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Abstract

Aims In the present study, the effects of Cu (2.0 and
8.0 uM) on root growth of Allium cepa var. agrogarum
L. were addressed and protein abundance levels were
analyzed using the technology of proteomics combined
with transcriptomics, in order to go deeper into the
understanding of the mechanism of Cu toxicity on plant
root systems at the protein level and to provide valuable
information for monitoring and forecasting the effects of
exposure to Cu in real scenarios conditions.

Methods Protein extraction; Two-dimensional electro-
phoresis (2-DE) analysis; Mass spectrometry analysis;
Establishment of the in-house database; Restriction en-
zyme map of the in-house database and protein
identification.

Results Root growth was dramatically inhibited after
12 h Cu treatment. By establishing an in-house database
and using mass spectrometry analysis, 27 differentially
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abundant proteins were identified. These 27 proteins
were involved in multiple biological processes includ-
ing defensive response, transcription regulation and pro-
tein synthesis, cell wall synthesis, cell cycle and DNA
replication, and other important functions.

Conclusions Our results provide new insights at the
proteomic level into the Cu-induced responses, defen-
sive responses and toxic effects, and provide new mo-
lecular markers of the early events of plant responses to
Cu toxicity. Moreover, the establishment of an in-house
database provides a big improvement for proteomics
research on non-model plants.

Keywords Cu - Allium cepa var. agrogarum L -
Proteomics - Transcriptomics - Defensive responses -
Toxic effects

Introduction

Copper (Cu) is an essential microelement required for
plant growth and development. As one of the most
crucial cofactors, Cu is responsible for the activity or
structure of many metalloproteins (Burkhead et al.
2009; Yruela 2009). Cu plays an important role in
photosynthesis, respiration, superoxide scavenging, cell
wall metabolism and lignification (Andrés-Colas et al.
2010). Despite being essential, Cu is highly toxic to
plants at elevated concentrations and interferes with
numerous biochemical and physiological processes
(Mostofa and Fujita 2013). Unfortunately, in the last
decades, Cu contamination has accumulated in the
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environment due to anthropogenic activities, such as
inappropriate agricultural practices, mining activities
and manifold industrial uses, causing a potential threat
to plants and plant consumers (Wang and Bjorn 2014;
Mirlean et al. 2007; Saunders et al. 2013; Fujimori and
Takigami 2014). The root systems of plants absorb Cu
from the soil, and most plants are very sensitive to Cu
toxicity.

A large number of physiological and biochemical
analyses have been conducted on the responses of dif-
ferent plant species to Cu intoxication, but how Cu
affects metabolism in plants is still not completely un-
derstood. Identification of the functional genes or pro-
teins involved in the responses of plants to Cu is needed
in order to understand the molecular mechanisms of Cu
stress (Ahsan et al. 2009). Proteomics, which combines
high-resolution protein separation by two-dimensional
electrophoresis (2-DE) with matrix-assisted laser
desorption/ionization time-of-flight/time-of-flight mass
spectrometry (MALDI-TOF/TOF MS), aided by im-
proved databases, is recognized as a powerful approach
for large-scale analysis and identification of proteins in
many fields of plant biology (Song et al. 2013). The
approach can therefore help to elucidate new aspects of
plant heavy metal stress (Cvjetko et al. 2014; Hossain
and Komatsu 2013). Using this method, the proteomic
changes induced by Cu have been conducted in several
species, including Cannabis sativa (Bona et al. 2007),
Arabidopsis (Haensch and Mendel 2009), Elsholtzia
splendens (Li et al. 2009), Triticum aestivum L. (Li
et al. 2013), Oryza sativa L. (Song et al. 2013, 2014),
cyanobacterium Cyanothece (Mota et al. 2015), Oryza
sativa L. (Chen et al. 2015), and Sargassum fusiforme
(Zou etal. 2015). Despite the literature available, knowl-
edge of plant responses to Cu stress at the proteomic
level is scarce, and little is known about the responses of
sensitive plants to Cu stress at an early stage, especially,
for non-model plants without genomic background
information.

Although proteomics is a widely accepted technique,
there are still some factors, primarily protein identifica-
tion and functional annotation, which hinder proteomic
investigation on non-model plants. Protein identification
and functional annotation for non-model plants without
a well-characterized genome are imprecise since one
certain protein can result in very diverse functions de-
pending on its subcellular localization, posttranslational
modifications or interacting partners and the identifica-
tion rate is usually low (Kosova et al. 2011; Cvjetko
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et al. 2014). Recently, transcriptomic analysis has
been widely used to study the expression patterns
of genes exposed to different stresses (Diaz-
Riquelme et al. 2014; Lee et al. 2014). This tech-
nique has great potential for expanding sequence
databases for non-model organisms, so that plants
can now also be analyzed in functional genomic
studies (Neave et al. 2012).

