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Abstract Salt and drought stress are important abiotic

factors that negatively affect plant growth and productivity.

Defense mechanisms, which plants have developed to cope

with stress, are followed by alterations in a genome ex-

pression profile that in turn result in qualitative and quan-

titative change of the proteome. Although proteomic-based

approach for studies of plant responses to salinity and

drought has already been successfully employed in several

plants, for cactus species such analyses have not been done

so far. Therefore, in this study we have performed pro-

teomic analysis of Mammillaria gracilis Pfeiff. in vitro-

grown cultures, callus and tumor, exposed to iso-osmotic

NaCl and mannitol. Obtained results differed among ana-

lyzed tissues. The higher number of differentially ex-

pressed proteins after either salt or mannitol treatment was

revealed in tumor compared to callus. According to clas-

sification to different functional categories, majority of the

identified callus responsive proteins belongs to protein

synthesis and processing category, while the highest

number of identified tumor proteins belongs to category of

metabolism, which suggest that the mechanisms that me-

diate responses to salt- and mannitol-induced stress in

cactus callus and tumor are dependent on tissue type.

Down-regulation of proteins involved in cell protection

suggests the inability of tumor to activate protective pro-

cesses against salinity and osmotic stress.
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Proteome

Introduction

Throughout the centuries of evolution, plants have devel-

oped finely regulated mechanisms to sense and respond to

changes in their environment. Namely, due to their sessile

nature, plants lack the ability to migrate and avoid unfa-

vorable environmental conditions. Therefore, they have to

cope with a variety of abiotic and biotic stresses, some of

which can seriously limit plant growth and development.

Among most important environmental factors that reduce

plant productivity worldwide are drought and salinity in

combination with heat waves (Mittler et al. 2012), hitting

hard especially in arid and semiarid regions where fresh

water is scarce and the use of saline water in agriculture has

increased. High salt depositions in the soil generate a low

water potential zone, making it difficult for plants to ac-

quire both water and nutrients. Therefore, salt stress

essentially results in a water deficit and takes the form of a

physiological drought (Mahajan and Tuteja 2005). Drought

and salt stress impose an osmotic stress on plants, resulting

in dehydration of cells and osmotic imbalance. Apart from

this osmotic effect, salinity also provokes ionic stress due

to the specific toxicity of ions; therefore, the physiological

mechanisms that plants use to respond to salinity or

drought may differ between different plants species (Erdei

et al. 1990; Lefèvre et al. 2001).

Biochemical and physiological changes in plants

growing under saline and drought conditions have been
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broadly investigated in many crop (Castillo et al. 2007; Hu

et al. 2007; Teixeira and Pereira 2007; Wang et al. 2012),

as well as in noncrop plants (Tonon et al. 2004; Lokhande

et al. 2011; Balen et al. 2013). The plant response to abiotic

stress, salinity and drought included, often occurs as a

consequence of change in protein expression rates. Since

the stress defense is usually accompanied by an alteration

in the pattern of gene expression, this inevitably leads to

qualitative and quantitative changes in proteins. However,

the genomic studies monitor the response to salinity and

drought only at transcriptional level (i.e. mRNA level)

(Kempa et al. 2008; Teige et al. 2010), which does not

always correlate with the changes at the translational levels

(i.e. protein level). It has been shown that mRNA levels in

a particular biological sample cannot always be used to

predict the changes in protein expression (Mazzucotelli

et al. 2008; Rogers et al. 2008). In addition, protein ex-

pression is also regulated not only at the translational, but

also at posttranslational levels via glycosylation, phos-

phorylation, sumoylation or ubiquitination (Hirano et al.

2004). Therefore, only the study of proteins themselves can

provide information on their real amount and activity (Zivy

and de Vienne 2000). Current proteomics-based techniques

offer powerful approaches for the identification of proteins

associated with a particular environmental and/or devel-

opmental signal (Gygi and Aebersold 2000).

Proteomic-based approach for studying the plant re-

sponses to salinity and drought has been successfully em-

ployed for several plant species (Hajheidari et al. 2005;

Wang et al. 2008; Lagana et al. 2009); however, for cactus

species, to our knowledge, such analyses have not been

done so far. As plants with a crassulacean acid metabolism

(CAM), cacti are characterized by high water use efficiency

and tolerance to drought. They have been cultivated in the

arid and semiarid regions of many countries for food, feed,

and medicinal and therapeutic use (Murillo-Amador et al.

2001). On the other hand, cacti are sensitive to salinity; the

growth of the majority of cactus species is drastically in-

hibited by saline water and soil (Murillo-Amador et al.

2001; Silva-Ortega et al. 2008). Therefore, there is an in-

creasing interest in investigating the physiological and

biochemical mechanisms that could increase cactus toler-

ance to salinity. Various in vitro techniques, including

micropropagation as well as callus and cell suspension

cultures, have been established for numerous cactus species

(Elias-Rocha et al. 1998; Llamoca-Zarate et al. 1999;

Krsnik-Rasol and Balen 2001) and can be used for the

characterization of cell behavior under stress conditions,

independently of the regulatory systems that take place at

the whole plant level (Errabii et al. 2007).

The objects of this study were two in vitro-grown cul-

tures of cactus Mammillaria gracilis, callus and tumor,

subjected to salt- and mannitol-induced stress. Callus tissue

is hormone independent (habituated) and regenerable,

while tumor also grows on the medium without the addi-

tion of growth regulators, but does not express any orga-

nogenic potential (Krsnik-Rasol and Balen 2001). Both

tissues are considered hyperhydric because of their high

water content (Balen et al. 2009). In our previous paper we

reported that both callus and tumor were found to be sen-

sitive to osmotic stress caused by either NaCl or mannitol.

In response to salt stress, both tissues accumulated Na?,

which contributed to osmotic adjustment to a certain ex-

tent, as revealed by a less-negative impact on growth

compared to mannitol treatment. However, at the cellular

level, more prominent oxidative damage was induced by

NaCl compared to mannitol in tumor, which could be re-

lated to ion toxicity. Results indicated that mechanisms that

mediate responses to salt- and mannitol-induced stress

were different and dependent on tissue type (Balen et al.

2013). In the present study we have analyzed the effect of

250 mM NaCl and iso-osmotic 500 mM mannitol on pro-

teomes of M. gracilis callus and tumor tissues and identi-

fied stress-related proteins with the aim to clarify the

mechanisms involved in response of different cactus tissues

to imposed stresses.

Materials and methods

Plant material and stress treatment

The objects of this study were callus and tumor tissues of

the cactus M. gracilis. Callus spontaneously formed at the

base of the cactus plants propagated in vitro on hormone-

free Murashige and Skoog (MS) nutrient medium (Mura-

shige and Skoog 1962), containing 3 % sucrose and so-

lidified with 0.9 % agar (agar plant cell culture tested,

Sigma-Aldrich, Germany). Callus tissue was detached from

the plants and subcultured on the same nutrient medium as

a hormone independent habituated tissue. It had a snowy

surface with a rather compact yellowish or light green inner

portion and expressed high morphogenic capacity. Tumor

tissue was obtained after transformation of cactus plants

with Agrobacterium tumefaciens, strain B6S3 (Vervliet

et al. 1974), harboring the wild-type tumor-inducing (Ti)

plasmid. For tumor formation, cross-sections were re-

moved from in vitro-grown M. gracilis plants and

inoculated with a bacterial suspension. After the primary

tumor was induced, it was maintained as a stable line of

tumor tissue (Krsnik-Rasol and Balen 2001). Tumors were

yellowish to orange brown, and never expressed any

organogenic potential. Both tissues were subcultured for

12 years prior to this research.

Three weeks after subculture of callus and tumor tissues

to fresh nutrient medium, stress was initiated by
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transferring the tissues to solid MS medium supplemented

with either NaCl or mannitol. To discriminate between the

effects of ionic and osmotic components of salinity on

callus and tumors, the effects of iso-osmotic concentrations

of NaCl (75, 250, and 350 mM) and mannitol (150, 500,

and 700 mM) were evaluated after 1 week by means of

gradient sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE). Control tissues were grown on

solid MS medium with no addition of either salt or man-

nitol for the entire treatment period. All tissues were

maintained under a 16/8-h light/dark photoperiod (light

intensity, 90 lE m-2 s-1) at 24 �C.

Protein extraction and quantification

For protein extraction, fresh callus and tumor tissues were

ground to a fine powder in liquid nitrogen using precooled

mortar and pestle. For the gradient SDS-PAGE, ap-

proximately 0.5 g of tissue was used and homogenized at

4 �C in 1.2 mL of 0.1 M Tris/HCl extraction buffer,

pH = 8.0 (Staples and Stahman 1964), which was sup-

plemented with protease inhibitors (Complete Mini EDTA-

free protease inhibitor cocktail, Roche, USA) to protect

proteins against a broad range of proteases. The insoluble

PVP (10 mg) was added to tissue samples prior to grinding.

