Transgenic Res (2022) 31:431-444
https://doi.org/10.1007/s11248-022-00310-0

ORIGINAL PAPER

q

Check for
updates

Proteome and physiological analyses reveal tobacco
(Nicotiana tabacum) peroxidase 7 (POD 7) functions

in responses to copper stress

Qian Gao - Li Xu - Xiang Li - Wenwu Yang -
Qili Mi - Liming Lu - Xin Liu - Kai Wang -
Yifei Lu - Zhangyu Chen + Xuemei Li - Liqin Li

Received: 4 October 2021 / Accepted: 16 May 2022 / Published online: 6 July 2022

© The Author(s) 2022

Abstract Copper is a micronutrient essential for
plant growth and development. However, Cu is also
a heavy metal element that has deleterious impacts
on plants when excessively accumulated in the envi-
ronment. To understand the molecular mechanism
underlying tobacco in response to Cu stress, iTRAQ
based technology was used to identify differentially
expressed proteins (DEPs) and important metabolic
pathways in tobacco plants treated with excessive
CuSO4. The results showed that 180 DEPs were
detected between the treatment and control, among
which 78 were upregulated and 102 were downregu-
lated. These DEPs can be functionally divided into
65 categories and are closely related to metabolic
pathways, carbon metabolism, secondary metabolite
biosynthesis, biosynthesis of antibiotics, glyoxylate
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and dicarboxylate metabolism, and glycolysis/glu-
coneogenesis. Peroxidase7 was significantly upregu-
lated and was selected and overexpressed in tobacco.
Then, positive transgenic lines and wild type plants
were exposed to a Cu stress environment. The
results showed that Peroxidase7 transgenic tobacco
plants exhibited enhanced Cu stress resistance with
decreased malondialdehyde and Cu contents, and
increased shoot dry weight, root length, secondary
root number, SOD, POD and CAT activity. The pre-
sent study suggests that the ROS scavenging mecha-
nism is essential for tobacco plants in response to Cu
stress and that Peroxidase7 functions in tobacco plant
resistance to excessive Cu environment.

Keywords Copper - Nicotiana tabacum -
Proteomics - Peroxidase7 - Stress

Introduction

In higher plants, as a structural and catalytic com-
ponent of many important proteins, copper (Cu) is a
basic mineral element required for plant growth and
development. Cu is a structural component of Cu—Zn
superoxide dismutase, cytochrome oxidase, phenol
oxidase, ascorbic acid oxidase, polyamine oxidase,
plastocyanin and ETR and participates in many meta-
bolic and physiological processes, such as photosyn-
thesis and respiration, the metabolism of nitrogen
compounds and carbohydrates, amino acid activation
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and protein biosynthesis promotion, signal transduc-
tion, cell wall and flower organ formation, and stress
response (Burkhead et al. 2009; Marschner 1995).
However, Cu is also one of the heavy metal elements
that have adverse impacts on plants when excessively
accumulated in the environment. These negative
effects include the inhibition of many essential physi-
ological and biochemical processes, such as photo-
synthesis and root development, leading to the growth
retardation (Sudo et al. 2008; Gajewska et al. 2010;
Nair and Chung 2014; Chrysargyris et al. 2019).

Much evidence indicates that environmental fac-
tors including Cu, can generate ROS (reactive oxygen
species) in plant cells (Huang et al. 2019). On one
hand, ROS can trigger a signal transduction cascade
in the cell nucleus as a signal molecule, and on the
other cause cellular damage leading to plant morpho-
logical structure alterations by their strong oxidative
properties (Bose et al. 2014). ROS can regulate sign-
aling and affect the protein redox status through the
oxidation of thiol groups of cysteines and methionine
residues. These redox-related processes are firmly
modulated by proteins such as thio- and glutaredoxins
(Waszczak et al. 2018). Recently, a new redox-based
sensing mechanism for H,O, was reported, which
links extracellularly generated ROS, -cell-surface
H,0, receptors, and intracellular signaling cascades
(Dvorak et al. 2021). Through retrograde signal-
ing, redox perturbations caused by ROS generated in
mitochondria and chloroplasts are transduced to acti-
vate defense gene expression in nucleus (Chan et al.
2016). H,O, produced in plastids can be transported
to the nucleus to activate adaptive mechanisms by ret-
rograde signaling during which ROS act as mediators
(Exposito-Rodriguez et al. 2017).