The Allium cepa var. agrogarum L. has various ad-
vantages as a classical material for cytological research
(Qin et al. 2010), but it has been less investigated at
molecular level due to the lack of genomic information.
In this study, the effects of Cu (2.0 and 8.0 uM) on root
growth of A. cepa var. agrogarum are investigated and
protein abundance levels are analyzed by coupling
proteomes with transcriptomes. We established an in-
house database of 4. cepa var. agrogarum roots accord-
ing to the results of transcriptomic analysis in order to
solve the limitations concerning proteome databases.
Peptide mass fingerprinting (PMF) and MS/MS data
were then submitted to this database for protein identi-
fication and functional annotation of the differentially
abundant proteins under different concentrations of Cu
stress. This study aims to (1) improve the proteomic
approach, which could make the protein identification
and functional annotation of non-model plants more
efficient and accurate; and (2) improve understanding
of the mechanisms of Cu toxicity on plant root systems
at an early stage at the proteomic level.

Materials and methods
Culture condition and Cu treatment

Healthy and equal-sized onion (4. cepa var. agrogarum)
bulbs were chosen for the experiments (average diame-
ter: 2.5 cm). The bulbs did not show either shooting of
green leaves or any growth of roots. Dry scales of bulbs
were removed prior to experiments. The bulbs were
grown in ultrapure water at 27 °C with the base just
dipping into water, producing roots reaching about
2.0 cm length. The seedlings were then treated with
2.0 and 8.0 uM Cu solutions (Cu2+, CuS04-5H,0,
MW159.6097, AR) for 12 h, respectively. Ultrapure
water was used as the media for the control group. In
each group, the root length of five seedlings was record-
ed and the morphology was observed after the 12 h
treatments.
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Protein extraction

Roots from control and seedlings treated with Cu for
12 h were cut down and immediately frozen with liquid
nitrogen. The root samples (2.0 g) were ground respec-
tively, with chilled extraction buffer [SO mM Tris—HCI
(pH 8.5), 5 mM EDTA, 100 mM KCl, 2 % (v/v) B3-
mercaptoethanol, 30 % (v/v) sucrose] and kept at 4 °C
for 30 min. They were further ground after adding 5 mL
Tris-phenol (pH 8.0). The mixture was placed in centri-
fuge tubes, mixed at 4 °C for 15 min, and centrifuged at
4 °C (8000g for 3 min). The supernatant was added at
four times the volume of precooled methanol containing
0.1 M ammonium acetate, and then kept still for at least
2 h or overnight. The precipitate was washed 3—5 times
with precooled methanol containing 0.1 M ammonium
acetate until it was white, then washed 2-3 times with
precooled acetone/aqueous (4:1, v/v) and air dried. Lysis
buffer [40 mM Tris—HCI (pH 7.5), 7 M Urea, 2 M
Thiourea, 1 mM EDTA<Na,, 4 % (w/v) CHAPS, 1 %
(w/v) DTT] was added to the precipitate, which was
subjected to ultrasound for 10 min, then left standing
for 24 h at 4 °C to ensure full dissolution in the buffer
solution. The supernatant was kept at —20 °C after
centrifugation (12,000g for 5 min). Protein content of
each extraction was determined according to Bradford’s
method (Bradford 1976) using BSA as a standard. All
groups had three biological replicates, and there were
three technical replicates for each biological replicate.

Two-dimensional electrophoresis (2-DE) analysis

One mg of total protein from each protein sample was
diluted with rehydration solution [7 M urea, 4 % (w/v)
CHAPS, 1 % (w/v) DTT, 0.2 % (v/v) IPG buffer,
0.001 % (w/v) bromophenol blue] to 450 pL. Proteins
were loaded in a 24 cm, pH 3—10 linear pH gradient IPG
strip (Bio-Rad, USA) by passive rehydration for 14 h
and then the strips were subjected to isoelectric focusing
(20 °C, 50 pA/strip) for 23-24 h. After isoelectric
focusing, the strips were equilibrated in an equilibration
buffer [6 M urea, 0.375 M Tris—HCI (pH 8.8), 2 % (w/v)
SDS, 20 % (v/v) glycerol, 2 % (w/v) DTT] for 15 min,
and equilibrated again for another 8 min in the same
buffer, except that DTT was replaced by 2.5 % (w/v)
iodoacetamide. For the second electrophoretic dimen-
sion, the equilibrated IPG strips were placed at the top of
13 % (w/v) SDS-PAGE gels (dimension: 25.6%21.2 cm)
and sealed with melted 0.5 % (w/v) agarose. The gels

were run at 4 W per gel for 40 min, and then at 11 W
per gel for 6 h. We performed the analysis using a
multicasting gel apparatus employing an Ettan
DALTsix Electrophoresis System (GE Healthcare,
USA). All protein spots in 2-D gels were visualized
using Coomassie Blue R-350 staining. Stained gels
were scanned on an UMAX Image-Scanner and
Image Master 7.0 software was used for image
comparison.