The homogenates were centrifuged at 20,8009g and 4 �C
for 15 min. Obtained supernatants were centrifuged again

at 20,8009g and 4 �C for 60 min. The supernatant was

collected and protein content was determined according to

Bradford (1976) using bovine serum albumin (BSA) as a

standard.

Based on the results obtained by gradient SDS-PAGE,

callus and tumor tissues exposed to 250 mM NaCl and iso-

osmotic 500 mM mannitol were chosen for further analysis

with two-dimensional electrophoresis (2-DE). For 2-DE,

approximately 1.5 g of tissue was assayed by phenol ex-

traction protocol as initially described by Faurobert et al.

(2007) and modified by Pavoković et al. (2011). For pro-

tein quantification, dried protein pellets were dissolved in

500 lL of isoelectric focusing (IEF) buffer consisting of

9 M urea, 2 % (w/v) 3-[(3-cholamidopropyl)dimethylam-

monio]-1-propanesulfonate (CHAPS), 0.5 % (v/v) pH 3–10

carrier ampholytes and 0.2 % (w/v) dithiothreitol (DTT).

Samples were incubated in IEF buffer for 10 min at room

temperature, and sonicated for 30–45 s in an ice bath. In-

cubation and sonication were repeated until the pellets

dissolved. After incubation, samples were centrifuged at

20,8009g for 5 min at room temperature and collected

supernatants were used for determination of protein content

according to modified Bradford assay (Faurobert et al.

2007) using BSA as a standard.

Electrophoretic separation of proteins

Tissue extracts were analyzed using vertical gradient

8–18 % T (2.67 % C) polyacrylamide gels (gradient

PAGE; Protean II xi cell, BioRad, USA) with addition of

SDS and using the buffer system of Laemmli (1970). Equal

amount of protein, 5 lg per well, was loaded for each

sample. Protein bands were visualized using silver staining

procedure (Blum et al. 1987).

For 2-DE, dry immobilized pH gradient (IPG) strips

(17 cm, pH 3–10 NL, BioRad, USA) were rehydrated

overnight (approx. 14 h) at room temperature in 300 lL of

IEF buffer containing 300 lg of proteins. IEF was per-

formed in the Ettan IPGphor 3 system (GE Healthcare,

UK) using the following stepped gradient: 0–500 V over

1 h, 500–1000 V over 1 h, 1000–8000 V over 1 h, and

then 8000 V step until a total run of 45,000 V h. IPG strips

were stored at -80 �C until use. Prior to second dimension,

the strips were equilibrated for 15 min in equilibration

buffer (6 M urea, 50 mM Tris–HCl (pH = 6.8), 2 % (w/v)

SDS, 30 % (v/v) glycerol) containing 130 mM dithiothre-

itol (DTT) and then again for 15 min in the same buffer but

with 135 mM iodoacetamide instead of DTT. Second di-

mension was performed using vertical polyacrylamide slab

gels (12 % T, 2.67 % C), with addition of SDS and using

the buffer system of Laemmli (1970). Protein spots were

visualized by Commassie Brilliant Blue (CBB) R-250

staining solution (0.1 % (w/v) CBB, 45 % (v/v) methanol

and 10 % (v/v) glacial acetic acid).

Image acquisition

Gradient SDS gels were scanned at 600 dpi on a flatbed

scanner (Epson Perfection, V700 Photo, USA), and protein

pattern was analyzed by image processing software

Quantity One (BioRad, USA).

For proteomes analysis, the whole experiment (from

initiation of stress to 2-DE) was repeated three times for

each sample using three technical replicates. 2-D gels were

scanned with VersaDoc Imaging System device (model

4000, BioRad, USA) with exposition time of 30 s. Images

acquired this way were quantitatively and qualitatively

analyzed using Discovery Series PDQuest program (ver-

sion 7.4.0., BioRad, USA).

The abundance of each spot on 2-D gels was esti-

mated based on the volume percentage. Only those with

significant and biological reproducible changes (abun-

dance variation at least twofold, Student’s t test,

P\ 0.05) were considered as differentially expressed

protein spots.
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Mass spectrometry analysis

Protein spots, which showed significant differences after

analysis of 2-D gels, were excised with a pipette tip from

the gels and washed thoroughly using destaining buffer

(10 % (v/v) glacial acetic acid and 40 % (v/v) methanol).

Proteins were digested using sequencing-grade trypsin

(Roche, USA). After overnight in-gel digestion with tryp-

sin (c = 20 lg mL-1 in 25 mM ammonium bicarbonate)

and in-gel protein extraction (in solution containing 50 %

(v/v) trifluoroacetic acid (TFA, u = 5 %) in acetonitrile),

peptides were purified using ZipTip C18 columns (Agilent

Technologies, USA) and dried.

Obtained tryptic peptides were resuspended in 4 lL of

5 mg mL-1 a-cyano-4-hydroxycinnamic acid (CHCA)

matrix prepared in solution consisting of 50 % TFA

(u = 0.1 %) in acetonitrile, and spotted onto the MALDI

plate. Mass spectra were obtained using matrix-assisted

laser desorption/ionization–time-of-flight mass spec-

trometer (4800 Plus MALDI TOF/TOF analyzer, Applied

Biosystems, USA) in positive reflector mode. For each

spot, 1600 shots per spectrum were taken in MS analysis

and 2000 shots in MS/MS analysis, covering the mass

range of 800–4000 Da, focus mass 2000 Da and delay time

450 ns. Trypsin autolysis peaks were used as internal

standards. Automated spectrum interpretation was per-

formed, choosing ten most intense peaks of each MS

spectrum (excluding peaks generating from trypsin au-

tolysis, matrix or acrylamide) for subsequent MS/MS

analysis. MS/MS was achieved by 1 kV collision-induced

dissociation (CID).

Proteins were identified by applying global protein ser-

ver (GPS) explorer software (version 3.6, Applied

Biosystems, USA) for Mascot (Matrix Science version 2.1,

UK) search against National Center for Biotechnology

Information database (NCBInr) database. Monoisotopic

peptide masses were used for combined MS and MS/MS

database searches with the following search parameters:

maximum allowed peptide mass error, 50 ppm; fragment

mass tolerance, ±0.3 Da; minimum 5 S/N; and a maximum

of two incomplete cleavages per peptide. All searches were

evaluated based on the significant scores obtained from

Mascot. The number of trypsin digested peptides matched

for each protein was between 9 and 13. All identified

proteins were included in the Tables 2 and 3, but only

proteins whose score exceeded threshold score were taken

for further consideration in discussion of their possible

involvement in response of cacti tissues to salinity and

osmotic stress. The protein score confidence interval per-

centage and total ion score confidence interval percentage

were both set above 95 %, and the significance threshold

was P = 0.05 for the MS/MS. Statistical analysis of

changes in protein abundance between stressor and control

was performed using Mann–Whitney U test, with a sig-

nificance level of P\ 0.01, using the STATISTICA12

(Stat Soft Inc., USA) software. Gene ontology (GO, http://

www.geneontology.org) analysis was derived through

Universal Protein Resource (UniProt) hit accessions for all

protein identifications according to three categories which

describe Biological process, Cellular component and

Molecular function.

Results

Protein separation

Protein separation in gradient SDS polyacrylamide gels

showed distinct protein patterns for each cactus tissue

(Fig. 1). Among each tissue type only a few differences in

protein expression were recorded between treatments and

control. In callus tissue, the most prominent differences

were noticed after the treatment with 250 mM NaCl

(Fig. 1, lane 3), which was characterized with the expres-

sion of new bands (arrows 1–5 and 7–9 in lane 3), while

one protein (Fig. 1, arrow 6, lane 1) was missing when

compared to control. In tumor tissue, the greatest differ-

ences in protein pattern were also observed in sample ob-

tained after the exposure to 250 mM NaCl (Fig. 1, arrows

10–12, lane 10) as well as to 500 mM mannitol (Fig. 1,

arrows 13–16, lane 13). Moreover, protein samples
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Fig. 1 SDS-PAGE analysis of callus and tumor proteins after

exposure to either NaCl or mannitol. Mr molecular weight markers,

1 callus control, 2 callus 75 mM NaCl, 3 callus 250 mM NaCl,

4 callus 350 mM NaCl, 5 callus 150 mM mannitol, 6 callus

500 mM mannitol, 7 callus 700 mM mannitol, 8 tumor control,

9 tumor 75 mM NaCl, 10 tumor 250 mM NaCl, 11 tumor 350 mM

NaCl, 12 tumor 150 mM mannitol, 13 tumor 500 mM mannitol, and

14 tumor 700 mM mannitol. Arrows 1–16 indicate differentially

expressed proteins
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obtained from the tissues exposed to the highest investi-

gated concentrations of both stressors showed signs of

protein degradation, which was most pronounced in tumor

treated with 700 mM mannitol (Fig. 1, lane 14). Therefore,

for further analyses protein extracts obtained from

treatments with 250 mM NaCl and 500 mM mannitol were

chosen for both tissues.

