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In this research, a comparative proteomics approach was conducted to understand the physiological processes
behind the sulforaphane formation in whitetop seedlings in response to exogenous glucose. Initially, 5-day-old
whitetop seedlings were elicited by different concentrations (0, 166, 250, 277, 360 mM) of glucose for 72 h. Ac-
cording to the results, sulforaphane formation was influenced in a dose-dependent manner by glucose, and was
maximized with the concentrations of 166 and 250 mM. Consequently, 2-dimensional gel electrophoresis was
performed on the 166 mM glucose-elicited seedlings and it was shown that 25 protein spots were differentially
expressed between glucose-elicited seedlings and control. Two hypothetical (were down-regulated) and 9
unique proteins (44% and 56% up- and down-regulated, respectively) were identified based on the Mass spec-
trometry analysis. According to the functional classification of the unique proteins, photosynthetic, chaperone,
energy metabolism, signaling and sorting related proteins are marked in response to the glucose elicitation.
This is the first report to successfully identify the Abscisic acid receptor PYR1-like and sorting nexin 1 isoform
X1 by proteomics technique. In addition, the role of the sorting nexin 1 isoform X1 in the glucose-elicited
whitetop seedling is reported for the first time.

© 2018 Published by Elsevier B.V.
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1. Introduction

The defensive metabolites containing sulfur and nitrogen, glucosin-
olates (GLSs), extensively found in the Brassicaceae family, have en-
couraged the interest of researchers due to pharmaceutical activities
and especially their derivatives, isothiocyanate (ITC) [1,2]. Different
GLSs are derived from different amino acids including methionine (ali-
phatic GLSs), phenylalanine (aromatic GLSs), and tryptophan (indole
GLSs) [3,4]. In the GLSs biosynthesis pathway, the two first step forma-
tion of GLSs core structurewas catalyzed by cytochromes P450 enzymes
including CYP79 and CYP83 families (with high specificity for the amino
acids side chain) and follows by several enzymes with more specificity
for the function group rather than the amino acids side chain [5].

It has been elucidated that CYP97F1 (metabolizes both short- and
long-chain aliphatic GLSs) and CYP97F2 (metabolizes only long-chain)
catalyzed the first step and CYP83A1 catalyzed the second step in con-
version of aliphatic amino acids to the corresponding aliphatic oximes
[6] while in the pathway of phenylalanine and tryptophan conversion
to aromatic and indolic oximes, the first step catalyzed by CYP79A2,
Faculty of Science, Ferdowsi
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CYP79B2/CYP79B3 and the second ones catalyzed by both CYP83A1
and CYP83B1 [5,7–9].

However, GLSs after being exposed to myrosinase (β-
thioglucosideglucohydrolase, EC. 3.2.3.1), produce glucose and an inter-
mediate compound, aglycone, which is converted to thiocyanates, ITCs
and nitriles dependent on the environmental conditions such as pH
[10]. Among them, ITCs are amore attractive bioactive compound for re-
searchers because of the anticancer and anti-carcinogenic activity [11].

One of the well-known ITCs is sulforaphane (SFN) (4-
methylsulfinylbutyl ITC) which is derived from glucoraphanin (a
short-chain aliphatic glucosinolate [12]) which is found in whitetop
(Lepidium draba L.) and Brassica oleracea L. in huge amounts [4,13].
Whitetop, a noxious weed of the Brassicaceae family is known for facil-
itating glucoraphanin extraction because of two major kinds of GLSs
[13].

Several reports have focused on SFN formation in this weed under
treatment with different stimulators [14,15]. On the other hand, the
stimulatory effect of sugars has been extensively examined on GLSs bio-
synthesis pathway in theBrassica crops [16–18]. According to the obser-
vations, the effect of various sugars on GLSs biosynthesis is dependent
on the dose, time of treatment, plant species and also type of sugar
[19]. Among different sugars, elicitation with glucose (GLC) is more at-
tractive for studying GLSs biosynthesis pathway, as this carbohydrate
not only serves as a substrate for GLS synthesis but it also affects the
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content of them through signaling network [20,21]. Recent studies
showed that GLC elicitor leads to dramatically enhanced GLCs content
in Brassica napus, B. oleraceae, B. rapa [16] and also glucoraphanin con-
tent in broccoli sprouts, China rose, red radish and Arabidopsis [16,20].