Mass spectrometry analysis

The protein spots with good shape and a significant
difference in abundance were excised along the staining
edges from 2-D gels for further tryptic digestion and
matrix-assisted laser desorption/ionization time-of-
flight/time-of-flight mass spectrometry (MALDI-TOF/
TOF MS) analysis. The gel spots were de-stained with
30 % (v/v) acetonitrile (ACN) containing 100 mM
NH4HCOj for 15 min. This step was repeated 2—5 times
until both gel spots and the de-staining solution were
colorless. After washing with ultrapure water twice, the
gel spots were dehydrated with 100 % ACN for 5 min
and then dried. They were then rehydrated with a 10 ng
uL™" trypsin solution containing 5 % (v/v) ACN and
50 mM (NH,4),COs; for 45 min on ice and then digested
at 37 °C for 9—11 h. The trypsin solution was kept. The
digested peptides were redissolved in 20 pL solution
containing 33 % (v/v) ACN and 0.1 % (v/v)
trifluoroacetic acid (TFA), and then 20 pL solution
containing 66 % (v/v) ACN and 0.1 % (v/v) TFA for
30 min each. Working solutions of the two steps were
also kept. The above trypsin solution and working solu-
tions were pooled and vacuum freeze-dried until the
total volume reached 3—10 pL. Samples were analyzed
with an AutoFlex TOF/TOF II mass spectrometer
(Bruker Daltonics, Germany). In consideration of mas-
sive data calculation, 2—5 peaks were selected to per-
form MALDI-TOF/TOF MS analysis, which was wide-
ly accepted. The working mode was set with positive
ion reflection mode, an accelerating voltage of 20 kV,
and 150-ns delayed extraction time. The spectrum
masses ranging from 700 to 3500 Da were acquired
with laser shots at 200/spectrum. A Peptide Mixture-1
kit (Bruker Daltonics) was used for external calibration.
The matrix and autolytic peaks of trypsin were used for
internal calibration. Monoisotopic mass was analyzed
with FlexAnalysis 2.2 (Bruker Daltonics) and automat-
ically collected with a signal to noise ratio >4 and a peak
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quality index >30. The obtained MS/MS data were used
for further protein identification.

Establishment of the in-house database

An experimental sample was obtained by mixing
equal parts of the root RNA from the control,
2.0 uM and 8.0 uM Cu treatment groups. A total of
3 ng RNA was used as input material for the RNA
sample preparation. The sequencing library was gen-
erated using NEBNext® Ultra™ RNA Library Prep
Kit for Illumina® (NEB, USA) following the manu-
facturer’s recommendations and index codes were
added to attribute sequences to the sample. The li-
brary quality was assessed on the Agilent Bioanalyzer
2100 system. The clustering of the index-coded sam-
ple was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS
(Ilumia) according to the manufacturer’s instruc-
tions. After cluster generation, the library preparation
was sequenced on an Illumina Hiseq 2000 platform
and paired-end reads were generated. The average
size of the sequenced RNA reads was 100 bp.

Raw data (raw reads) of fastq format were first proc-
essed through in-house perl scripts in which clean data
(clean reads) were obtained by removing reads contain-
ing adapter, ploy-N and low quality reads from raw data.
The downstream analyses were based on clean data with
high quality. The left files (readl files) from the library
were pooled into one left.fq file, and right files (read2
files) into one right.fq file. Transcriptome assembly was
accomplished based on the left.fq and right.fq using
Trinity (Grabherr et al. 2011) with min_kmer cov set
to 2 by default and all other parameters set to the default.
The assembled results were called unigenes of the
mixed sample.

Gene function was annotated based on the following
7 databases: Nr (NCBI non-redundant protein se-
quences), Nt (NCBI non-redundant nucleotide se-
quences), Pfam (Protein family), KOG/COG (Clusters
of Orthologous Groups of proteins), Swiss-Prot (A man-
ually annotated and reviewed protein sequence data-
base), KO (KEGG Ortholog database) and GO (Gene
Ontology).

After gene functional annotation, open reading
frames (ORF) of the annotated unigenes were recog-
nized, and then the nucleotide sequences of coding
regions were translated into amino acid sequences
(5'—3’) according to the standard codon table.
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Restriction enzyme map of the in-house database
and protein identification

A restriction enzyme map of the in-house database was
simulated by software pFind, a computational solution
for mass spectrometry-based proteomics (Fu et al. 2004;
Lietal. 2005; Wang et al. 2007). Trypsin was used as the
proteolytic enzyme. Peptide length was set to 660 bp
and peptide mass to 600—10,000 Da. The MS/MS data of
the above-mentioned proteins were converted into an
mgf file and then submitted to the restriction enzyme
map for protein identification using pFind (Fu et al.
2004; Li et al. 2005; Wang et al. 2007). The error was
set as 0.3 Da at the first class and 0.8 Da at the second
class. The fixed modification was Carbamidomethyl and
variable modification was Oxidation [M]/Phospho [S].

Statistical analysis

Analysis of variance of data was performed with
SigmaPlot 8.0 software. For statistical analysis, one-
way analysis of variance (ANOVA) and ¢-test were used
to determine the significance at P<0.05.

Results
Macroscopic effects of Cu on root growth

Effects of Cu on root growth of A. cepa var. agrogarum
varied with Cu concentration (Fig. 1). After 12 h treat-
ments, 2.0 or 8.0 uM Cu significantly inhibited root
growth (P<0.05). Roots grew to a length of 0.600 cm
+0.0117 cm in the control group, a length of 0.400 cm=+
0.014° cm in the 2.0 uM Cu group and only 0.100 cm=*
0.015° cm in the 8.0 uM Cu group. The effects of Cu on
root morphology also varied with the Cu concentration.
In media containing 2.0 uM Cu, root morphology was
similar to the control roots, except for swelling of the
root tips. At 8.0 uM Cu, the roots were stunted, turned
soft and some were broken.