Changes in proteome profiles under salt-

and mannitol-induced stress

For each tissue and treatment, triplicate 2-D gels were

obtained from three independent experiments. Gels from

the different experiments had high reproducibility. Repre-

sentative gels from the controls and treated callus and tu-

mor tissues are shown in Figs. 2 and 3, respectively. More

than 500 protein spots were reproducibly detected in the

pH range of 3–10 through the CBB staining from nine

independent gels out of three different experiments (three

technical replicates per experiment). In terms of the protein

distribution patterns in 2-D image, they were very similar

among different applied stresses and tissues.

To select proteins differentially expressed in response to

salinity and mannitol-induced stress, protein profiles of

callus and tumor were compared using Discovery Series

PDQuest program. Analysis of differential protein expres-

sion in both tissues is presented in Table 1 and Fig. 2.

Out of more than 500 reproducibly detected protein spots,

37 spots showed significant and at least twofold change in

abundance between control and callus tissue exposed to ei-

ther salt ormannitol. Enhanced expressionwas revealed for 8

proteins induced by NaCl (spots 30–37 in Table 1; Fig. 2),

although the same treatment down-regulated synthesis of 7

proteins (spots 9–15 in Table 1; Fig. 2) in comparison to

control. Exposure to mannitol down-regulated the expres-

sion of 11 proteins (spots 1–8 and 16–18 in Table 1; Fig. 2)

when compared to control tissue, while the same treatment

induced up-regulation of 11 proteins (spots 19–29 in

Table 1; Fig. 2). Analysis of responsiveness of callus pro-

teins to either salt or mannitol revealed that mannitol treat-

ment induced changes in expression of 60 % of the proteins,

among which the equal number was up- and down-regulated

(Fig. 4a). Exposure to 250 mMNaCl also resulted with both

enhanced and suppressed expression of callus proteins,

although a slightly higher number of up-regulated proteins

was recorded (21 %) (Fig. 4a).

Table 1 and Fig. 3 display the variation in protein ex-

pression in cactus tumor exposed to 250 mM NaCl and

bFig. 2 2-DE analysis of callus proteins. Proteome profiles of callus

control tissue (a) and tissue treated with either 250 mM NaCl (b) or
500 mM mannitol (c) were compared. Differentially expressed

proteins (at least twofold than the control) are indicated by the

arrows. Down-regulated proteins (spots market with D letter) are

indicated on the gel of control tissue. Up-regulated proteins (spots

marked with U letter) are indicated on the gels representing callus

proteome after exposure to either 250 mM NaCl or 500 mM

mannitol. The numbers correspond to the numbers listed in Tables 1

and 2. Mr molecular weight markers
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500 mM mannitol compared to control tissue. Out of more

than 500 reproducibly detected protein spots, 57 spots

showed significant and at least twofold change in abun-

dance between control and tumor tissue exposed to either

salt or mannitol. Salt treatment up-regulated 9 proteins

(spots 86–89 and 90–94 in Table 1; Fig. 3) in tumor tissue

compared to control, while at the same time it down-

regulated 20 proteins (spots 38 and 44–62 in Table 1;

Fig. 3). Osmotic stress provoked by mannitol induced the

synthesis of 12 proteins (spots 74–85 in Table 1; Fig. 3),

while the same treatment decreased the synthesis of 16

proteins (spots 39–43 and 63–73 in Table 1; Fig. 3) in

comparison to control tissue. 2-D gel analysis revealed that

between two stressors salinity induced a slightly higher

response in tumor proteins (51 %), among which majority

was down-regulated (35 %), while after exposure to man-

nitol similar amount of responsive proteins was up- and

down-regulated (Fig. 4b).

Identification of proteins responsive to salt-

and mannitol-induced stress

Out of 37 differentially expressed proteins revealed in

callus tissue after either salt or mannitol treatment, 18 were

successfully identified by searching against the

Viridiplantae subset of the NCBInr. In tumor tissue, 57

differentially expressed proteins were revealed after either

salt or mannitol treatment, out of which 35 were identified.

For a broader classification, the entire set of identified

proteins from both tissues was subjected to gene ontology

(GO) analysis. Ten callus and 48 tumor proteins were as-

sociated with the GO category Biological process (Fig. 5a).

Common categories of callus and tumor proteins within

Biological process were ‘‘metabolic process’’, ‘‘oxidation–

reduction process’’, ‘‘cell wall organization’’ and ‘‘cell wall

modification’’. The majority of the proteins from both tis-

sues belonged to the category of ‘‘metabolic process’’ (30

and 29 % in callus and tumor, respectively), although

category ‘‘oxidation–reduction process’’ was also highly

represented (20 and 17 % in callus and tumor, respec-

tively). Tumor proteins were associated with 15 different

categories of Biological process, while callus proteins be-

longed to only seven. Callus specific categories were

‘‘carbon fixation’’, ‘‘reductive pentose-phosphate cycle’’

and ‘‘photosynthesis’’. Callus and tumor proteins were as-

sociated with ten different Cellular compartment categories

(Fig. 5b). Majority of the callus proteins were assigned to

‘‘plastid’’ (4 out of 5), while one protein was from the

bFig. 3 2-DE analysis of tumor proteins. Proteome profiles of tumor

control tissue (a) and tissue treated with either 250 mM NaCl (b) or
500 mM mannitol (c) were compared. Differentially expressed

proteins (at least twofold than the control) are indicated by the

arrows. Down-regulated proteins (spots market with D letter) are

indicated on the gel of control tissue. Up-regulated proteins (spots

marked with U letter) are indicated on the gels representing tumor

proteome after exposure to either 250 mM NaCl or 500 mM

mannitol. The numbers correspond to the numbers listed in Tables 1

and 3. Mr molecular weight markers
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‘‘ribosome’’ category, which was specific for callus tissue.

Tumor proteins were associated with nine different Cellu-

lar compartments categories, among which the most

abundant was ‘‘cytoplasm’’ (40 %). As for the molecular

function categories, tumor proteins were associated with 16

different, while callus protein belonged to only 11 cate-

gories (Fig. 5c). The most abundant categories for proteins

from both tissues were ‘‘catalytic activity’’ (17 and 14 % in

callus and tumor, respectively) and ‘‘oxidoreductase ac-

tivity’’ (13 and 14 % in callus and tumor, respectively).

Categories ‘‘ATP-binding’’, ‘‘nucleotide binding’’ and

‘‘metal ion binding’’ were also common for both tissues.

Callus specific categories were ‘‘cation binding’’ (highly

abundant, 17 %) and much less abundant ‘‘ribulose-bis-

phosphate carboxylase activity’’ (7 %) and ‘‘RNA bind-

ing’’, ‘‘alpha-amylase activity’’, ‘‘antioxidant activity’’ and

‘‘chaperone’’ (4 %, one protein in each category). Eleven

categories were specific for tumor proteins, which were

mostly associated with ‘‘hydrolase activity’’ (10 %) as well

as with ‘‘isomerase activity’’ and ‘‘NAD binding’’ (6 %).

Table 1 Changes in protein expression (at least twofold) of callus and tumor tissues exposed to NaCl- and mannitol-induced stress

Compared treatments Protein spots Stress response Origin of the protein spot Total number of protein spots (37)

Callus

Control_NaCl 9–15 ; Control 7

Control_NaCl 30–37 : 250 mM NaCl 8

Control_mannitol 1–8; 16–18 ; Control 11

Control_mannitol 19–29 : 500 mM mannitol 11

Compared treatments Protein spots Stress response Origin of the protein spot Total number of protein spots (57)

Tumor

Control_NaCl 38; 44–62 ; Control 20

Control_NaCl 86–89; 90–94 : 250 mM NaCl 9

Control_mannitol 39–43; 63–73 ; Control 16

Control_mannitol 74–85 : 500 mM mannitol 12

callus
A NaCl-responsive 

up-regulated
(21%)

NaCl-responsive 
down-regulated

(19%)

mannitol-responsive 
up-regulated

(30%)

mannitol-responsive
down-regulated

(30%)

tumorB

NaCl-responsive 
down-regulated

(35%)

NaCl-responsive 
up-regulated

(16%)

mannitol-responsive
down-regulated

(28%)

mannitol-responsive 
up-regulated

(21%)

Fig. 4 Analysis of responsiveness of differentially expressed callus (a) and tumor (b) proteins to either 250 mM NaCl or 500 mM mannitol
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In further analysis identified proteins from both tissues

were classified into categories according to their putative

physiological functions. Callus proteins were classified into

six categories (Table 2), including energy, metabolism,

oxidation and detoxification, protein synthesis and pro-

cessing, disease and defense and category of unknown
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Fig. 5 GO analysis of identified proteins from callus and tumor.