To survive in a Cu stressed environment, plants
have developed delicate mechanisms to deal with
Cu stress at physiological level such as exclusion
and compartmentalization, and/or the molecular
level by regulating gene expression, protein synthe-
sis and activity (Song et al. 2013). Among them, the
antioxidant defense system mediated ROS scaveng-
ing mechanism is essential for the plant response to
Cu-induced oxidative stress. These systems include
enzymatic and nonenzymatic components, such as
ascorbate peroxidase (APX), peroxidase (POD),
catalase (CAT), superoxide dismutase (SOD), glu-
tathione reductase (GR), dehydroascorbate reductase
(DHAR), glutathione (GSH) and ascorbic acid (AsA).
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Several studies have revealed the roles of antioxi-
dants played in the response of plants to Cu stress. In
rice, trehalose pretreatment resulted in the enhanced
activities of major antioxidant enzymes leading to
lower ROS accumulation in rice seedlings exposed to
excessive Cu, and eventually improved Cu tolerance
in rice plants (Mostofa et al. 2015). Two transgenic
tobacco lines carrying the AtTPS1 (trehalose-6-phos-
phate synthase) gene from Arabidopsis exhibited
increased catalase activity and better acclimation to
excess Cu compared to WT (Martins et al. 2014).

In grapevine, most ROS detoxification systems,
including antioxidant enzymes, such as APX, POD,
CAT and GST (glutathione S-transferase), were
strongly upregulated under Cu stress (Leng et al.
2015) indicating the ROS eliminating isoforms may
be vital in the physiological response to Cu stress.
According to Hamed et al. (2017), increased activi-
ties of GST, APX, GR and SOD enzymes combined
with elevated glutathione levels and other stress-
resistance substances, such as proline, polyphenols,
flavonoids and tocopherols, contributed to the lower
Cu stress sensitivity of the green microalgae Chlo-
rella sorokiniana. Proteome analysis conducted by
Song et al. (2013) also showed that significant upreg-
ulation of POD, L-ascorbate peroxidase and DHAR
was observed in Cu-treated rice. Thus, Colobanthus
quitensis exhibits tolerance to Cu by recruiting anti-
oxidant defensive systems involving nonenzymatic
antioxidants such as phenolics, GSH and ascorbic
acid (Contreras et al. 2018). Spirodela polyrhiza has
the ability to resist Cu toxicity by upregulating of
antioxidant enzymes and proline content (Singh et al.
2020). Ascobin (ascorbic acid: citric acid at 2:1) and
glutathione pretreatments exhibited less inhibitory
effects of Cu stress on rice plants by improving anti-
oxidant enzyme activities and decreasing levels of
ROS and malondialdehyde (MDA) (Tahjib-Ul-Arif
et al. 2021).

Proteomics is a powerful tool in the investigation
of the molecular mechanisms of plants in response
to heavy metal stresses (Ahsan et al. 2010; Li et al.
2013; Song et al. 2013; Roy et al. 2016; Gong et al.
2017). Among proteomics analysis methods, iTRAQ
(isobaric tags for relative and absolute quantifica-
tion) plays a vital role in quantitatively measuring
plant proteome changes under abiotic stresses, and is
therefore widely used in exploring the mechanisms of
plant heavy metal resistance. For instance, in order
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to understand plant proteome changes in response to
aluminum (Al) stress, iTRAQ based proteome analy-
sis was employed in rice (Wang et al. 2014), sorghum
(Zhou et al. 2017) and duckweed (Su et al. 2019),
and some important proteins involved in antioxidant
enzymes were identified, providing useful informa-
tion underlying plant Al resistance.

Tobacco is an important crop widely cultivated
across the world. In tobacco cultivation practice,
unfavorable environments, such as biotic and abi-
otic stresses, including heavy metal stress, are often
encountered, leading to huge yield losses. Therefore,
understanding the molecular mechanisms underly-
ing tobacco stress tolerance is vital for the sustain-
able development of tobacco cultivation. However,
the molecular mechanism underlying this response
remains unclear. Thus, we performed a physiological
experiment, in which tobacco seedlings were treated
with excessive CuSO4, and identified differentially
expressed proteins (DEPs) and important metabolic
pathways with iTRAQ based technology. Then,
tobacco peroxidase 7 was cloned and overexpressed
in common tobacco (Nicotiana tabacum, ver K326).
The phenotypes of the WT and transgenic lines were
screened under Cu stress, and several important phys-
iological indices were measured. The hypothesis is
that excessive Cu application can alter protein expres-
sion profile and change the behavior of physiologi-
cal and biochemical processes in tobacco plants, and
POD plays essential roles in the tobacco response to
Cu stress. Our study convincingly demonstrates an
association of protein variations in tobacco plants
subjected to Cu stress, and that peroxidase 7 func-
tions in the tobacco response to Cu stress.