It has been established that GLC signalingmediated through hexoki-
nase 1 (HXK1), followed by MYB transcription factor family is depen-
dent on the type of GLS [20,22]. While MYB34 has a pivotal role in
indolic GLSs pathway, MYB28 is the main transcription factor control-
ling aliphatic biosynthetic pathway underlying glucose-sensing
[20,22]. Furthermore, the role of glucose on assimilation of sulfur has
been established as the expression level of some related genes (ATPS1,
APK1, APK2, APR1, SiR, ST5a, ST5b, and ST5c) in the sulfur metabolism
pathway and was remarkably induced in the presence of this sugar in
Arabidopsis [20,23].

So far, several studies have been carried out to identify the genes in-
volved in the GLSs biosynthesis pathway [20,23]. However, a self-
protein study, due to the lack of correlation ofmRNA levels with protein
abundance because of post translational changes [24,25], may provide
more information than mRNA expression level [25,26]. To our knowl-
edge, there are not any published reports regarding protein response
to glucose elicitation in Brassica crop or family. In this study, first, SFN
formation in L. draba seedlings was studied under different concentra-
tions of glucose and thereafter proteomics technique on the effective
glucose dose on SFN formation was conducted to identify the glucose
signaling pathway. Furthermore, to survey the potential effects of GLC
on GLSs biosynthesis pathway and SFN formation, expression level of
the CYP79F1 and myrosinase genes were respectively tested using
quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) method.

2. Materials and methods

2.1. Materials

Seeds of whitetop were collected around Kerman province (Iran)
through May to June 2014. SFN standard and Acetonitrile (HPLC
grade) were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). Immobilized pH gradient (IPG) Strips, Ampholyte,
Dithiothreitol (DTT), 3-[(3-Cholamidopropyl) dimethylammonio]
propanesulfonicacid (CHAPS) were purchased from Bio-Rad (USA).
Protein size markers, MMuLV reverse transcriptase, DNase were pur-
chased from Fermentas. RNX-plus was obtained from CinnaGene,
Inc. Iran. Other chemicals materials (analytical reagent grade) were
purchased from Sigma.

2.2. Seed germination and plant growth

For seeds surface sterilization, they were subsequently washed with
detergent (30s), sodiumhypochlorite (5% for 15min) and ethanol (75%,
30 s) and finally rinsed (at least five times) with sterile distilled water.
The sterilized seeds were placed on Murashige and Skoog (MS) basal
media [27] containing 1.0% agar in Petri dishes. The plates were trans-
ferred to an incubator (Memert, Germany) under controlled tempera-
ture of 25 ± 2 °C, and 60–65% relative humidity for 3 days in dark
condition. After that, seedlings of equal size were transferred to a con-
tainer with ½ Hoagland nutrient solutions (pH 7) [28] and incubated
in a growth chamber (BINDER, Germany) with photoperiod of 16/8 h
light/dark regime for 48 h. Aquarium pump was used for continuous
aeration of containers.

2.3. Plant elicitation

After 48 h adaptation period, the media was renewed and final con-
centrations (0 as a control, 166, 250, 277 and 388 mM) of glucose were
added to nutrient solution (400mL per container). Different concentra-
tions of GLC were selected according to previous studies [16]. The
containers were incubated in a growth chamber under the mentioned
condition for 72 h. At the end of elicitation period, the seedlings were
collected and washed using sterile distilled water. The aerial parts
were rapidly and gently separated and were divided into two groups.
The first ones were used as fresh for the analyses of SFN content,
while the others were frozen using liquid nitrogen and immediately
stored at−80 °C until used.

2.4. SFN extraction and determination by HPLC

Extraction and quantification of SFN of the elicited seedlings were
performed according to the method described by Liang et al. [29].
Briefly, 100 mg of fresh aerial tissue was ground into a fine powder
using a mortar and pestle in liquid nitrogen. The powder was mixed
with acidic water (1 mL, pH 5) and incubated in water bath (42 °C)
for 2 h in order to release SFN from the glucoraphanin. Then 5 mL ace-
tonitrile was added to the mixture and ultrasonicated for 3 min to im-
prove extraction. Thereafter, the homogenate was centrifuged
(10,000 rpm for 10 min at 4 °C) and the supernatant was filtered
through a 0.2 μm syringe filter prior to injection into the column (C18;
250 × 4.6 nm) of High Performance Liquid Chromatography (HPLC)
(Agilent 1100 series, USA).

