5-bisphos-
phate from the active sites of rubisco so that CO, can
activate the enzyme by carbamylation (Kang et al. 2012).
Therefore, the increased abundance of this enzyme may be
involved in the maintenance of CQO, assimilation under
salt-stress conditions. Li et al. (2011) also reported a sim-
ilar induction of rubisco activase in the halophyte Suaeda
salsa, which was related to increased CQO, assimilation.
Deeba et al. (2012), in contrast, reported down-regulation
of this enzyme in cotton plants exposed to drought stress.
We also found an isoform of rubisco activase (spot 93) that
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significantly decreased (¢ test, p < 0.05) in intensity under
NaCl stress (Figs. 5, 7; Online Resource 1). Similarly,
Kang et al. (2012) observed the up-regulation of two ru-
bisco activase isoforms, while two others were down-reg-
ulated in wheat seedlings due to salt stress. According to
Guo et al. (2012), the regulation of isoforms or isoproteins
may represent a mechanism for plant adaptation to envi-
ronmental changes.

We also found an enhanced abundance (¢ test,
p < 0.001) of ribulose S-phosphate kinase (RuSPK), also
known as phosphoribulokinase (EC 2. 7. 1. 19), which
catalyzes the phosphorylation of ribulose-5-phosphate to
ribulose-1,5-bisphosphate (RuBP), a key step in the Calvin
cycle. The up-regulation of RuSPK (spot 100) in Pititba
indicated that the regeneration of RuBP could be main-
tained during salt stress. After the recovery period, the
abundance of this protein returned to control levels
(Figs. 5, 7; Online Resource 1). Consistent with our data,
Deeba et al. (2012) reported up-regulation of Ru5PK in
cotton leaves during progressive drought stress. In contra-
diction to our data, Xu and Huang (2010), investigating the
proteomic responses to water stress induced by polyethyl-
ene glycol (PEG) in Agrostis stolonifera leaves, reported a
down-regulation of this enzyme in both tolerant and sen-
sitive cultivars. Another photosynthesis-related protein,
oxygen-evolving enhancer protein 2 (OEE 2; spot 185),
was found to be up-regulated (¢ test, p < 0.01) in response
to salt stress (Figs. 5, 7; Online Resource 1). It is known
that OEE 2 can be easily removed from the PSII complex
in the presence of NaCl. The increased abundance of OEE
2 might be needed to repair protein damage caused by this
dissociation and thus maintain oxygen evolution (Gazan-
chian et al. 2007). The up-regulation of OEE 2 in our report
is in agreement with a similar study of the salt-stress
response in seedling leaves of different salt-tolerant soy-
bean genotypes, in which the OEE 2 was shown to increase
under stress only with the salt-tolerant genotype (Ma et al.
2012).

Protein spot 184, identified as ATP synthase beta sub-
unit, was significantly down-regulated (¢ test, p < 0.05) in
salt-treated plants (Figs. 5, 7; Online Resource 1). ATP
synthase (EC 3. 6. 3. 14) is the main enzyme for ATP
biosynthesis in the presence of a proton gradient across the
thylakoid membranes. The down-regulation of this protein
might be specifically related to the inhibition of ATP
synthesis by salt stress. In agreement with our results, the
differential abundance of ATP synthase has also been
reported in the proteomic studies of salt stress in other plant
models as well (Caruso et al. 2008; Razavizadeh et al.
2009). However, the response to stress in these plants
depended on the plant species and the type and intensity of
stress. For instance, it was shown by Li et al. (2011) that
ATP synthase was up-regulated in the halophyte S. salsa

@ Springer

only by salt stress, but not by other stressors, such as heat
shock or the combination of salt stress and heat shock. ATP
synthase was down-regulated in salt-stressed soybean
leaves (Sobhanian et al. 2010). On the other hand, this
enzyme was not influenced by salt stress in watermelon
seedlings (Yang et al. 2012).

Another interesting protein in Pitidba is vicilin (spot
140), which was found to be down-regulated (¢ test,
p < 0.01) by salt stress (Figs. 5, 7; Online Resource 1).
The vicilins (7S globulins) are the major cowpea storage
proteins and belong to a highly heterogeneous multigene
family. In addition, previous findings have shown that
vicilins bind to chitin-containing structures. This associa-
tion could potentially explain the detrimental effects of
variant vicilins, found in some cowpea varieties, on the
development and survival of the storage pest insect Cal-
losobruchus maculatus, as well as on spore/conidia ger-
mination and on the development of some phytopathogenic
fungi (Gomes et al. 1997; Sales et al. 2001).

We also observed that peptidyl-prolyl cis—trans isom-
erase (PPlase; spot 212) was significantly up-regulated
(t test, p <0.05) under salinity conditions and then
returned to control abundance levels after recovery from
stress (Figs. 2, 7; Online Resource 1). PPlase (EC 5. 2. 1.
8), a widely distributed enzyme, catalyzes the cis—trans
isomerization of proline imidic peptide bonds in oligo-
peptides (Huang et al. 2006). PPlase may function as a
chaperone to prevent and reverse incorrect interactions
between proteins and to facilitate correct protein folding
under stress conditions (Debez et al. 2012; Deeba et al.
2012). In addition, PPlase may also be involved in signal
transduction and thus plays a crucial role in stress
responsiveness (Kottapalli et al. 2009). Microarray analysis
revealed that the transcript level of the gene encoding
PPlase was up-regulated in tomato plants subjected to salt
stress (Zhou et al. 2007).