Differentially expressed proteins were identified by MALDI-TOF/

TOF MS according to the NCBInr database. GO analysis was derived

through Uniprot hit accessions for all protein identifications according

to three categories which describe a biological process, b cellular

component and c molecular function
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proteins. By calculating the relative proportions, it was

found that the most abundand category was protein syn-

thesis and processing (28 %, Fig. 6a), in which three out of

five proteins showed changes in expression due to NaCl

treatment (heat shock protein 70, chaperone protein DnaJ

and C2 domain-containing protein) and were mostly up-

regulated (Table 2). Energy category was represented with

22 % of all identified proteins (Fig. 6a), among which two

out of four proteins were up-regulated (both identified as

partial RUBISCO large subunits) in response to salinity as

well as mannitol. Metabolism as well as oxidation and

detoxification classes were represented with 11 % of

identified proteins out of which three were mannitol re-

sponsive (alpha amylase, cytosolic glyceraldehyde-3

phosphate dehydrogenase and catalase) and mostly up-

regulated. Only one detected protein, thaumatin, belonged

to the disease and defense category (5 %, Fig. 6a) and

exhibited enhanced expression after exposure to salinity

(Table 2). Four of the identified proteins belonged to the

group of unknown proteins. When all categories are taken

together it is obvious that majority of the identified proteins

were up-regulated (78 %) and mannitol-responsive (61 %).

Only proteins identified as partial RUBISCO large subunits

responded to both stressors.

Proteins from tumor tissue, were also classified into dif-

ferent functional categories (Table 3), including categories

previously mentioned for callus and one additional, cell

structure. The most abundant category was found to be

metabolism (54 %, Fig. 6b), in which approximately two

thirds of the proteins were down-regulated as a result of either

NaCl or mannitol treatment (Table 3). Protein synthesis and

processing group was represented with 11 % of all identified

proteins (Fig. 6b), which were all down-regulated regardless

of the stress imposed (Table 3). The same response was ob-

served in two proteins belonging to the disease and defense

category (both identified as subtilisin-like serine proteinases)

as well as in those belonging to oxidation and detoxification

(cytosolic monodehydroascorbate reductase and lactoylglu-

tathione lyase), which in both cases were represented by 6 %

of all identified proteins (Fig. 6b). Category of cell structure

was represented by only one identified protein, actin, which

was down-regulated by salt treatment, while protein belong-

ing to the energy group (adenosine kinase 2)was up-regulated

by mannitol. Six of the identified proteins belonged to the

group of unknownproteins. From the analysis of all categories

taken together it can be deduced that majority of the proteins

were down-regulated (68 %)but similarly responsive to either

NaCl (49 %) or mannitol (51 %). Only several proteins,

phosphoglycerat mutase, glutamine synthetase and glycer-

aldehyde-3-phosphate dehydrogenase, belonging to the

metabolism category, and subtilisin-like serine proteinase,

responded to both stressors.

Discussion

Proteomic tools using 2-DE and MS are useful for the

separation, visualization and identification of stress re-

sponsive proteins in plants (Zivy and de Vienne 2000).

Positive identification of these proteins leads to the dis-

covery of expressed genes that play a role in stress toler-

ance (Salekdeh et al. 2002). Therefore, plant stress

proteomics has the potential of identifying possible can-

didate genes that can be used for the genetic improvement

of plants against stresses (Cushman and Bohnert 2000).

Much of the knowledge obtained on plant developmental

processes and stress response mechanisms has been gained

from work using Arabidopsis and rice (Jorrı́n et al. 2007;

Jorrı́n-Novo et al. 2009), mainly because of their com-

pleted genome sequences. Namely, in proteomics, genome

sequences are important resource tools for the identifica-

tion of proteins. Where fully annotated sequences are not

yet available, protein identification can be obtained through

similarity searches of homologous proteins in closely re-

lated species (Carpentier et al. 2008). Alternatively, ex-

pressed sequence tags (ESTs), which represent partial gene

sequences, can also be used (Aebersold and Goodlett

2001). However, for the other plant species without sig-

nificant amounts of published genomic DNA or ESTs se-

quences, protein identification success rates are lowered

resulting in limited proteomic data being available (Jorrı́n

et al. 2007).

In the present study, we tried to elucidate differences in

proteomes in two M. gracilis in vitro-grown tissues after

salt- and mannitol-induced stress. Despite the fact that in

some economies cactus species are industrially important,

the proteomic information regarding response of these

plants to abiotic stress can not be found. Moreover, it is a

plant species whose genome is not sequenced. However, in

the present study we have successfully identified numerous

cellular proteins involved in response to salt- and mannitol-

induced stress. The higher number of responsive genes was

detected in tumor tissue compared to callus after exposure

to either salt- or mannitol-induced stress. Moreover, only

two identified proteins, cytosolic glyceraldehyde-3-phos-

phate dehydrogenase and heat shock protein 70, were de-

tected in both tissues. These results suggest that the

mechanisms that mediate responses to salt- and mannitol-

induced stress in cactus callus and tumor are dependent on

tissue type. Higher number of changes in proteins in tumor

cells than in callus cells could be ascribed to the higher

degree of uniformity of the cells in the completely unor-

ganized tumor culture compared to callus tissue which

expresses high morphogenic capacity. Difference in re-

sponsiveness to applied stresses was particularly pro-

nounced in proteins belonging to the metabolism functional
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Table 2 NaCl- and mannitol-induced stress-responsive proteins, showing at least twofold change, identified in callus by MALDI-TOF/TOF and

Mascot search against NCBInr database

Stressor Stress 
response IDa Identity Functional 

group 
Mass 
(Da)b pIc Score/treshol

d scored
Spot 
no.e V (%)f

NaCl  Upregulated gi|119220490 RUBISCO large subunit, partial 
(Acutodesmus obliquus) Energy 41,774 8.08 42/40 35 

gi|225380890 Dehydroascorbate reductase 
(Malus domestica) 

Oxidation and 
detoxification 29,316 8.78 71/46 37 

gi|475594346 Chaperone protein DnaJ  
(Aegilops tauschii) 

Protein 
synthesis and 
processing 

21,037 7.79 35/74 30 

gi|357514707 C2 domain-containing protein 
(Medicago truncatula) 

Protein 
synthesis and 
processing 

8434 4.36 46/74 33 

gi|38228695 Thaumatin 
(Fagus sylvatica)

Disease and 
defense 17,063 7.94 28/42 31 

gi|357489485 
Hypothetical protein 
MTR_5g062780 
(Medicago truncatula) 

Unknown 6730 8.71 21/74 36 

 Downregulated gi|762844 Heat shock protein 70 
(Solanum lycopersicum) 

Protein 
synthesis and 
processing 

71,470 5.18 165/46 9 

Mannitol Upregulated gi|387767048 RUBISCO large subunit, partial 
(Pouteria rodriguesiana) Energy 51,952 6.54 49/47 22 

gi|3435288 
Cytosolic glyceraldehyde-3 
phosphate dehydrogenase                    
(Leavenworthia stylosa) 

Metabolism 13,493 8.09 153/46 26 

gi|442736195 Catalase  
(Eriobotrya japonica) 

Oxidation and 
detoxification 57,051 6.64 58/46 24 

gi|255575054 Heat shock protein, putative 
(Ricinus communis) 

Protein 
synthesis and 
processing 

71,071 5.07 62/46 20 

gi|226532888 50S ribosomal protein L34 
(Zea mays) 

Protein 
synthesis and 
processing 

17,792 12.58 36/74 29 

gi|473847065 
Hypothetical protein 
TRIUR3_32044 
(Triticum urartu) 

Unknown 10,679 10.03 38/74 23 

gi|302853766 
Hypothetical protein 
VOLCADRAFT_ 84447             
(Volvox carteri f. nagariensis) 

Unknown 35,840 6.57 86/46 27 

gi|388494196 Unnamed protein product 
(Medicago truncatula) Unknown 12,732 10.27 37/74 28 

 Downregulated gi|86198284 Alpha amylase 
(Hyacinthus orientalis) Metabolism 46,192 5.41 34/46 2 

gi|488888859 Chloroplast RUBISCO activase 1  
(Sagittaria graminea) Energy 48,198 7.66 96/46 17 

gi|21283 
Oxygen-evolving enhancer protein 
1, chloroplastic                                 
(Spinacia oleracea)

Energy 35,021 5.58 34/47 16 
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category. This result can be correlated with our previous

findings in which more biochemical deviations, as well as

changes in photosynthetic features, were reported for cac-

tus tumor compared to callus (Poljuha et al. 2003; Balen

et al. 2009, 2012).