Two-dimensional electrophoresis (2-DE) images

The 2-DE combined with MALDI-TOF/TOF MS was
employed to investigate variation in the root proteome
that occurred after different Cu treatments for 12 h. The
protein spot number in the control 2-DE image was
2472+91? while the numbers in 2.0 and 8.0 uM Cu-
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Fig. 1 Effects of 2.0 uM or

8.0 uM Cu on root growth and
morphology of 4. cepa var.
agrogarum (12 h exposure, n=>5)

treated groups were 2363+24° and 2062+41° respec-
tively, based on three biological replicates for each
group and three technical replicates for each biological
replicate (P<0.05) (Fig. 2).

The 2-DE image of the control group was used as the
comparison gel, and the images of the 2.0 uM and
8.0 uM Cu-treated groups were used as the analysis
gels. Quantitative spot analysis revealed that 50 protein
spots were classified as differentially abundant proteins
(P<0.05). Thirty-two protein spots with good shapes
and a significant differential abundance were selected
for mass spectrometry analysis and they have been
marked in the 2-DE images (Fig. 2).

The in-house database

Transcriptome assembly was accomplished using
Trinity, and 87430 unigenes were obtained. All of the
87430 unigenes were submitted to the 7 databases men-
tioned in the methods for functional annotation. Of
these, 24305 unigenes were successfully annotated and
their ORFs were identified. The corresponding 24305
amino acid sequences were also obtained (Electronic
supplementary material 1). The file header gives the
sequence name and other descriptive information,
followed by the amino acid sequence. The length of
each amino acid sequence is given in Electronic supple-
mentary material 2. In the present investigation, the
24305 amino acid sequences in Electronic supplemen-
tary material 1 are considered as the in-house database
of A. cepa var. agrogarum roots.

Data comparison results

The result of the restriction enzyme map obtained ac-
cording to the in-house database of 4. cepa var.

Control

97.4
66.2
43.0

14.4

97.4
66.2
43.0

3
~—— HADVd-sas

97.4
66.2
43.0

20.1
14.4

Fig. 2 Two-dimensional electrophoresis images of 4. cepa var.
agrogarum root holoproteins. (a) Control group, (b) 2.0 uM Cu
treatment for 12 h, (¢) 8.0 uM Cu treatment for 12 h
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agrogarum roots is a temporary file. The PMF and MS/
MS data of 32 selected proteins were submitted to the
restriction enzyme map for protein identification. By
data comparison, 27 proteins were successfully matched
(Electronic supplementary material 3 and material 4 for
details) and the detailed identification of the 27 differ-
entially abundant proteins is given in Table 1.

Enlarged view and functional annotation
of the identified 27 proteins

The 2-DE images of the 27 proteins are enlarged to
enable clearer observation, and the abundance and sig-
nificance of difference of the 27 proteins are given in
Fig. 3. These proteins were divided into five categories
according to their biological functions: defensive re-
sponse to Cu stress, transcriptional regulation and pro-
tein synthesis, cell wall synthesis, cell cycle and DNA
replication and other important functions (Table 1 and
Fig. 3).

Figure 3A shows the proteins involved in defensive
responses to Cu stress: antioxidation (proteins 124, 257,
318, 345, 387 and 803) (Fig. 3A-a), detoxification (pro-
teins 291, 318, 387 and 503) (Fig. 3A-b) and osmotic
adjustment (proteins 803 and 1934) (Fig. 3A-c). The
abundance of all the above proteins in roots exposed to
8.0 uM Cu for 12 h was significantly increased
(P<0.05) when compared with the control, and the
abundance of some of these proteins was also increased
following 12 h of 2.0 uM Cu treatment when compared
to the control (P<0.05). Protein 803 abundance was
increased progressively with the increase in Cu
concentration.

Proteins 87, 641, 29, and 740 were involved in tran-
scriptional regulation and protein synthesis (Fig. 3B).
The protein 87 abundance in roots exposed to 2.0 uM
Cu did not clearly differ from the control, but the abun-
dance in the 8.0 uM Cu-treated group was increased
significantly (P<0.05). Compared with the control, pro-
tein 641 treated with 2.0 uM Cu was significantly up-
regulated and when treated with 8.0 uM Cu it was
dramatically down-regulated (P<0.05). For proteins 29
and 740, there was no obvious difference in the abun-
dance between the 2.0 uM Cu-treated group and con-
trol, but the abundance of the two proteins in roots
exposed to 8.0 uM Cu was decreased significantly in
comparison with the control (P<0.05).