We observed that glycine decarboxylase (spot 230) was
significantly up-regulated (¢ test, p < 0.01) in Pitiiba
leaves by salt stress (Figs. 5, 7; Online Resource 1). This
H-protein is part of the glycine decarboxylase (GDC; EC
2.1.2.10) multienzyme complex, and catalyzes the inter-
conversion of glycine to serine, an integral part of the
photorespiratory pathway (Bauwe and Kolukisaoglu 2003).
Up-regulation of this protein in Pititiba leaves suggests the
possible function of photorespiration as an electron sink to
minimize the production of reactive oxygen induced by
salt-stress conditions. Caruso et al. (2008) also reported a
similar induction of GDC in wheat leaves in response to
salt stress.

One protein (spot 149) was found to be related to the
plant defense system and identified as lectin precursor. The
quantitative increase in lectin levels is one of the universal
nonspecific mechanisms of plant protection against the
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influence of unfavorable environmental conditions,
although its function(s) in salt stress is not known. Dif-
ferential regulation of specific lectins has previously been
reported in response to both abiotic and biotic stresses
(Zhang et al. 2000; Babosha 2008; Ma et al. 2012). In our
study, however, this protein was significantly down-regu-
lated (¢ test, p < 0.05) in salt-treated plants (Figs. 2, 7;
Online Resource 1). Aghaei et al. (2009) reported a similar
down-regulation of lectins in response to salt stress in
soybean hypocotyls and roots.

Stress-responsive proteins in TVu

Two spots representing proteins involved in photosynthe-
sis, ribulose 5-phosphate kinase (RuSPK; spot 60) and ATP
synthase beta subunit (spot 172), experienced salt-induced
changes (¢ test, p < 0.05) in TVu leaves. As previously
reported in NaCl-treated Pitiuba leaves, an increased
abundance of these enzymes was also present in TVu
plants exposed to salt stress (Figs. 6, 7; Online Resource
1). In our study, the marked accumulation of Ru5PK and
ATP synthase during salt stress and their mobilization
during subsequent recovery from salt stress clearly sup-
ported such a role for these proteins in the stress accli-
mation of cowpea.

The oxygen-evolving enhancer proteins (OEEs) consist
of three subunits: OEE 1, OEE 2, and OEE 3. These are
nuclear-encoded chloroplast proteins and are peripherally
bound to photosystem II (PSII) on the lumenal side of the
thylakoid membrane (Sugihara et al. 2000). Our results
showed that OEE 1 (spot 139) was down-regulated ( test,
p < 0.01) in the TVu cultivar under the condition of salt
stress (Figs. 6, 7; Online Resource 1), while an OEE 2
(spot 185) was induced (¢ test, p < 0.01) by salt stress in
the Pitiuba cultivar (Figs. 5, 7; Online Resource 1). These
findings suggest that the stress-sensitive cultivar (TVu)
might have experienced greater dissociation of this com-
plex from the PSII compared to Pititba. Interestingly, Pang
et al. (2010) observed that OEE 1 was significantly down-
regulated in Thellungiella halophila, a halophyte, under
salt stress. For these authors, the physiological significance
of these protein changes was intriguing. In our research,
PSII stability/assembly factor HCF136 (spot 80), a struc-
tural element of PSII, and two proteins involved in chlo-
roplast  electron  transport, FAD/NAD(P)-binding
oxidoreductase (spot 143) and plastocyanin (spot 263),
were found to be up-regulated (7 test, p < 0.01) under salt
stress (Figs. 6, 7; Online Resource 1). The same was not
true for manganese-stabilizing protein-II (spot 199), whose
abundance was reduced (¢ test, p < 0.01) by salt stress.
Kang et al. (2012) reported an up-regulation of the PSII
stability/assembly factor HCF136 in response to salt stress
in wheat seedlings. In addition, manganese-stabilizing

protein was required for the stability of PSII in higher plant
chloroplasts and participated in the splitting of water to
liberate O, (Yi et al. 2005). Previous experiments showed
that a decrease in the photosynthetic rate in both salt-tol-
erant and salt-sensitive cowpea plants appeared to affect
both stomatal and non-stomatal behavior after treatment
with NaCl (Silva et al. 2003; Praxedes et al. 2010).
Therefore, an increase or a decrease caused by salt stress in
abundance of the proteins associated with photosynthetic
electron transport may cause the inhibition of photosyn-
thesis and growth.