Responses to both, salinity and drought, are known to

involve the alterations of expression of a multitude of ge-

nes, the products of stress-inducible genes functioning both

in the initial stress responses and in establishing plant stress

tolerance (Chaves et al. 2009). Early responses to water-

deficit and salt stress have been considered mostly identical

(Munns 2002) because both stresses impose osmotic effects

on plants. In addition to alterations in photosynthesis and

cell growth, both stresses often induce osmotic adjustment

which is considered an important mechanism to allow the

maintenance of water uptake and cell turgor under stress

conditions. Additionally, accumulation of compatible so-

lutes plays a role in membrane and protein protection, and

scavenging of reactive oxygen species (ROS). Under sali-

nity, in addition to water deficits, plants endure salt-specific

effects. Salt response follows a biphasic model, with cur-

rent metabolic data indicating an early similarity with

drought, whereas in the long-term plants are responding to

ion toxicity (Chaves et al. 2009). In cactus callus, manni-

tol-induced stress changed the abundance of slightly more

proteins than salinity indicating that callus is more sensi-

tive to water deficit than to salinity as already suggested by

our previous report (Balen et al. 2013). Under salinity, ions

can act as osmolytes and less energy is needed to produce

solutes for osmotic adjustment as compared with an or-

ganic compatible solute such as proline. Present proteome

analysis revealed that both stresses increased the abun-

dance of proteins involved with metabolic and oxidation–

reduction processes. In the study of Cramer et al. (2007)

proteins involved in energy metabolism and reactive oxy-

gen scavenging exhibited increased abundance with water

deficit at an earlier date than in salinized plants, suggesting

that water deficit-treated plants appear to have a higher

demand than salinized plants to adjust osmotically,

detoxify ROS, and cope with photoinhibition. In cactus

tumor tissue, both stresses changed abundance of similar

amount of proteins, causing down-regulation of many

proteins involved with metabolism, protein fate and cel-

lular defense. These indicate severe metabolic and bio-

chemical changes in tumor, an unorganized tissue with

different metabolic demands compared to organized plant

tissue.

We describe below some of the most important proteins

identified, whose identification score exceeded threshold

score, as well as their putative biological functions.

Energy

Salinity is known to inhibit photosynthesis; due to osmotic

stress stomata become closed and CO2 availability reduced,

thus leading to decreased CO2 assimilation. A reduced CO2

assimilation rate is reflected by a decreased abundance of

Rubisco (Kosová et al. 2013). In this study, down-regula-

tion of chloroplast Rubisco activase 1 (RbcA) was reported

in mannitol-treated callus, while at the same time Rubisco

large subunit (RbcL) seemed to be up-regulated in the same

tissue exposed to both salt and mannitol. However, iden-

tified RbcL proteins appeared to be the products of

degradation because their observed molecular masses of

approximately 38 kDa on both 2-D gels (spots U22 and

U35, Fig. 2) were smaller than the theoretical mass of the

native RbcL (53 kDa). It is known that breakdown product

of RbcL has a lower molecular mass than the native protein

(Taylor et al. 2009). An enhanced degradation of Rubisco

subunits was observed in several glycophytic plants and

crops exposed to salt (Kosová et al. 2013). Similar obser-

vations were also reported by Yan et al. (2006) during rice

chilling stress as well as in sugar beet (Hajheidari et al.

2005), rice (Salekdeh et al. 2002) and maritime pine

seedlings (Costa et al. 1998) under water stress. Oxidative-

stress conditions, which have been proven to exist in callus

tissue during exposure to osmotic stress (Balen et al. 2013),

accelerate degradation of RbcL thus indicating involve-

ment of active oxygen as a trigger in the degradation of

Rubisco (Ishida et al. 1997).

Table 2 continued

a ID—accession number according to NCBInr database
b Theoretical mass of identified protein spots
c pI—theoretical isoelectric point of identified protein spots
d Score/treshold score—the protein score and total ion score confidence interval percentages were both set above 95 %, and the significance

threshold was P = 0.05 for the MS/MS
e Spot no.—spot numbers correspond to the spots indicated in Fig. 2
f Protein spot abundance (based on the percentage volume) changes in callus proteins subjected to 250 mM NaCl or 500 mM mannitol. First

column represent control ( ) and second column ( ) stressor. The standard errors calculated from six independent experiments were all\5 %.

Changes in abundance between stressor and control were found significant at P\ 0.01
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Adenosine kinase 2 (ADK) was found to be up-regulated

in tumor exposed to mannitol. ADK catalyzes the transfer

of gamma-phosphate from adenosine triphosphate (ATP) to

adenosine, leading to formation of adenosine monophos-

phate (AMP). ADK was found to be up-regulated by salt-

induced stress in several glycine betaine accumulators

(Weretilnyk et al. 2001; Aghaei et al. 2008; Sobhanian

et al. 2010). It maintains methylation activities during salt

stress and is responsible for adenosine removal if plants

require higher levels of methylated products. Weretilnyk

et al. (2001) proposed that ADK is not a stress-responsive

enzyme per se, but plays a pivotal role in sustaining

transmethylation reactions in general by serving as a coarse

metabolic control to reduce the cellular concentration of

free adenosine.

Metabolism

Glycolysis and carbohydrate metabolism

Plant responses to salinity pose enhanced demands on en-

ergy production. Therefore, an increased relative abun-

dance of several proteins involved in metabolic processes

leading to energy release such as glycolysis, tricarboxylic

(TCA) acid cycle, photorespiratory pathway and pentose

phosphate pathway (PPP) has been found in response to

salt stress (Kosová et al. 2013). In accordance, up-regula-

tion of the glycolysis proteins, glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) and triosephosphate isomerase

(TPI) was observed in cactus tissues exposed to NaCl and

mannitol. However, in tumor exposed to salinity and

mannitol we have also observed the significant down-

regulation of two glycolysis enzymes, phosphoglycerat

mutase (iPGAM) and enolase. In correlation with lower

expression of fructokinase, alcohol dehydrogenase and

pyruvate dehydrogenase, glycolysis-related enzymes, these

results suggest that the primary metabolism in cactus tis-

sues was significantly affected by salinity and mannitol-

induced stress. It is possible that in response to salinity and

osmotic stress, energy metabolism is decreased in order to

reduce the excess production of ROS, which could induce

oxidative stress (Gao et al. 2008). Down-regulation of

pyruvate dehydrogenase, which links the glycolysis

metabolic pathway to the citric acid cycle and contributes

to releasing energy via NADH, was found in cucumber

seedling roots subjected to salt stress (Du et al. 2010).

iPGAM was down-regulated during the salt stress in

Thellungiella halophila (Gao et al. 2008), while Yan et al.

(2005) reported lower expression of enolase in rice roots

exposed to salt stress. Moreover, lower expression of these

enzymes and of fructokinase was also related to osmotic

stress (Cramer et al. 2013; Yang et al. 2013). Down-

regulation of fructokinase may lead to fructose accumula-

tion, and in this sense may be regarded as a part of osmotic

adjustment. Indeed, in soybean roots, Toorchi et al. (2009)

also found that PEG-induced osmotic stress reduced the

formation of a fructokinase 2 protein. It appears that a

decrease in fructokinase may result in a reduction in cell

wall polysaccharide content in tissue, impeding tissue

growth under osmotic stress, since fructokinase catalyses

the transfer of fructose into fructose-6-phosphate. Odanaka

et al. (2002) reported that suppression of the fructokinase

encoding gene Frk2 inhibited root growth of tomato. In our

previous study, inhibited growth was recorded for both

cactus tissues exposed to either salt- or mannitol-induced

stress (Balen et al. 2013).