Proteins 607, 614, 1554, 819, and 1570 were in-
volved in cell wall synthesis (Fig. 3C). For proteins
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607, 614 and 1554, there was no obvious difference in
the abundance between the 2.0 uM Cu treatment group
and control, while the three proteins were significantly
down-regulated in the 8.0 uM Cu treatment group ver-
sus control (P<0.05). Proteins 819 and 1570 showed the
same trends as those of protein 641. Proteins 819 and
1554 had no abundance in the 8.0 uM Cu-treated group.

Proteins 659, 665 and 1165 were involved in cell
cycle and DNA replication (Fig. 3D). The abundance
of proteins 659 and 1165 in roots exposed to 2.0 uM Cu
was not different from that in the control group, but it
was significantly down-regulated in the 8.0 uM Cu
treatment group (P<0.05). Protein 665 abundance was
decreased progressively with increasing Cu concentra-
tions (P<0.05).

There were also some proteins involved in other
important functions (49, 283, 386, 480, 1310, and
1373) (Fig. 3E). Protein 49 was significantly down-
regulated after both 2.0 uM and 8.0 uM Cu treatments
(P<0.05). Protein 283 abundance was decreased pro-
gressively with increasing Cu concentration (P<0.05).
For protein 386, there was no obvious difference in the
abundance between 2.0 uM Cu-treated group and the
control, while it exhibited a greater increase in response
to 8.0 uM Cu stress (P<0.05). Abundance of proteins
480, 1310, and 1373 showed the same trends as proteins
659 and 1165.

A Venn diagram was introduced to illustrate the dif-
ferential abundance of proteins among the control, 2.0
and 8.0 uM Cu treatment groups (Fig. 4).

Discussion

Yang et al. (2013) have studied the spatial distribution
of toxic elements in soils of Guangdong China. Their
results showed that in some places, Cu concentration
exceeds 40 mg kg ', while the Chinese national stan-
dard for Cu is 22 mg kg~ ' (GB 15618-1995). Heavy
metal Cu pollution has been a very serious environ-
mental problem in Guangdong province of China. In
order to improve understanding of the toxic effects of
Cu on plant growth, we used the Cu solution to
conduct the experiments in the laboratory. Different
plant species have different tolerances to Cu stress.
The roots of A. cepa var. agrogarum are very sensitive
to Cu toxicity. In the preliminary tests (Qin et al.
2015), when the roots reached approximately 2 cm
in length, they were treated with a series of different
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E. Proteins involved in other functions
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ABIg4255.1
P48495

49

10.50
4.69

Arachis hypogaea

Translationally controlled tumor protein (TCTP)

283
386
480

27.45

Petunia hybrida

Triosephosphate isomerase, cytosolic (TPI)

18.92
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Arabidopsis thaliana

Glutamine amidotransferase domain (GATase
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K Homology domain (KH domain)

7.11
4.11

6.05
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51.27
58.37

Arabidopsis thaliana

PF00013

1310
1373

Vitis vinifera

T-complex protein 1 subunit beta (TCP-1-beta)

XP_002285912.1

# Numbering corresponds to the 2-DE gel

® Percentage of predicted protein sequence covered by matched peptides

concentrations of Cu solutions. In each treatment
group, seedlings were observed for root growth and
morphology every 12 h. Comparing the results, we
found that the effects of Cu on root growth and mor-
phology varied with the Cu concentration and treat-
ment time. After 2.0 uM Cu treatment for 12 h, root
growth was inhibited by half compared to the control;
after 8.0 uM Cu treatment for 12 h, roots only grew to
a length of 0.100 cm+0.015°. Among a series of Cu
concentrations, the toxic effects were the most obvi-
ous in the 2.0 and 8.0 uM Cu treatment groups and
were different from each other. Therefore, we chose
the two dosages and treatment time to conduct the
experiments. In addition, related previous work was
introduced by Qin et al. (2015).

In recent years, several studies concerning plant pro-
teome response to Cu stress have been published. Plant
proteome response to Cu stress is a diverse process
which is dependent on stress intensity, stress duration
and plant species. Some protein response pathways are
shared by different plant species under Cu stress, while
others are distinct.

Reactive oxygen species (ROS), such as O, ,
H,0, and OH", can oxidatively damage biological
molecules including DNA, RNA, protein and lipid
(Shah et al. 2001). Stress conditions can increase the
production of ROS, and meanwhile activate protec-
tive enzymatic and non-enzymatic mechanisms to
scavenge ROS (Zhang et al. 2009). Our results indi-
cate that the enzymatic system in the roots of 4. cepa
var. agrogarum plays an important role in ROS de-
fense at an early stage of Cu stress, including proteins
124 Copper/zinc superoxide dismutase (Cu-Zn SOD),
257 Phospholipid hydroperoxide glutathione peroxi-
dase (PHGPx), 318 and 387 Glutathione S-transferase
T1 (GSTT1), 345 Glutaredoxin (GRX) and 803
Annexin D1 (Anx D1). The major functions of these
proteins are given in Table 2. Coordinated up-
regulation of these proteins can scavenge excess
ROS to some extent, reducing the extent of oxidative
damage to roots. In addition, proteins 318 and 387
were both identified as GSTTI1. Analysis of their
physicochemical properties and locations in 2D im-
ages suggests that protein 318 is possibly a fragment
formed by the slight degradation of 387 during the
experiment. In addition to antioxidation, proteins 291
Glyoxalase I (GLO I), 503 NADH-cytochrome b5
reductase-like protein (BSR), 318 and 387 GSTTI,
whose major functions are given in Table 2, form part
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Fig. 3 Differentially abundant protein spots involved in different
functional categories. The spot numbers were shown on the /left.
The numbers in the histograms were %Vol of each protein spot
which was calculated as a measure of protein abundance. “0”