To determine retention time and quantification of SFN, different
concentration ranges of an authentic standardwas injected into the col-
umnusing acetonitrile/H2O (65/35 v/v) asmobile phase at a flow rate of
1.00 mL/min that was detected at 254 nm.

2.5. Protein extraction and quantification

Total proteins extraction of control and 166 mM glucose-treated
seedlingswas done according to optimizedmethod of TCA/acetone pre-
cipitation [30] with a little modification. In brief, 1 g of aerial part was
grounded into fine powder using a prechilled mortar and pestle in the
presence of liquid nitrogen. Obtained powder was suspended in a final
volume of 20 mL precipitation solution containing 0.07% β-
mercaptoethanol (β-ME) and 10% TCA in cold acetone. The homogenate
was sonicated (10 times, 30 s at 70 W with a 30 s cooling period be-
tween each burst) before being precipitated at −20 °C for 15 h. To re-
move lipid and pigments, the procedure was followed by centrifuging
the homogenate for 30min at 9000 rpmand 4 °C andwashing the resul-
tant pellet in 10 mL of washing buffer (0.07% β-ME in cold acetone) for
three times. After centrifugation (as mentioned above), the colorless
pellet was vacuum-dried before being resuspended in 1 mL lysis buffer
[4% (w/v) CHAPS,9 M urea, 0.5% (v/v) carrier ampholytes pH 3–10,
65 mM DTT and 35 mM Tris-base] and sonicated for 20 min on ice
bath sonicator. After centrifuging as mentioned previously, four-fold
volume of the precipitation solution was added to the supernatant
and protein precipitated (in −20 °C for 15 h) and the pellet washed as
mentioned before. The resultant pellet was vacuum-dried and
suspended in lysis buffer by shaking for 45 min at room temperature.
Supernatant was recovered by centrifugation at 15000 rpm, 4 °C for
45min, and concentration of the solution proteinwas estimated accord-
ing to the Bradford (1976) method [31]. Bovine serum albumin (BSA)
was used as a standard.

2.6. Isoelectric focusing and two-dimensional electrophoresis

2-dimensional electrophoresis (2-DE) was done in accordance with
themethod previously reported by Gorg et al. [32]. For each sample, 150
μg protein was diluted with rehydration buffer containing 2% CHAPS,
8 M urea, 2% IPG buffer (pH 3–10), 0.002% bromophenol blue and
0.018 M DTT (added freshly), until the total volume reached to 320 μL
in a re-swelling tray. Thereafter, the diluted protein was loaded onto a
linear gradient IPG strip (pH 3–10, 17 cm). Isoelectric focusing was car-
ried out using IPGphore III (GE Healthcare) apparatus according to the
manufacturer's guidelines. For protein separation in the second
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dimension, the loaded IPG strip (1500 μg) was equilibrated in equilibra-
tion buffer (50 mM Tris-HCl, pH 8.8, 30% Glycerol, 6 M Urea, 1% DTT, 2%
SDS and 0.002% Bromophenol Blue) for 15 min before the protein was
separated in SDS-PAGE gel electrophoresis (12.5%) in a Protein Xi Cell
(Bio-Rad) apparatus.

2.7. Analysis of gel image

The gelswere stainedwith silver nitrate andwere scanned usingGS-
800 calibrated densitometer (Bio-Rad). Then all the scanned gel images
were imported intoMelanie 7 software (Genebio, Geneva, Switzerland).
The spots were detected and matched automatically. To avoid errors,
spots were edited manually. It is necessary to mention that only spots
were matched and analyzed that were repeated in all different biologi-
cal repeats. Molecularweight (MW, kDa) of responsive proteinswas es-
timated by co-electrophoresis of protein molecular weight (MW) size
markers (as MW standards). PI values of responsive proteins were de-
termined by migration of proteins on 17 cm IPG strip with pH 3–10.
The spot volumes were normalized as a percentage of the total volume,
quantified, and subjected to t-test (p ≤ 0.05). Then responsive spots
were selected and excised from the preparative gel.