Fig. 6 Functional categorization of the up- and down-regulated

proteins of a callus and b tumor, exposed to either 250 mM NaCl or

500 mM mannitol. Differentially expressed proteins identified by

MALDI-TOF/TOF MS were classified into functional groups accord-

ing to the NCBInr database
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Table 3 NaCl- and mannitol-induced stress-responsive proteins, showing at least twofold change, identified in tumor by MALDI-TOF/TOF and

Mascot search against NCBInr database

Stressor Stress  
response IDa Identity Functional 

group 
Mass 
(Da)b pIc Score/treshol

d scored
Spot 
no.e V (%)f

NaCl  Upregulated gi|356559551 Glutamate dehydrogenase B-like 
(Glycine max) Metabolism 44,496  6.28  82/46  88 

gi|15228047
Xyloglucan endotransglucosylase/ 
hydrolase protein 32
(Arabidopsis thaliana)

Metabolism 34,460  9.53  21/47  89 

gi|4884972 Cytosolic glutamine synthetase, GS
(Mesembryanthemum crystallinum) Metabolism 38,686 5.44 121/47 91 

gi|120674
Cytosolic glyceraldehyde-3 
phosphate dehydrogenase
(Ranunculus acris)

Metabolism 36,547  7.66  71/41  92 

 Downregulated gi|3914394 Phosphoglycerat mutase, iPGAM 
(Mesembryanthemum crystallinum) Metabolism 61,145 5.93 110/46 48 

gi|3914394 Phosphoglycerat mutase, iPGAM 
(Mesembryanthemum crystallinum) Metabolism 61,145  5.93  82 /44 49 

gi|14596141  Phosphoglycerate dehydrogenase  
(Arabidopsis thaliana) Metabolism 54,506  6.20  76/44  50 

gi|1169534 Enolase  
(Ricinus communis) Metabolism 47,883  5.56  106/47  54 

gi|102139813 γ-Aminobutyrate transaminase
(Musa acuminata) Metabolism 58,420  5.87  48/44  57 

gi|3435288
Cytosolic glyceraldehyde-3-
phosphate dehydrogenase
(Leavenworthia stylosa)

Metabolism 13,493  8.09  114/47  61 

gi|4666287  
Cytosolic monodehydroascorbate 
reductase MDHAR                            
(Oryza sativa Japonica Group) 

Oxidation and 
detoxification 46,602  5.53  144/46  55 

gi|255554262 Chaperonin 60kDa, Hsp60
(Ricinus communis)

Protein 
synthesis and 
processing 

61,300  5.84  57/47  47 

gi|7711024
Putative elongation factor 1 β, 
eEF1β
(Hordeum vulgare subsp. vulgare)

Protein 
synthesis and 
processing 

24,545  4.52  50/46  60 

gi|2511588 26S proteasome α subunit  
(Arabidopsis thaliana)

Protein 
synthesis and 
processing 

27,146  5.60  99/47  62 

gi|102139846 Subtilisin-like serine proteinase  
(Musa acuminata)

Disease and 
defense 79,187  6.68  56/47  51 

gi|4512327 Actin (Glycyrrhiza echinata)  Cell structure 17,082  5.76  185/46  53 
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Table 3 continued

gi|224140199 Cell division cycle protein 48 
(Populus trichocarpa) Metabolism 89,273  5.07  85/47  38 

gi|217074850 Unnamed protein product  
(Medicago truncatula) Unknown 62,020  5.11  96/46  46 

Mannitol Upregulated gi|470137380 Adenosine kinase 2 
(Fragaria vesca subsp. vesca) Energy  37,442  5.09  72/46  74 

gi|12957206  Cellulase/β-1,4-glucanase
(Atriplex lentiformis) Metabolism 54,025  5.33  136/46  77 

Stressor Stress  
response IDa Identity Functional 

group 
Mass 
(Da)b pIc Score/treshol

d scored
Spot 
no.e V (%)f

gi|257815169
Cytosolic glyceraldehyde-3 
phosphate dehydrogenase  
(Solanum chacoense)

Metabolism 36,648  6.98  218/46 80 

gi|262410515
Triosphosphate isomerase-like 
protein type II
(Dimocarpus longan)

Metabolism 27,261  6.13  64/46  85 

gi|147787952
Hypothetical protein 
VITISV_000872 
(Vitis vinifera)

Unknown 42,108  5.29  80/46  75 

gi|449449334 Aspartic proteinase nepenthesin-1  
(Cucumis sativus) Unknown 47,201  9.62  62/46  82 

gi|302853766
Hypothetical protein 
VOLCADRAFT_84447 
(Volvox carteri f. nagariensis)

Unknown 35,840  6.57  89/46  83 

 Downregulated gi|4884972  Cytosolic glutamine synthetase, GS 
(Mesembryanthemum crystallinum) Metabolism 38,686  5.44  54/46  42 

gi|3914394 Phosphoglycerat mutase, iPGAM 
(Mesembryanthemum crystallinum) Metabolism 61,145  5.39  168/46  64 

gi|194466127 Fructokinase 
(Arachis hypogaea) Metabolism 20,052  5.07  123/46  68 

gi|28465343
Pyruvate dehydrogenase E1alpha 
subunit 
(Beta vulgaris)

Metabolism 43,826  8.34  52/47  72 

gi|306416861 Alcohol dehydrogenase 1 
(Spinacia oleracea) Metabolism 35,778 6.55 220/46 73 

gi|359483362 Lactoylglutathione lyase 
(Vitis vinifera)

Oxidation and 
detoxification 33,108  5.50  153/47  69 

gi|585272 Protein 70, Hsp70, mitohondrial 
(Pisum sativum)

Protein 
synthesis and 
processing 

72,257  5.81  171/47  63 

gi|225438930
Subtilisin-like serine proteinase 
isoform 1  
(Vitis vinifera) 

Disease and 
defense 81,085  5.79  47/45  65 

gi|224286332 Unnamed protein product  
(Picea sitchensis) Unknown 24,039  5.42  37/45  41 

gi|470143756
Uncharacterized protein 
LOC101294016 
(Fragaria vesca subsp. vesca)

Unknown 25,477  8.43  46/46  71 
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It should also be emphasized that several glycolysis pro-

teins, for example GAPDH and TPI, which were up-regulated

in cactus tissues exposed to NaCl and mannitol, are multi-

functional proteins which display important functional di-

versity in mammals and plants (Rius et al. 2008; Zhang et al.

2011). Therefore, they are considered as moonlighting pro-

teins, which exhibit activities distinct from their classically

identified functions; one of the roles most frequently assigned

to these enzymes is their involvement in cell response to ox-

idative stress (Sirover 2011). In Arabidopsis it was found that

cytosolic GAPDH reacted directly with hydrogen peroxide

(H2O2), which suggests that this enzyme may mediate ROS

signaling in plants (Hancock et al. 2005). It has been reported

that cytosolic GAPDH plays an important role in plant salt

stress tolerance, including Zea mays (Zörb et al. 2004), potato

(Jeong et al. 2001) and rice (Zhang et al. 2011), probably

through the regulationofH2O2 levels.As for TPI, its transcript

level was regulated in response to various abiotic stresses

including salinity and drought (Salekdeh et al. 2002;Yan et al.

2005) as well as methylglyoxal (MG), a cytotoxic byproduct

of glycolysis, which can modify proteins and DNA through

the formation of advanced glycation end products and con-

tribute to formation of ROS. Increased TPI could bring down

the toxic levels of methylglyoxal formed under stress condi-

tions, thus defending the plants against abiotic stress (Sharma

et al. 2012).Up-regulationofGAPDHandTPI, found in callus

and tumor tissue exposed to NaCl and mannitol, could be

therefore involved in defense against oxidative stress, which

was previously found to be induced by both stresses in in-

vestigated cactus tissues (Balen et al. 2013).

Amino acid metabolism

The regulation of glutamate metabolism appears to be of

considerable importance in the nitrogen economy of plants.

Glutamine synthetase (GS) catalyzes the combination of

ammonia and glutamate into glutamine (Glu) (Nam et al.

2012), while glutamate dehydrogenase (GDH) catalyzes

the reversible amination of 2-oxoglutarate to form Glu and

therefore it is able to either assimilate or liberate ammo-

nium. It was found that GDH is a stress-responsive protein

that may reflect an additional/alternative route to the GS

pathway for ammonia assimilation under intracellular hy-

perammonia conditions induced by salinity (Skopelitis

et al. 2006). Numerous reports indicate that GDH and GS

are salt stress responsive proteins in rice and Arabidopsis

roots (Nam et al. 2012; Jiang et al. 2007; Yan et al. 2005).

Moreover, Wang et al. (2012) reported that salt stress in-

duced a strong up-regulation on the expression of GS and

GDH genes in rice leaves. Skopelitis et al. (2006) found

that salt stress-generated ROS induce GDH expression, and

increase assimilation of ammonia by GDH isoenzymes,

which could therefore act as anti-stress enzymes in am-

monia detoxification and production of Glu for proline

synthesis. Proline is well-known osmo-protectant involved

in stress resistant mechanisms in plants. Up-regulation of

both GS and GDH found in this study in tumor tissue ex-

posed to NaCl could be correlated with significantly in-

creased proline content previously found in M. gracilis

tumor exposed to salinity (Balen et al. 2013).

c-Aminobutyric acid (GABA), is also derived from

glutamate via the activity of glutamate decarboxylase

(GAD). This molecule is known to accumulate in response

to a wide range of environmental stimuli including NaCl

exposure, (Kinnersley and Turano 2000). c-Aminobutyrate

transaminase (GABA-transaminase), the first enzyme of

the GABA catabolism, was up-regulated in response to

NaCl in Arabidopsis (Renault et al. 2010). Moreover, it

was also reported that GABA-transaminase deficient mu-

tant was oversensitive to ionic stress in spite of higher

GABA levels (Renault et al. 2010) and that GABA-trans-

aminase deficiency impairs central carbon metabolism

(Renault et al. 2013). In our study, this enzyme was down-

regulated in tumor treated with NaCl, which can be cor-

related with observed sensitivity of cacti tissues to NaCl.