of the detoxification system of A. cepa var.
agrogarum roots in response to early Cu stress. We
assume that after treatment with 8.0 uM Cu, coordi-
nated up-regulation of these proteins can mitigate Cu
toxic effects on cells to some extent. Singla-Pareek
et al. (2006) demonstrated that overexpression of
glyoxalase genes in tobacco and rice led to increased
tolerance to heavy metals. Our results are consistent
with the findings of Chen et al. (2015) who demon-
strated that six significant up-regulated proteins in-
volved in Cu antioxidant defense and detoxification
were observed in both rice varieties (Cu-tolerant
B1139 and Cu-sensitive B1195). Proteins 1934
Pyrroline-5-carboxylate reductase (PSCR) and 803
Anx DI are predicted to play an important role in
osmotic adjustment (Table 2). In this study, PSCR
was not detected in the control and 2.0 uM Cu-
treated groups but it was abundantly induced in
8.0 uM Cu-treated roots. Thus a high concentration
Cu has a more serious toxic effect on roots.
Transcriptional regulation and protein synthesis
are both complex biological processes. Table 2 dis-
plays that several crucial proteins associated with the
two processes show a differential abundance after
12 h Cu treatments. The higher abundance of protein
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represented no abundance. Values with different letters differed
significantly from each other (n=3, P<0.05). Bars represented
standard errors

87 Nucleoside diphosphate kinase (NDPK) indicates
that under high concentration Cu treatment, RNA
biosynthesis becomes more active. We suggest that
this is due to Cu stimulation of the expression of some
genes. Protein 641 was identified as Ran-binding
protein 1 (RanBP1). Our results suggest that low
concentration Cu treatment is conducive to RNA
and protein export so as to actively defend against
Cu stress. However, the high concentration Cu
treatment hinders the process. Chen et al. (2015) also
observed two proteins involved in transcriptional reg-
ulation, CHP-rich zinc finger protein-like and puta-
tive cold shock protein-1, whose abundance was
changed in excess Cu-stressed roots of two rice
(Oryza sativa L.) varieties. Proteins 29 and 740 were
respectively identified as 40S ribosomal protein S21
(40S RPS21) and Elongation factor 1-beta (EF1p3).
After 8.0 uM Cu treatment, the abundance of both
these proteins was decreased significantly, which
would inhibit protein synthesis. The results here are
consistent with the previous findings. For example,
Zou et al. (2015) suggested that for the marine brown
algae Sargassum fusiforme, protein destination-
related proteins 26S proteasome beta type 7 subunit
and FtsH protease were strongly inhibited under acute
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Fig. 3 (continued)

Cu stress. Chen et al. (2015) also reported that the
abundance of several proteins (translation initiation
factor, putative elongation factor EF-2, protein disul-
fide isomerase, cathepsin B-like cysteine protease,
etc.) involved in protein synthesis, modification and
degradation was altered in excess Cu-stressed roots of
two rice (Oryza sativa L.) varieties.

Proteins involved in cell wall synthesis are as follows
and their functions are given in Table 2. Proteins 607,
614 and 1554 were all identified as Rhamnose biosyn-
thetic enzyme 1 (RHM1), and abundance of the three
proteins had the same changing trend after Cu treatment.
Inhibition of rhamnose biosynthesis would compromise
root morphology. In addition, by analyzing the physico-
chemical properties and locations in 2D images of pro-
teins 607, 614 and 1554, it is suggested that 607 and 614
are possibly formed by different post-translation
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modifications or genetic isoforms and 1554 may be the
isozyme of 607 or 614. Proteins 819 and 1570 were
identified as Cinnamoyl-CoA reductase 1 (CCR1) and
5-methyltetrahydropteroyltriglutamate—homocysteine
methyltransferase (5-MHM) respectively. Abundance of
the two proteins was increased after 2.0 uM Cu treat-
ment for 12 h, which would be beneficial to lignin
synthesis. Accordingly, it is considered that roots can
prevent cell wall collapse and reduce Cu absorption by
increasing the degree of lignification under low concen-
tration Cu. Under the 8.0 uM Cu treatment, these two
proteins were significantly down-regulated, and abun-
dance of 819 was completely suppressed, which would
inhibit lignin synthesis and lead to a decrease in
mechanical strength and density of the cell wall. The
results here are in agreement with the observations by
Chen et al. (2015) and Song et al. (2013, 2014), and
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Fig. 4 Venn diagram showing the number of differential abun-
dance of proteins between every two groups and the number of
joint differential abundance of proteins. Two represents proteins
49 and 387; Six represents proteins 283, 641, 665, 803, 819 and
1570; Nineteen represents proteins 29, 87, 124, 257, 291, 318,
345, 386, 480, 503, 607, 614, 659, 740, 1165, 1310, 1373, 1554
and 1934

explain the morphological changes of roots elicited by
different concentrations of Cu mentioned in the results.