Materials and methods
Plant growth and Cu stress treatment

Seeds of tobacco cultivar K326 (Nicotiana taba-
cum ver K326), obtained from Yunnan Key Labora-
tory of Tobacco Chemistry, were surface-disinfected
with 15% NaClO, sowed on Murashige-Skoog (MS)
medium (Murashige and Skoog 1962) and grown
for 6 weeks in a greenhouse. The temperature in the
greenhouse was 24 °C with 16 h of light and 8 h of
darkness.

After this period, tobacco plants were divided into
two groups: control and Cu stress treatments. Each
group contained three replicates with 15 plants for
each replicate. Tobacco plants from the control group
were continually cultivated in the same MS medium
without any additional substance. For Cu stress treat-
ment, the MS medium for tobacco plant growth was
supplemented with 5 mg per ml copper sulfate. Seven
days after treatment, tobacco plants from both groups
were harvested for protein profile analysis.

For physiological parameter detection of tobacco
plants from wild-type and transgenic lines, tobacco
plants were grown for eight weeks in the same green-
house, classified into control and Cu-treated groups,
and treated with 2.5 mg/ml copper sulfate and water,
respectively. One week after this treatment, tobacco
plants from each group were collected, and physi-
ological index detection was performed.

Protein preparation, digestion, iTRAQ labeling and
fractionation

Seven days after treatment, plant leaves were col-
lected from the control and Cu-stressed tobacco
plants. The crude protein was prepared for iTRAQ
analysis under the guidance of Wang et al. (2015).

Protein concentrations from plant samples were
measured by the Bradford assay. Protein alkylate
digestion was conducted as described by Li et al.
(2019). Next, the iTRAQ Reagent-8 plex Multiplex
Kit (AB Sciex U.K.) was employed to label protein
samples following the manufacturer’s instructions.
Then, the labeled proteins were fractionated with an
HPLC system, and the collected fractions were used
for nano-LC-MS/MS analysis.

Protein identification and data analysis

An AB SCIEX nano-LC-MS/MS system was
employed to perform protein identification. The
yielded raw MS/MS file data were transferred to Pro-
teinPilot software v4.0 for protein analysis against the
UniProt Poaceae database. During this process, the
criteria of coverage more than 5% and/or more than
two peptides identified were needed.

Protein abundance was determined by means of
the median abundance in Mascot. The fold change in
protein expression indicates the protein abundance
ratio to be compared between samples. A significantly
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differentially expressed protein (DEP) refers to a pro-
tein with a fold change greater than 1.5 (treatment
compared to CK ratio 1.5), or less than 0.66 (treat-
ment compared to CK ratio 0.66) and a P value less
than 0.05.

To decrease false-positive rate, Peng et al’s
(2003) method was used. Briefly, three parameters
were utilized including ACr (delta-correlation score),
Xcorr (Sequest cross-correlation score) and state
of tryptic ends (fully- or partially tryptic). ACn was
larger than 0.08. For charge states of+1,+2,+3,
fully tryptic peptides must have Xcorr score greater
than 2.0, 1.5, or 3.3, respectively. In contrast, in the
case of partially tryptic peptides, for charge states
of +2 or+3, Xcorr score was more than 3.0 or 4.0
respectively. In our study, minimum score for pep-
tides was set>40, and the false-positive rate of the
DEPs was adjusted to < 1%.