Carbonic anhydrase (EC 4. 2. 1. 1) is a zinc-containing
metalloenzyme that catalyzes the reversible interconversion
of CO, and HCO;™, and it has been shown to function in a
variety of biological processes, including pH regulation,
CO, transfer, ion exchange, respiration, biosynthesis, and
photosynthetic CO, fixation (Yu et al. 2007). According to
Caruso et al. (2008), an increased abundance of carbonic
anhydrase may influence the rate of the reversible reaction
HCO;™ + H' < CO, + H,0, facilitate CO, diffusion
and thus may affect the buffering capacity of plant cells
with high concentrations of HCO3;™ and CO%’. Therefore,
under CO,-limiting conditions, such as those imposed by
various types of environmental stresses, carbonic anhydrase
can prevent photorespiration in plants. In the present study,
we found a significant down-regulation (¢ test, p < 0.05) of
this enzyme in TVu plants under salt stress (spot 163;
Figs. 6, 7; Online Resource 1). In contrast, Aghaei et al.
(2008), studying the relative salt tolerance of two potato
cultivars, the salt-tolerant Kennebec and salt-sensitive
Concord, reported that salt stress led to a decrease in the
carbonic anhydrase abundance in both cultivars.

The Rubisco large subunit (spot 195) was also observed
to be down-regulated (¢ test, p < 0.001) by salt stress in
TVu leaves (Figs. 6, 7; Online Resource 1). As the key
enzyme involved in the Calvin photosynthesis cycle in C3
plants, rubisco (EC 4. 1. 1. 39) catalyzes the fixation of
CO, to ribulose-1,5-bisphosphate (RuBP). It is widely
accepted to be the ultimate rate-limiting step in photo-
synthetic carbon fixation and, therefore, plays a key role in
the production of agriculture crops (Yang et al. 2012). In
addition, in our study, the abundance of rubisco after
recovery from stress remained lower than in control plants
(Figs. 6, 7; Online Resource 1). These results suggest that
this reduced level of rubisco might be insufficient to
maintain CO, assimilation in this cowpea cultivar. In cot-
ton leaves, the down-regulation and/or inhibition of pho-
tosynthesis under water stress was related to a reduction in
Rubisco subunits levels (Deeba et al. 2012). However, an
increased abundance of Rubisco under salt stress has also
been reported in proteomic studies of other plant species
(Zorb et al. 2004; Razavizadeh et al. 2009).
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Another enzyme involved in the Calvin cycle, sedo-
heptulose-1,7-bisphosphatase (SBP; spot 79), was found to
be up-regulated (¢ test, p < 0.05) in response to salt stress
(Figs. 6, 7; Online Resource 1). Our results are in dis-
agreement with Deeba et al. (2012), who found a signifi-
cant reduction in SBP abundance in drought-stressed cotton
leaves. The authors attributed the down-regulation of this
enzyme to diminished photosynthetic activity under
drought stress. Our data also showed that the abundance of
SBP returned to the control level after recovery treatment,
suggesting that this protein may play an important role in
maintaining CO, assimilation. In S. salsa plants, high CO,
assimilation under stress conditions was explained by an
increase in the Rubisco content, although SBP was down-
regulated by salt stress (Li et al. 2011).

Calreticulin (spot 262) was also identified as a protein
up-regulated (¢ test, p < 0.05) by salt stress in TVu leaves
(Figs. 3, 7; Online Resource 1). Calreticulin is an important
calcium-binding protein with chaperone functions and
plays a pivotal role in regulating calcium homeostasis and
protein folding in the endoplasmic reticulum of plants
(Wang et al. 2004). Differential abundance of calreticulin
has previously been reported in response to salt and
osmotic stresses (Aghaei et al. 2008; Zang and Komatsu
2007; Nam et al. 2012). Although its function(s) in salt
stress remains unclear, calreticulin expression appears to be
involved in Ca®" storage in response to environmental-
stress signal transduction (Li et al. 2008; Sobhanian et al.
2010). Shaterian et al. (2005) reported that calreticulin
expression appeared to be involved in ABA-induced salt
tolerance in potato clones and that both salt tolerance and
the trigger for calreticulin expression are regulated by the
roots. Such results suggest the participation of calreticulin
in stress and hormone signaling.

The present study demonstrated that the salt stress
imposed was enough to affect protein abundance levels.
We also observed, for the first time, that homeostatic
mechanisms responded to new conditions by returning the
levels of some proteins to control levels during recovery
from salt stress, suggesting a role for these proteins in
mediating the response of the cowpea to salt stress.

Our current proteome data indicate that the majority of
the identified proteins in cowpea leaf were implicated in
photosynthesis and energy metabolism and were most
likely a part of a general stress response to help plants
survive in saline conditions. We could speculate, in view of
the data presented here, that tolerance may be related to the
maintenance of an appropriate enzymatic-protein level
required for an active energy metabolism, such as photo-
synthesis in salinity and/or recovery. Therefore, increases
of abundance in the Rubisco activase isoforms, RuSPK,
glycine decarboxylase and OEE protein 2 in Pititiba might
be involved in the relative salt tolerance of this cowpea

@ Springer

cultivar. However, a down-regulation of OEE protein 1,
Mn-stabilizing protein-II, carbonic anhydrase and rubisco
in TVu could result from metabolic inhibition in the plant
and a consequent reduction in plant growth.
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