2.8. In-gel digestion, mass spectrometer and protein identification

In-gel digestion was performed using a MassPREP automated di-
gester station (PerkinElmer). Gel pieces were Coomassie destained
using 50 mM ammonium bicarbonate and 50% acetonitrile, which was
followed by protein reduction using 10 mM DTT, alkylation using
55 mM iodoacetamide (IAA), and tryptic digestion in 50 mM ammo-
nium bicarbonate, pH 8. Peptides were extracted using a solution of
1% formic acid and 2% acetonitrile and lyophilized. Prior to mass spec-
trometric analysis, dried peptide samples were re-dissolved in a 10%
acetonitrile and 0.1% TFA (trifluoroacetic acid) solution. MALDI matrix,
α–cyano–4–hydroxycinnamic acid (CHCA), was prepared as 5 mg/mL
in 6 mM ammonium phosphate monobasic, 50% acetonitrile, 0.1%
trifluoroacetic acid and mixed with the sample at 1:1 ratio (v/v).

Mass Spectrometry data were obtained using an AB Sciex 5800 TOF/
TOF System, MALDI TOF-TOF (Framingham, MA, USA). Data acquisition
and data processing were respectively done using a TOF-TOF Series Ex-
plorer and Data Explorer (both from AB Sciex). The instrument is
equipped with a 349 nm Nd:YLFOptiBeam On-Axis laser. The laser
pulse rate is 400 Hz. Reflectron positive mode was used. Reflectron
modewas externally calibrated at 50 ppmmass tolerance and internally
at 10 ppm. Each mass spectrum was collected as a sum of 500 shots.

For protein identification, the MASCOT software (http://www.
matrixscience.com) was used against the NCBInr database. The param-
eters such as enzyme, trypsin; variable modifications, oxidation (M);
Peptide tolerance, 200 ppm;MS/MS tolerance, 0.8 Da; carbamidometh-
ylation of cysteine as fixed modification were used [33].

2.9. Molecular analysis

Relative mRNA expression level of CYP79F1 and myrosinase upon
glucose elicitation in whitetop seedlings was quantified using qRT-PCR.

2.9.1. Total RNA extraction and cDNA synthesis
Total RNA of aerial part of the control and 166 mM glucose-elicited

seedlings was extracted using RNX-plus reagent extraction kit accord-
ing with the manufacturer's instruction. The quality of the extracted
RNA was examined using 1% agarose gel electrophoresis, and it was
quantified by spectrophotometer at 260 nm.

The extracted RNA was purified r the genomic DNA using DNase in
accordance to manufacturer's guidelines. Thereafter, this RNA was re-
verse transcribed into cDNA as described by Nasiri-Bezenjani et al.
[34] using MMuLV reverse transcriptase and oligo (dT)18 as a primer.
2.9.2. PCR amplification and analysis of gene expression
The synthesized cDNAwas utilized to amplify desirable genes using

a set of gene-specific primers. The utilized primers were designed by
Gene Runner software (version 3.05) and are listed in Table 1. Amplifi-
cation of the geneswas done on a Rotor-Gene 3000 instrument (Corbett
research, Australia) using SYBR Green Master Mix Reagent. Any poten-
tial of genomic DNA contamination was checked using non-template
control.

The PCR programwas conducted as follows: initial denaturation for
40 s at 95 °C and 40 cycles amplification (95 °C for 5 s and 52 °C for 30 s)
which was followed by analysis of dsDNA melting curve.

Gene expression level of GAPDHwas used as an internal control, and
expression level of CYP79F1 and myrosinase genes were calculated
using the 2−ΔΔCT in accordancewith Livak and Schmittgenmethod [35].

2.10. Statistical analysis

Each treatment was done in three replicates and the experiments
were conducted in completely random designs. Statistical significance
of the data was revealed by one way analysis of ANOVA variance,
followed by Duncan's multiple range tests at a 95% confidence level (p
b 0.05) using SPSS package program (Version 6.21). The results are re-
ported as mean values ± standard deviation (SD).

3. Results

3.1. SFN content in GLC-elicited L. draba seedlings

The retention time for SFN standard was revealed about 3 min after
injection into the column (data not shown). As shown in Fig. 1, to a dif-
ferent extent, SFN content increased in the treated seedlingswith differ-
ent concentrations of glucose. The maximum SFN content was seen
in166 and 250 mM GLC whose content increased N5-fold rather than
what was found in the control sample. As revealed in the figure, SFN
content was decreased by the increase in GLC doses in media.

3.2. Analysis of total proteins in 2-DE electrophoresis of L. draba seedlings

As shown in Fig. 2 and based on theMelanie software analysis, N370
repeatable spots were indicated on all analytical gels. Through the 370
repeatable spots, 25 responsive spots were detected, so that, 15 spots
were up-regulated and 10 spots were down-regulated. Of these, 15
spots were selected for identification by MALDI-TOF-TOF mass spec-
trometry (Fig. 2C).