Bioinformatics analysis of the differentially expressed
proteins (DEPs)

To determine the functional characteristics of the
identified DEPs, Blast2GO v3.0 software was used
to map these proteins with Gene Ontology Terms
(http://geneontology.org/). Next, WEGO software
(http://wego.genomics.org.cn) was employed to per-
form GO classification of the identified DEPs. Then,
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis of these proteins was conducted by
using KOBAS 3.0 software (http://kobas.cbi.pku.edu.
cn/help.do). Finally, STRING v10.5 software (http://
string-db.org) was used to construct the interaction
network of the identified DEPs.

qRT-PCR analysis

Twelve proteins were randomly selected for qRT-
PCR analysis in order to validate the results of pro-
tein expression levels determined by the iTRAQ
method. Of the 12 genes, eight genes were selected
from upregulated DEPs, namely APX, Peroxidase,
GST, Catalase2, USP (universal stress protein), PR4
(pathogenesis-related 4), HSP20 (heat shock protein
20) and G3PD (glyceraldehyde-3-phosphate dehy-
drogenase); four genes were from downregulated
DEPs, as OFE (oxygen-evolving enhancer protein 1
of photosystem II), RLP (LRR receptor-like serine_
threonine-protein kinase), CabBP (chlorophyll A-B
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binding family protein) and GS (Glutamine syn-
thetase). Among them, APX, Peroxidase, Catalase?2
and GST are from ROS scavenging system; HSP20,
PR4 and USP from stress-related proteins; G3PD
from energy metabolic process; RLP from signal
transduction process; OEE and CabBP from photo-
synthesis; GS from nitrogen metabolic process.

To do this, TRIzol reagent (Invitrogen, Carlsbad,
USA) was used to prepare total RNA from plant
samples collected from the Cu treatment and con-
trol groups seven days after Cu treatment following
the manufacturer’s protocol. cDNA synthesis was
conducted using a cDNA synthesis kit (Thermo,
USA). In performing qRT-PCR, the internal con-
trol was the EFlaL (elongation factor 1 alpha-like)
gene, and the 2(-delta delta C(T)) method (Livak
and Schmittgen 2001) was used to calculate relative
gene expression level.

Cloning and genetic transformation of tobacco
peroxidase7

The method of cloning and genetic transformation
of tobacco peroxidase7 was performed according
to Lu et al. (2020). Primers for peroxidase7 clon-
ing were designed according to the CDS of per-
oxidase7 (accession XP_016506030.1). A plant
transformation plasmid (pBI121- peroxidase7) was
constructed and the leaf disc cocultivation method
was used for gene transformation. Genomic PCR
was performed to select kanamycin-resistant posi-
tive transgenic tobacco plants. The specific primers
used in this study for gene cloning and the selection
of kanamycin-resistant positive transgenic tobacco
plants are listed in Supplementary Table S1.

Plant dry weight, root length and secondary root
number measurement

Seven days after treatment, tobacco plants from the
control and Cu stress treatments were collected, and
the plant dry weight, the length of the main root
and secondary root number were determined. For
plant dry weight measurement, tobacco plants were
divided into shoots and roots, and placed in an oven
at 80 °C until constant weight was achieved, and
analyzed.
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Malondialdehyde content measurement

Seven days after Cu treatment, plant leaves from
Cu-treated and control plants were collected for the
measurement of MDA content. Plant leaves (1.0 g)
were mixed with 10 ml of 10% TCA (trichloroacetic
acid) solution, ground thoroughly, and centrifuged at
5000 % g for 10 min to yield the crude MDA extract.
Next, 0.6% TBA (thiobarbituric acid) (m/v) was
added to 2.0 ml of supernatant and the mixture was
transferred to a boiling pot for 15 min, cooled and
centrifuged for 10 min at 5000 X g. Then, the absorb-
ance of the supernatant was measured at 600 nm,
532 nm and 450 nm respectively, and the MDA con-
tent of plant leaves was calculated accordingly.

Cu content determination

Cu contents in tobacco plant leaves were determined
according to Martin et al. (2014). Briefly, tobacco
plant samples were placed in an electric oven at 80 °C
until dry and then ground into a fine powder. Samples
(0.5 g) were prepared and digested for 45 min with
5 mL of concentrated nitric acid in a microwave oven.
The Cu content was then analyzed with the result-
ing solution by atomic absorption spectrophotometry
(Jena, Nov AA. 400).

Determination of antioxidant enzyme activity

The peroxidase (type III) activity of tobacco plants
from the control and Cu stress treatments was meas-
ured following the manufacturer’s protocols using a
peroxidase measurement kit (Jiancheng Inc, China).
Superoxide dismutase (SOD) activity was determined
using the spectrophotometric method, according to
Giannopolitis and Ries (1977). Catalase (CAT) activ-
ity was measured by the determination of the opti-
cal density of plant samples at 240 nm, according to
Farhad et al. (2011).