In plants, serine is synthesized through a couple of

pathways. 3-Phosphoglycerate dehydrogenase (PGDH), the

first enzyme that is involved in the phosphorylated pathway

Table 3 continued

a ID—accession number according to NCBInr database
b Theoretical mass of identified protein spots
c pI—theoretical isoelectric point of identified protein spots
d Score/treshold score—the protein score and total ion score confidence interval percentages were both set above 95 %, and the significance

threshold was P = 0.05 for the MS/MS
e Spot no.—spot numbers correspond to the spots indicated in Fig. 3
f Protein spot abundance (based on the percentage volume) changes in tumor proteins subjected to 250 mM NaCl or 500 mM mannitol. First

column represent control ( ) and second column ( ) stressor. The standard errors calculated from six independent experiments were all\5 %.

Changes in abundance between stressor and control were found significant at P\ 0.01
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of serine biosynthesis, is responsible for the oxidation of

3-phosphoglycerate to phosphohydroxypyruvate. In our

study, PGDH was found to be down-regulated in tumor

exposed to NaCl which indicates that the serine biosyn-

thesis pathway from 3-phosphoglycerate was down-

regulated. Cramer et al. (2013) also reported down-

regulation of PGDH in grapevine in response to water

deficit.

Cell wall metabolism

The plant cell wall is modified in coordination with almost

all plant developmental processes. Modifications in the cell

wall are thought to be mediated by cell wall hydrolases,

including those encoded by a large family of genes

specifying endo-1,4-beta-D-glucanases (EGases), which

participate in the breakdown of beta-1,4 glucosidic link-

ages (Sasidharan et al. 2011). Since their potential sub-

strates include xyloglucan and cellulose, EGases could

cause wall loosening via action on the xyloglucan-cellulose

network, thereby regulating the cellular expansion process

(Rose et al. 2002). In our study, cellulase/b-1,4-glucanase
was found to be up-regulated in tumor tissues exposed to

mannitol-induced osmotic stress. A proteomic analysis on

water-stressed maize roots identified a number of drought-

induced cell wall modifying proteins including endo-

1,3;1,4-b-D-glucanases (Zhu et al. 2007), while Spollen

et al. (2008) reported the up-regulation of an endo-1,3;1,4-

beta-D-glucanase in the actively growing apical tip region

of the roots experiencing water deficit.

Oxidation and detoxification

It is well-known that abiotic stresses induce accumulation

of ROS, which can damage DNA, proteins and carbohy-

drates, resulting in cell death (Mittler 2002). To cope with

this, plants have developed several antioxidant enzymes to

detoxify ROS and protect their cells from oxidative injury

(Mittler 2002; Lokhande et al. 2011). In this study, an-

tioxidative enzymes catalase (CAT) and dehydroascorbate

reductase (DHAR) were found to be enhanced in callus

treated with salt and mannitol, respectively. The increase in

activities of CAT, PPX, APX and DHAR, as major

H2O2-detoxifying enzymes, has been related to better re-

sistance to salt and water deficits in many plant species

(Rout and Shaw 2001; Cramer et al. 2013). In our previous

work we found prominent oxidative damage in correlation

to increased activity of several antioxidative enzymes, in-

cluding CAT, in mannitol-treated callus (Balen et al.

2013). Expression of DHAR, responsible for regenerating

ascorbic acid from an oxidized state, regulates the cellular

ascorbate redox state, which in turn affects cell respon-

siveness and tolerance to environmental ROS (Chen and

Gallie 2006). Omar et al. (2012) reported that DHAR plays

an important role in scavenging H2O2 during dehydration

of Jatropha curcas seeds, while Wang et al. (2014) found

increases in DHAR abundance in leaves of mangrove

Kandelia candel during exposure to salinity. Moreover, up-

regulation of both CAT and DHAR was found in two

barley cultivars as the effect of salinity stress (Pérez-López

et al. 2009). Also, expression of cytosolic monodehy-

droascorbate reductase (MDHAR), one of the key enzymes

in the ascorbate–glutathione pathway that plays a major

role in the detoxification of ROS, was found to be increased

several times under salt stress and osmotic stress (Lunde

et al. 2006). However, in our study tumor tissue exposed to

salinity was characterized by the down-regulation of

MDHAR which together with lower activity of antioxidant

enzymes, particularly APX and CAT, observed previously

in tumor after exposure to high salinity resulted in more

prominent oxidative stress, probably due to ion toxicity

(Balen et al. 2013).

Lactoylglutathione lyase, also known as glyoxalase I, is

an enzyme involved in detoxification of MG. Yadav et al.

(2005) reported that MG level in plants increases twofold

to sixfold in response to salinity, drought, and cold stress

conditions. In our study, lactoylglutathione lyase was found

to be down-regulated in tumor exposed to mannitol, which

suggests that detoxification of MG via glyoxalase system in

cells under mannitol-induced osmotic stress was not suf-

ficient. This might resulted with increased level of MG and

subsequent inactivation of antioxidative enzymes, which is

in accordance with decreased activities of PPX and APX

found in our previous study (Balen et al. 2013). Conse-

quently, it probably led to the up-regulation of TPI as

discussed earlier.

Protein synthesis and processing

In order to neutralize stress influence, plants can change

gene expression and protein accumulation, transcription,

protein biosynthesis as well as protein degradation (Yan

et al. 2005). One of the protein families whose expression

is regulated by stress are heat shock proteins (Hsps). They

can play a crucial role in protecting plants against stress by

reestablishing normal protein conformation and thus cel-

lular homeostasis (Wang et al. 2004). The Hsp70 and

Hsp60 families are known to prevent the aggregation of

stress-denatured or nascent proteins in the cell and thus

‘‘chaperone’’ the correct native folding and/or assembly of

other proteins (Sharma et al. 2010; Finka et al. 2011; Priya

et al. 2013a, b). Although in majority of the studies con-

ducted on plants exposed to either salinity or drought-in-

duced stress these proteins were found to be enhanced, in

our study, Hsp70 was down-regulated in callus and tumor

tissues treated with either NaCl or mannitol. Moreover,
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chaperonin 60 kDa (Hsp60), that is crucial to achieve na-

tive forms by newly synthesized proteins, was also down-

regulated in tumor exposed to NaCl. Bogeat-Triboulot

et al. (2007) reported that the abundances of Hsp70 and

Hsp60 were significantly decreased by water deficit in

leaves of Populus euphratica, arguing that the down-

regulation of Hsps is acclimatization to the prolonged

stress. Hsp70 proteins were found to be down-regulated in

plants exposed to drought (Hajheidari et al. 2005; Ashoub

et al. 2013; Kausar et al. 2013). Decreased expression of

Hsp70 was also found in salt sensitive genotypes of barley

exposed to salt and osmotic stress (Ueda et al. 2004) and

Brassica napus in response to salinity (Bandehagh et al.

2013).

Translation elongation in eukaryotes requires a set of

soluble non-ribosomal proteins known as eukaryotic elon-

gation factors or eEFs (Sasikumar et al. 2012). In our study,

putative eukaryotic elongation factor 1B (eEF1B) was

found to be down-regulated in tumor tissues treated with

NaCl. Similarly, in salt-treated Arabidopsis cell culture, a

decreased relative abundance of several proteins involved

in protein biosynthesis such as eukaryotic translation ini-

tiation factor eIF-4E2, putative elongation factor EF2 or

tRNA synthase class II was observed, indicating a sup-

pression of protein biosynthesis upon salt stress. However,

this result could be also correlated with one of the moon-

lighting functions of this protein. Namely, outside of the

translational apparatus, it was found that the eEF1B plays a

role in the oxidative stress response pathway in yeast;

deletion of the two genes encoding eEF1Bc in S. cerevisiae
gave an additive resistance to oxidative stress (Olarewaju

et al. 2004). Moreover, total protein analysis by 2-DE

indicated a constitutively active stress response pathway in

the absence of eEF1Bc (Esposito and Kinzy 2010).

Namely, change in protein levels suggests alterations in

protein turnover in eEF1Bc-deficient strains that may result

in prolonged presence of specific stress response proteins in

these mutants. Also, the yeast eEF1Bc-deficient strain ac-

cumulated a greater amount of protein carbonylation when

compared with the wild type strain exposed to the same

sublethal level of oxidative stress (Esposito and Kinzy

2010). This is in good correlation with results of our pre-

vious study in which tumor tissue exposed to salt stress

exhibited significantly elevated carbonyl content (Balen

et al. 2013). Thus, the stress is affecting the cellular

components; however, the lack of turnover pathways leads

to their accumulation. In accordance, 26S proteasome

subunit a, a component of the large proteasome complex

that selectively degrades various cellular proteins (Kurepa

and Smalle 2008) was found to be down-regulated in tumor

tissue treated with NaCl. Given the fact that during the

stress the number of misfolded and damaged proteins in-

creases, one would expect an up-regulation of 26S

proteasome subunit (Kosová et al. 2013). However, in

Brachypodium distachyon leaves during salt stress the

abundance of 26S proteasome subunit a decreased (Lv

et al. 2014). As protein degradation is an energy-consum-

ing process, the same authors speculated that plants under

stress treatment handle misfolded proteins mainly through

refolding.