3.3. Differentially expressed proteins

As represented in Table 2, 15 selected spots differentially expressed
in the elicited seedlings compared to the control were identified using
MALDI TOF-TOF mass spectrometry. The mass data were used by Mas-
cot engine against NCBI non-redundant protein database and the results
showed these spots are related to the 11 proteins.

According to the results, from 15 identified protein spots under GLC
elicitation, 6 spotswere up-regulated and 9 spotswere down-regulated.
Spots 178 and 329 have shown the least and most induction factor
respectively.

Among the identified proteins, two spots including 329 and 367
were identified as predicted and hypothetical proteins (a real protein
is not known for these gene sequences) respectively and both of them
were down regulated.

Based on the biological function of the other unique proteins, they
were classified in 5 groups including photosynthesis (22.2%), signaling
(11.1%), chaperone (11.1%), energy metabolism (44.4%) and sorting
(11.1%) (Table 3 and Fig. 3). The photosynthetic related proteins are
consisted of the Ribulose-1,5-bisphosphate carboxylase/oxygenase
large subunit (spots 49, 149 and 245) and oxygen-evolving enhancer

http://www.matrixscience.com
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Table 1
Primer sequences were used for amplification of CYP79F1, myrosinase and GAPDH genes.

Gene name Primer Sequence Forward Primer Sequence Reverse GenBank Accession number Amplicon length (bp)

CYP79F1 5′-TCG GAT GAG GGA AGA TTA GG-3′ 5′-CGT CGA TTA TGG GGT TGT TG-3′ KT626603 196
Myrosinase gene 5′-GAC CTG TGA TGA TAA CTA GAT G-3′ 5′-GAG ACC AAG AAA ATC ATA TGA AC-3′ NM_180745.2 221
GAPDH 5′-TAC CTT AAC CGC AGT GCA TC-3′ 5′-AAG AAA GCT GGT ATG ATC CCT C-3′ XM_021027925 150
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protein 1-2 (spots 30 and 59). The energy metabolism related proteins
consisted of the aminomethyl transferase (spots 108 and 145), peroxi-
somal 2,4-dienoyl-CoA reductase (spot 17), ATP synthase CF1 alpha
subunit (spot 60) and cytoplasmic aconitate hydratase (spot 44). The
protein involved in chaperone is represented by 21.7 kDa class VI heat
shock protein (spots 67). The protein involved in signaling is abscisic
acid receptor PYR1-like (spot 178). Finally, spot 234 is related to the
sorting nexin 1 isoform X1.

As shown in the Table 2, 44.4% of the unique proteins consisting of the
Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit,
oxygen-evolving enhancer protein 1-2, ATP synthase CF1 alpha subunit
as well as 21.7 kDa class VI heat shock protein are positively regulated
and the other unique proteins (55.6%) are negatively regulated in the elic-
ited seedling with 166 mM GLC in comparison with the control sample.

The function and subcellular localization of the identified protein are
listed in Table 3. As revealed in the Table, 44% of these proteins are lo-
cated in chloroplast and the others are located in other subcellular
components.

3.4. Expression analysis of CYP79F1 and myrosinase genes

Integrity of the total RNA extractedwas examined by visual observa-
tion of the rRNA bands on agarose gel (1%) electrophoresis (data not
shown). Amplification of the CYP79F1 and myrosinase genes was per-
formed using the cDNA library as template in the presence of specific
primers.

As shown in Fig. 4A, expression level of CYP79F1 genewas drastically
induced in the presence of glucose. Similarly, expression of themyrosin-
ase genewas also significantly increasedwhen the L. draba seedlingwas
elicited with 166 mM glucose (Fig. 4B).

4. Discussion

In the present study, comparative proteomics was conducted to in-
vestigate physiology processes behind the SFN formation in response
to exogenous glucose in L. draba seedlings with high level of glucora-
phanin (SFN precursor). According to the results, GLC elicitation leads
to a positive effect on SFN formation in L. draba in a dose dependent
Fig. 1. SFN content in the elicited L. draba seedlings with different concentrations of GLC.
Signs with different letters are significantly different at p ≤ 0.05, according to Duncan's
multiple range tests (n = 3).
manner. However, the stimulatory effects of GLC on GLSs and SFN con-
tent have been shown in the other plants of Brassica family [16,17,22].
On the other hand, the effect of GLC on GLSs biosynthesis pathway
was revealed by induction of gene expression level of CYP79F1 in the
166 mM glucose-elicited seedling. This result is in agreement with
that reported by Miao et al., [20]. They reported that expression level
of CYP79B2 and CYP83B1 genes was induced by glucose in Arabidopsis
seedlings. Additionally, it has been shown that jasmonate, affected
GLSs biosynthesis in Arabidopsis through activation of genes expression
level of CYP family (CYP79B2, CYP79B3, CYP79F1, CYP79F2) [36]. Inter-
estingly, gene expression level of myrosinase was also evaluated by
GLC. However, the effect of myrosinase activity in broccoli sprouts
after being treatedwith 176mMsucrosewas reported byGuo et al. [18].