Proteins 659/665 Methylenetetrahydrofolate re-
ductase (MTHFR) and 1165 Proliferation-associated
2 g4 (PA2g4) are involved in the cell cycle and DNA
replication (Table 2). Our results showed that
MTHFR abundance was decreased under different
concentrations of Cu treatments. Previous research
has shown that the knock-down of MTHFR could
decrease cell survival and result in cell cycle arrest
(Sun et al. 2008). Based on the analysis of the phys-
icochemical properties and locations in 2D images of
proteins 659 and 665, it is suggested that they are
possibly formed by different post-translation modifi-
cations or genetic isoforms. Protein 1165 PA2g4
abundance was decreased significantly under
8.0 uM Cu treatment, which would suppress cell
proliferation. These results provide further explana-
tions for the phenomena we observed earlier that Cu
decreased mitotic index, increased DNA damage and
inhibited DNA synthesis (Qin et al. 2015).

Some proteins involved in other important func-
tions were found (Table 2). The abundance of protein
49 Thioredoxin Clot (TRX) in roots was reduced after
Cu stress, which would affect its normal full spectrum
of different functions. The result here is different from
the previous finding of Song et al. (2013) which
indicated that excess Cu treatment significantly

increased TRX abundance in the rice varieties
B1139 and B1195, and they suggested that up-
regulation of TRX by Cu stress, along with the anti-
oxidant systems, may had an important role in pro-
tection against oxidative stress. Protein 283 was iden-
tified as Translationally controlled tumor protein
(TCTP). Its abundance was decreased with increasing
Cu concentrations, which would affect the stability of
microtubules (MTs), a similar observation to another
proteomic study (Li et al. 2009). The result here
provides further explanation for the phenomenon we
observed earlier that exposure to Cu substantially
impaired MTs arrangements (Qin et al. 2015). As for
protein 386 Triosephosphate isomerase, cytosolic
(TPI), its abundance was increased in the 8.0 uM
Cu-treated roots. We suggest that the roots prevent
Cu damage by increasing available energy (ATP).
Contreras et al. (2010) also demonstrated that the
energy metabolic pathway related protein was over-
expressed in the marine alga Scytosiphon gracilis
after Cu stress. Li et al. (2009) suggested that plant
energy metabolism was highly affected by Cu stress
and the changes of the related proteins possibly re-
optimized this system to alleviate Cu stress. Protein
1373 was identified as T-complex protein 1 subunit
beta (TCP-1-beta). After 8.0 uM Cu treatment for
12 h, its abundance was decreased dramatically,
which presumably inhibits the folding and assembly
of proteins to some extent. This result is similar to the
observations by Li et al. (2009). In addition, proteins
480 and 1310 were identified respectively as the
Glutamine amidotransferase domain (GATase do-
main) and the K Homology domain (KH domain).
Under 8.0 pM Cu treatment, the down-regulation of
both domains would be adverse to the integral struc-
ture of the proteins mentioned above and thereby
disturb their functions.

Establishing the in-house database of 4. cepa var.
agrogarum roots is highly significant. Firstly, for prote-
omics research on non-model plants, protein identifica-
tion has generally been performed by comparison with
the protein data banks, so the comparison range is large
with poor accuracy and low identification rate. The in-
house database was established according to the unigene
sequences of A. cepa var. agrogarum roots. Therefore
the comparison range is considerably narrowed with an
increased accuracy and identification rate. In this study,
the identification rate reached 84 %. Secondly, past
protein functional annotation of non-model plants is
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Table 2 Major functions of the identified proteins

Spot Id Protein name Major functions

A. Proteins involved in defensive response to Cu stress

124 Cu-Zn SOD Cells first line of defense against ROS. Catalysis of the reaction: 2 O,- +2 H ==>0,+H,0,
(Qin et al. 2012).
257 PHGPx Protect cells and enzymes from oxidative damage, by catalyzing the reduction of hydrogen

peroxide, lipid peroxides and organic hydroperoxide, by glutathione (Sugimoto and
Sakamoto 1997).

318/387 GSTT1 Possess glutathione S-transferase activity and glutathione peroxidase activity, which can scavenge
H,0, to H,O and O,, by glutathione; contribute to export of some decomposed endogenous or
exogenous hazardous substances (Wagner et al. 2002).

345 GRX Involved in the redox homeostasis, especially in scavenging of ROS under oxidative stresses
(Kopczewski and Kuzniak 2013).

803 Anx D1 Have a peroxidase activity (Gorecka et al. 2005) and also play an important role in osmotic
adjustment (Lee et al. 2004).

291 GLO1 A key enzyme in the glyoxalase system and play an important role in detoxifying methylglyoxal
(a cytotoxic compound) (Mostofa and Fujita 2013).