Disease and defense proteins

Subtilisin-like serine proteinase (subtilase) was found to be

down-regulated in tumor tissue after exposure to either salt

or mannitol. An involvement in general protein turnover

has been predicted for these proteins (Rautengarten et al.

2005), although plant subtilases may also fulfill highly

specific functions in plant development and signaling cas-

cades (Rautengarten et al. 2005). It was reported that

during the salt stress response in Arabidopsis, subtilase

AtS1P targets a membrane-associated bZIP factor, Atb-

ZIP17, which functions as a stress sensor/transducer (Liu

et al. 2007).

Conclusion

In conclusion, in this study it was confirmed that in vitro-

grown cactus tissues were sensitive to stress caused by

either mannitol or NaCl. The difference in the number of

responsive genes belonging to different functional cate-

gories between callus and tumor exposed to either salt- or

mannitol-induced stress suggest that the mechanisms that

mediate responses to both stresses are dependent on tissue

type. Down-regulation of proteins involved in cell protec-

tion suggests the inability of tumor to activate protective

processes against salinity and osmotic stress. However,

unique flexibility of plant carbohydrate and energy meta-

bolism may help in coping with unavoidable environmental

stresses.
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Bogeat-Triboulot M-B, Brosché M, Renaut J, Jouve L, Le Thiec D,

Fayyaz P, Vinocur B, Witters E, Laukens K, Teichmann T,

Altman A, Hausman J-F, Polle A, Kangasjarvi J, Dreyer E

(2007) Plant gradual soil water depletion results in reversible

changes of gene expression, protein profiles, ecophysiology, and

growth performance in Populus euphratica, a poplar growing in

arid regions. Plant Physiol 143:876–892

Bradford MM (1976) A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the

principle of protein-dye binding. Anal Biochem 72:248–524

Carpentier SC, Panis B, Vertommen A, Swennen R, Sergeant K,

Renaut J, Laukens K, Witters E, Samyn B, Devreese B (2008)

Proteome analysis of non-model plants: a challenging but

powerful approach. Mass Spectrom Rev 27:354–377

Castillo E, Tuong TP, Ismail AM, Inubushi K (2007) Response to

salinity in rice: comparative effects of osmotic and ionic stresses.

Plant Prod Sci 10:159–170

Chaves MM, Flexas J, Pinheiro C (2009) Photosynthesis under

drought and salt stress: regulation mechanisms from whole plant

to cell. Ann Bot 103:551–560

Chen Z, Gallie DR (2006) Dehydroascorbate reductase affects leaf

growth, development, and function. Plant Physiol 142:775–787

Costa P, Bahrman N, Frigerio J-M, Kremer A, Plomion C (1998)

Water-deficit-responsive proteins in maritime pine. Plant Mol

Biol 38:587–596

Cramer GR, Ergül A, Grimplet J, Tillett RL, Tattersall EA, Bohlman

MC, Vincent D, Sonderegger J, Evans J, Osborne C, Quilici D,

Schlauch KA, Schooley DA, Cushman JC (2007) Water and

salinity stress in grapevines: early and late changes in transcript

and metabolite profiles. Funct Integr Genomics 7:111–134

Cramer GR, Van SluyterSC, Hopper DW, Pascovici D, Keighley T,

Haynes PA (2013) Proteomic analysis indicates massive changes

in metabolism prior to the inhibition of growth and photosyn-

thesis of grapevine (Vitis vinifera L.) in response to water deficit.

BMC Plant Biol 13:49

Cushman JC, Bohnert HJ (2000) Genomic approaches to plant stress

tolerance. Curr Opin Plant Biol 3:117–124

Du CX, Fan HF, Guo SR, Tezuka T, Li J (2010) Proteomic analysis of

cucumber seedling roots subjected to salt stress. Phytochemistry

71:1450–1459

Elias-Rocha MA, Santos-Diaz MD, Arredondo-Gomez A (1998)

Propagation of Mammillaria candida (Cactaceae) by tissue

culture techniques. Haseltonia 6:96–101

Erdei L, Trivedi S, Takeda K, Matsumoto H (1990) Effects of osmotic

and salt stresses on the accumulation of polyamines in leaf

segments from wheat varieties differing in salt and drought

tolerance. J Plant Physiol 137:165–168

Errabii T, Gandonou CB, Essalmani H, Abrini J, Idaomar M, Skali-

Senhaji N (2007) Effects of NaCl and mannitol induced stress on

sugarcane (Saccharum sp.) callus cultures. Acta Physiol Plant

29:95–102

Esposito AM, Kinzy TG (2010) The eukaryotic translation elongation

Factor 1Bgamma has a non-guanine nucleotide exchange factor

role in protein metabolism. J Biol Chem 285:37995–38004

Faurobert M, Pelpoir E, Chaib J (2007) Phenol extraction of proteins

for proteomic studies of recalcitrant plant tissues. Methods Mol

Biol 355:9–14

Finka A, Mattoo RUH, Goloubinoff P (2011) Meta-analysis of heat-

and chemically upregulated chaperone genes in plant and human

cells. Cell Stress Chaperon 16:15–31

Gao F, Zhou Y, Huang L, He D, Zhang G (2008) Proteomic analysis

of long-term salinity stress-responsive proteins in Thellungiella

halophila leaves. Chin Sci Bull 53:3530–3537

Gygi SP, Aebersold R (2000) Mass spectrometry and proteomics.

Curr Opin Chem Biol 4:489–494

Hajheidari M, Abdollahian-Noghabi M, Askari H, Heidari M,

Sadeghian SY, Ober ES, Salekdeh GH (2005) Proteome analysis

of sugar beet leaves under drought stress. Proteomics 5:

950–960

Hancock JT, Henson D, Nyirenda M, Desikan R, Harrison J, Lewis

M, Hughes J, Neill SJ (2005) Proteomic identification of

glyceraldehyde 3-phosphate dehydrogenase as an inhibitory

target of hydrogen peroxide in Arabidopsis. Plant Physiol

Biochem 43:828–835

Hirano H, Islam N, Kawasaki H (2004) Techical aspects of functional

proteomics in plants. Phytochemistry 65:1487–1489

Hu Y, Burucs Z, Tucher SV, Schmidhalter U (2007) Short-term

effects of drought and salinity on mineral nutrient distribution

along growing leaves of maize seedlings. Environ Exp Bot

60:268–275

Ishida H, Nishimori Y, Sugisawa M, Makino A, Mae T (1997) The

large subunit of ribulose-1,5-bisphosphate carboxylase/oxyge-

nase is fragmented into 37-kDa and 16-kDa polypeptides by

active oxygen species in the lysates of chloroplasts from primary

leaves of wheat. Plant Cell Physiol 38:471–479

Jeong MJ, Park SC, Byun MO (2001) Improvement of salt tolerance

in transgenic potato plants by glyceraldehyde-3 phosphate

dehydrogenase gene transfer. Mol Cell 12:185–189

Jiang Y, Yang B, Harris NS, Deyholos MK (2007) Comparative

proteomic analysis of NaCl stress-responsive proteins in Ara-

bidopsis roots. J Exp Bot 58:3591–3607

Jorrı́n JV, Maldonado A, Castillejo MA (2007) Plant proteome

analysis: a 2006 update. Proteomics 7:2947–2962

Jorrı́n-Novo JV, Maldonado AM, Echevarrı́a-Zomeño S, Valledor L,

Castillejo MA, Curto M, Valero J, Sghaier B, Donoso G,

Redondo I (2009) Plant proteomics update (2007–2008): second-

generation proteomic techniques, an appropriate experimental

design, and data analysis to fulfill MIAPE standards, increase

plant proteome coverage and expand biological knowledge.

J Proteomics 72:285–314

Kausar R, Arshad M, Shahzad A, Komatsu S (2013) Proteomics

analysis of sensitive and tolerant barley genotypes under drought

stress. Amino Acids 44:345–359

Kempa S, Krasensky J, Dal Santo S, Kopka J, Jonak C (2008) A

central role of abscisic acid in stress-regulated carbohydrate

metabolism. PLoS One. doi:10.1371/journal.pone.0003935

Kinnersley AM, Turano FJ (2000) Gamma aminobutyric acid

(GABA) and plant responses to stress. Crit Rev Plant Sci

19:479–509
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