Following this, 2-D gel electrophoresis was performed on 166 mM
glucose-elicited, which showed the maximum amount of SFN upon
GLC elicitation, against control. Based on the comparative proteomic re-
sults, N370 protein spots were detected on analytical gel, eventually 15
spots were analyzed with aMALDI TOF-TOFmass spectrometry and our
data showed these spots are related to 11proteins containing twohypo-
thetical and 9 unique identified proteins.

As reported in Table 2, some spots including oxygen-evolving en-
hancer protein 1-2, chloroplastic, aminomethyl transferase
mitochondrial-like and ribulose-1,5-bisphosphate carboxylase/oxygen-
ase large subunit with two, two and three spots respectively are identi-
fied as one protein. For example, spots 30 and 59 were identified as
oxygen-evolving enhancer protein 1-2 and spots 108 and 145 were
Fig. 2. 2-dimentional electrophoresis gel of control (C) and 166mMGLS-treated seedlings
(T). 150mg protein was loaded on a linear gradient (pH 3–10) IPG strip (17 cm). Proteins
on SDS-PAGE gel (12%)were visualized using silver staining. The responsive protein spots
are marked in figure “C”.

ncbi-n:NM_180745.2
ncbi-n:XM_021027925
Image of Fig. 1
Image of Fig. 2


Table 2
Identified responsive proteins in GLS- elicited L. draba seedlings using MALDI TOF-TOF.

Identity Spot
ID

gi|Numbera Induction
factor
(IF)b

Coverage
%c

MS
Scored

TpI/TMWe

(kDa)
EpI/EMWf

(kDa)

PREDICTED: peroxisomal 2,4-dienoyl-CoA reductase [Juglans regia] 17 gi|1098774932 0.44 17 68 9.14, 31.7 5.30, 35
PREDICTED: oxygen-evolving enhancer protein 1-2, chloroplastic [Brassica rapa] 30 gi|685262208 1.92 37 90 6.26, 35.6 5.49, 97
Cytoplasmic aconitatehydratase [Arabidopsis thaliana] 44 gi|4586021 0.48 11 84 5.79, 98.72 5.68, 100
Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit, partial (chloroplast)
[Capparis spinosa]

49 gi|1009024895 1.82 27 117 6.18, 49.89 5.50, 100

PREDICTED: oxygen-evolving enhancer protein 1-2, chloroplastic [Brassica oleracea var.
oleracea]

59 gi|922417636 1.58 42 104 6.26, 35.55 6.34, 150

ATP synthase CF1 alpha subunit [Lepidium virginicum] 60 gi|139388895 2.78 18 77 5.19, 55.32 6.41, 154
PREDICTED: 21.7 kDa class VI heat shock protein [Raphanus sativus] 67 gi|1072915392 1.26 34 56 5.30, 20.89 6.03, 100
PREDICTED: aminomethyltransferase, mitochondrial-like [Brassica oleracea var.
oleracea]

108 gi|922548335 0.50 38 99 8.29, 44.77 6.12, 63

Aminomethyltransferase, mitochondrial-like [Brassica oleraceavar. oleracea] 145 gi|922548335 0.56 26 95 8.92, 44.77 6.68, 55
Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit, partial (chloroplast)
[Arabidopsis thaliana]

149 gi|1009024839 1.66 16 81 6.12, 47.92 6.379, 51

Abscisic acid receptor PYR1-like [Dendrobium catenatum] 178 gi|1179577194 0.21 29 60 5.19, 26.06 7.78, 55
REDICTED: sorting nexin 1 isoform X1 [Ziziphus jujuba] 234 gi|1009126725 0.44 46 93 8.20,46.89 6.082, 37
Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit, partial (chloroplast)
[Arabidopsis lyrata subsp. lyrata]