503 B5R Interact selectively and non-covalently with Cu (Tan et al. 2010).

1934 PSCR Mainly catalyze the final step of proline biosynthesis (Adams and Frank 1980). Proline is a

crucial substance for osmotic adjustment of plant cells, which plays an important role in
stress tolerance (Khedr et al. 2003; Kim et al. 2004).

B. Proteins involved in transcriptional regulation and protein synthesis

87 NDPK Play a major role in the synthesis of nucleoside triphosphates (CTP, GTP and UTP) other
than ATP for further RNA biosynthesis (Quintero-Reyes et al. 2012).
641 RanBP1 Involved in the export of RNA and proteins from the nucleus to the cytoplasm (Avis and
Clarke 1996).
29 40S RPS21 An inherent ribosomal component that tightly conjugate with a ribosomal subunit (Nishi et al. 1993).
740 EF13 Stimulate polypeptide chain elongation during mRNA translation process (Hwang et al. 2013).

C. Proteins involved in cell wall synthesis
607/614/1554 RHMI Catalyze rhamnose biosynthesis which is an important component of pectin in plant cell wall
(Oka et al. 2007). Pectin is necessary for cell adhesion and tight junction (Parker et al. 2001).

819 CCR1 The first rate-limiting enzyme participating in lignin biosynthesis (Lauvergeat et al. 2001).
Lignin can not only enhance the mechanical strength and density of cell walls, but also
play an important role in water transport and resistance to adverse conditions
(Gao et al. 2007).
1570 5-MHM Involved in methionine synthesis (Ravanel et al. 2004). Methionine can provide methyl groups for
lignin synthesis (Yan et al. 2005).

D. Proteins involved in cell cycle and DNA replication

659/665 MTHFR Catalyze the reduction of 5, 10-methylenetetrahydrofolate to 5-methyltetrahydrofolate which is a
critical precursor in the cascade of reactions leading to methylation of many biologically
important substances (Ou et al. 1996).

1165 PA2g4 Closely related to cell proliferation and observed mainly between G1 and mid-S phase
(Izuta et al. 2004).

E. Proteins involved in other functions

49 TRX Act as a thiol-disulfide oxidoreductase that may participate in various biochemical reactions, such
as regulating enzyme activity and promoting DNA binding of transcription factors, by reducing
the disulfide bond (Giri et al. 2012).

283 TCTP Involved in maintaining the stability of microtubules (MTs) (Arcuri et al. 2004).

386 TPI Catalyze the conversion between dihydroxyacetone phosphate and D-glyceraldehyde-3-phosphate,
and is therefore important for ATP generation (Dorion et al. 2012).
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Table 2 (continued)

Spot Id Protein name Major functions
480 GATase domain An important component of asparagine synthetase and glutamate-fructose-6-phosphate
aminotransferase (Su et al. 2011).
1310 KH domain Present in a wide variety of nucleic acid-binding proteins (Hollingworth et al. 2012).
1373 TCP-1-beta A molecular chaperone assisting the folding and assembly of proteins upon ATP

hydrolysis (Doucey et al. 2006).

achieved using the known protein functions of other
species in the protein data banks. However, protein
functional implementation requires a series of posttrans-
lational processing steps. As a result, even though there
is a high sequence matching rate between the target
protein and a known protein in the protein data banks,
they may perform different functions. In contrast, when
comparing against our in-house database, the target
protein functional annotation is achieved according to
its matched unigene function. Because functional anno-
tation at the genetic level is more conservative and
stable, it achieves a higher confidence. Thus, the estab-
lishment of the in-house database can provide more
accurate and intrinsically functional annotations for tar-
get proteins. Thirdly, amino acid sequences of the target
proteins can be predicted by the in-house database.
Although the predicted result is not 100 % correct, it
does have a high reference value.

Antioxidatio <«

Osmotic potential
. <«
regulation
Glycolysis -«

s

(Retoxteaton (7 XTETER)) | etensive repomsen | Roots —

Conclusions

Based on the results of the present research, we draw
Fig. 5 to display the early molecular responses to Cu
stress in the roots of A. cepa var. agrogarum. Defensive
responses and toxic effects are detected after Cu treat-
ments at different concentrations for 12 h. We conclude
that under low concentration Cu stress, roots employ
some defensive strategies to effectively resist Cu stress.
However, under high concentration Cu stress, although
there are also certain defensive responses, they are not
sufficient to resist the Cu stress. As a result, Cu causes
damage to several important biological processes.
Moreover, the in-house database, established according
to the unigene sequences of A. cepa var. agrogarum
roots, can provide more accurate and intrinsic functional
annotations for target proteins and elevate protein iden-
tification rate. The establishment of the in-house

@ 1310
4—Erotein folding and asscmbly KH
domain,
Mature proteins

Toxic effects

|

Microtubule
cytoskeleton

| |
| |
| |
| |
| |
| |
| Q—Grotein synthesis |
| |
| |
| |
| |
| |
| |

Cell wall
synthesis

Cell cycle
and DNA
replication

Regulatory
protein

Fig. 5 Schematic diagram for early molecular events in Cu-induced responses in the roots of A. cepa var. agrogarum. (a) Defensive

responses, (b) Toxic effects
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database is without doubt a big improvement for prote-
omics research of non-model plants.
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