245 gi|27752813 1.83 20 87 6.12, 47.89 5.30, 35

Predicted protein [Ostreococcus lucimarinus CCE9901] 329 gi|145348964 0.53 22 98 5.26, 196.62 5.01, 56
Hypothetical protein AALP_AA3G230700 [Arabis alpine] 367 gi|674246566 0.36 12 94 6.62, 108.42 5.27, 63

a Accession number in NCBI, SWISS Prot.
b Expression changes of proteins under GLS elicitation rather than control in L. draba seedlings.
c Percentage of covered sequence of predicated protein by matched sequences.
d Statistical probability of true positive identification of the predicted protein calculated by MASCOT.
e TpI/TMW: pI of predicted protein/molecular mass of predicted protein.
f EpI/EMW: pI of protein on gel/molecular mass of protein on gel.
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identified as aminomethyl transferase mitochondrial-like and had a
higher experimental molecular weight than the theoretical molecular
weight, suggesting that these spots are probably the result of the exis-
tence of protein isoforms, translation from alternative spliced mRNA
and post-translational changes [37,38]. Moreover, spots 49, 149 and
245 were identified as ribulose-1,5-bisphosphate carboxylase/oxygen-
ase large subunit. Various studies have shown such spots [25,37–41].

According to the functional classification, unique identified proteins
were categorized in 5 groups which show GLC elicitation causes re-
sponses in L. draba metabolism from defense to growth. This finding is
consistent with that of some researchers who found that glucose has
numerous and basic effects on developmental stage and metabolism
in plant [42–45].
Table 3
Function and subcellular localization of the identified responsive proteins in GLC-treated L. dra

Number Identified proteins Function

1 Peroxisomal 2,4-dienoyl-CoA reductase Fatty acid metabolic process
2 Cytoplasmic aconitatehydratase In carbohydrate metabolism it ca

isocitrate via cis-aconitate
3 ATP synthase CF1 alpha subunit A regulatory subunit of ATP synth

gradient across the membrane pr

4 Aminomethyltransferase,
mitochondrial-like

Amino acid metabolism process

5 Ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit,
partial

Take part in the first step of carbo
and carbon oxidation during phot

6 Oxygen-evolving enhancer protein 1-2,
chloroplastic

Stabilizes the water-oxidizing com

7 21.7 kDa class VI heat shock protein Counteract the irreversible aggreg
condition

8 Abscisic acid receptor PYR1-like Receptor for ABA required for AB

9 Sorting nexin 1 isoform X1 Sorting cargo in the endosome pa
4.1. The energy metabolism related proteins

Among different groups, the energy metabolism related proteins,
contain the most responsive proteins (44.4%) which are influenced by
GLC. In this group, only ATP synthase CF1 alpha subunit, which regulates
the energy metabolism, was up-regulated. The other members belong-
ing to this group consisted of aminomethyl transferase (involved in
amino acid metabolism process [46]), peroxisomal 2,4-dienoyl-CoA re-
ductase (involved in β-oxidation and metabolism of unsaturated fatty
acids [47,48]) and cytoplasmic aconitate hydratase (involved in three
carbocyclic acid cycle [49]) were down regulated (Table 2). Several
studies have reported that these proteins are responsive to tension con-
dition [46,50–54]. Similar result was reported by Zorb et al. [55] for ATP
ba seedlings.
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Fig. 3. Functional classification of the 10 responsive identified proteins spots which
differentially expressed in 166-GLC elicitation in L. draba seedlings after 72 h.
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synthase CF1 alpha subunit in wheat by salinity stress. Also, increment
of ATP synthase in Kandelia candel in the first 3 days of salt stress was
reported by Wang et al. [56]. They suggested it is probably related to
the requirement of plant for energy under stress condition. However,
reduction of the protein expression level of others may be attributed
to the preference of GLC consumption by the plant rather than the
other carbon resource as reported by Gancedo [50]. His study showed
in yeast bread, β-oxidation process was inhibited by glucose [50].
Fig. 4. Relative expression level of CYP79F1 (A) and myrosinase (B) genes in L. draba
seedlings in control and 166 mM glucose-elicited seedlings after 72 h. Bars represent
means ± SD (n = 3). **p value b 0.01 and *p value b 0.05.
Therefore, if it is assumed that GLC inhibits the beta-oxidation process
in L. draba seedling, increasing the expression of the ATP synthase will
compensate the energy reduction by the beta-oxidation process
inhibited by GLC. However, several studies have shown that CF1 alpha
of ATP synthase, in addition to helping to increase energy production,
can evaluate plant stability through proton transportation, and improve
cytoplasmic pH or applying molecules signaling [57].

4.2. Photosynthetic related protein

Another groupwhich is mostly affected by glucose is photosynthetic
related protein (22.2%) consisting of ribulose-1,5-bisphosphate carbox-
ylase/oxygenase [58], a key enzyme in Calvin cycle [59], and oxygen-
evolving enhancer protein 2 (whichparticipates in light reaction related
to photosystem II) that was totally up-regulated.

Interestingly, up-regulation of these proteins is coincident with that
found for ATP synthase CF1 alpha subunit. Based on the reported prote-
omics studies, it is known that these proteins are responses to different
tensions [25,37,39,53,54]. Coincidently changes in expression level of
these proteinswere also reported by several researchers under different
stress conditions [25,37,54]. Although the relationship between photo-
synthetic related proteins and ATP synthase is not clearly understood,
Maleki et al. [25] suggested the reduction of ATP synthase expression
in wheat seedlings may be related to the decrease of photosynthesis
rate under salinity.

4.3. Chaperones

Furthermore, the protein belonging to the chaperone group that
consisted of 21.7 kDa class VI heat shock protein (HSP21.7), was up-
regulated by application of exogenous GLC. 21.7 kDa class VI heat
shock protein (HSP21.7), a member of small heat shock protein
(sHSP) that is located in chloroplast [60]. Several studies have suggested
that this protein has a main role in photosystem II stability against heat
and oxidative stress [61–65]. Consistentwith our results, several studies
have shown that protein expression level of theHSP familywas induced
under different tension conditions [25,40,66,67].

4.4. Signaling related protein

Based on the results, expression level of ABA receptor PYR1-like was
dramatically reduced by a factor N4. Abscise acid (ABA) is a
sesquiterpenoids phytohormonewhich has various roles in several pro-
cesses including dormancy, germination and response to biotic and abi-
otic stress [68]. It is known that PYRwith PYL and RCAR are receptors for
ABA in Arabidopsis [69,70], which can activate the expression of the ABA
response genes [71]. Activation of ABA biosynthesis pathway through
glucose elicitation has been reported [72–74]. In addition, indolic GLS
accumulation by ABA has been demonstrated in Arabidopsis thaliana
[75]. But, Miao et al. [20] enquired as to whether the GLS induction by
GLC elicitation which is an ABA-dependent process needs to be proved
in the future. However, it has been proven that overexpression of
NtPYL4 (a member of the ABA receptor) in Nicotina tabacum hairy
roots leads to less accumulation of alkaloids [76]. So, itmay be suggested
that the elevation of SFN level upon exposure to the exogenous GLC is
attributed to the reduction of PYR protein expression level.

4.5. Sorting protein

Themembers of the sorting nexin (SNX) protein family have played
an important role as critical protein trafficking regulators, in particular
with regard to adaptation to environmental change, such as tempera-
ture fluctuations and nutrient deficiency [77–79].

In this study, the protein expression level of SNX1 a member of
Sorting Nexinswhich are a component of the endosome regulating pro-
teins [80,81] reduced upon GLC elicitation. This is the first report that

Image of Fig. 3
Image of Fig. 4
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reveals the function of SNX1 upon GLC elicitation by proteomics. In fact,
there is no report about SNX1 identification by proteomics in other
plants.
5. Conclusion

In this study, it was found that glucose as an elicitor at a specific con-
centration could affect the amount of SFNproduction. It should be noted
that glucose affected seedlings during 72hwere able to increase the SFN
production by induction of the genes expression level of the enzymes
involved in GLSs biosynthesis pathway (CYP79F1) and hydrolysis of
these metabolites (myrosinase) and regulation of the protein expres-
sion level involved in the photosynthesis, energy metabolism, the cor-
rect folding of proteins, signaling and sorting processes. Proteins
involved in these processes were identified by the use of two-
dimensional electrophoresis. Among the identified proteins, abscisic
acid receptor PYR1-like and sorting nexin 1 isoform X1 were identified
for the first time using the proteomics technique. The role of the sorting
nexin 1 isoform X1 in glucose treated seedlings of L. drabawas reported
in this study for the first time. Therefore, further studies for investiga-
tion of the precise role of this protein for SFN formation in the presence
of glucose could prove to be very interesting.
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