Statistical data analysis

For statistical data analysis, all data from this study
were collected from three biological replicates. The
significance between treatments was compared using
the F-test and one way ANOVA at levels of P<0.01
and/or P<0.05. “*” and “**” represent significant

differences at the P<0.05 and/or P<0.01 levels,
respectively, among the samples in the figures. Excel
and the SPSS 14.0 statistical software programs were
employed for data analysis.

Results

Identification of DEPs in tobacco plants under Cu
stress

Total proteins were extracted from plant samples of
the control and Cu treatment groups as mentioned
before and were applied for iTRAQ analysis. We iden-
tified a total of 3047 proteins from these plant sam-
ples. After the calculation of fold-changes of proteins
by comparing Cu treatment to control, a total of 180
proteins showed significant differential expression,
among them, 78 and 102 DEPs were significantly
increased (the ratio of treatment to control > 1.5) and
decreased (the ratio of treatment to control <0.66),
respectively (P <0.05, Supplementary Table S2).

Functional annotation of the DEP response to Cu
stress

Web Gene Ontology Annotation Plot (WEGO) soft-
ware was used to conduct gene ontology analysis,
and the result showed that all the DEPs functionally
fell into three main categories as molecular function
(MF), biological processes (BP) and cellular compo-
nent (CC), and 65 subcategories. Among them, the
most abundant DEPs were involved in the chloro-
plast (39.3%), cytosol (38.1%), oxidation-reduction
process (17.9%), response to cadmium ion (11.3%),
metal ion binding (14.3%) and copper ion binding
(6.0%) (Fig. 1).

Identification of metabolic processes that were
significantly changed after Cu treatment

KOBAS 3.0 software was employed to analyze DEPs
involved KEGG pathways. We found that all 180
DEPs were significantly enriched in six plant biologi-
cal processes (P <0.05) (Fig. 2). The most abundant
DEP-enriched pathways were “Metabolic pathways”
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Table 1 List of antioxidative proteins significantly differentially expressed in response to Cu stress (p <0.05)

Accession No Annotation % Cov (95) Peptides (95%) Fold Change p value
P25819-1 Catalase 2 50.40 61 3.16 0.0001
QI9SZE7-1 Peroxidase 41.60 29 1.82 4.00E—163
QILVL2-1 Peroxidase 35.70 7 1.67 6.00E—42
Q42578-1 Peroxidase 47.20 118 1.63 1.00E—-152
QI1PERG6-1 Ascorbate peroxidase 56.40 26 1.72 2.00E—-158
QISR36-1 Glutathione S-transferase-like protein 17.30 4 1.58 4.00E-75
Q96510-1 Peroxidase superfamily protein 50.90 18 0.46 0.036
Q96520-1 Peroxidase 4 55.80 75 0.33 0.0062
QI9SZE7-1 Peroxidase 5 24.60 9 0.13 0.0001

(53, 31.6%), “Biosynthesis of secondary metabolites”
(34, 20.2%) and “Biosynthesis of antibiotics” (15,
8.9%).

Response of antioxidative proteins to Cu stress in
tobacco seedlings

Antioxidative proteins play essential roles in the
response of plants to biotic and abiotic stresses.
Under Cu stress, there were six antioxidative proteins
that were significantly upregulated compared with
the control (Table 1). Among them, three were per-
oxidase proteins, one catalase protein, one ascorbate
peroxidase protein, and one glutathione S-transferase-
like protein. The fold changes of these six proteins
ranged from 1.58- to 3.16-fold. However, there were
also three peroxidase proteins were also downregu-
lated, with fold changes ranging from 0.13- to 0.46-
fold. These results strongly suggest the possible
involvement of antioxidative proteins in response to
Cu stress in tobacco seedlings.

Protein to protein interaction network construction

STRING (http://string.embl.de/) software was used
for the construction of a protein—protein interaction
network between the 180 DEPs. The results showed
that this network was composed of three groups
(Fig. 3). The largest group was Group I (red circle)
which consisted of 157 DEPs, followed by Group II
(green circle), 12 DEPs, and Group III (dark cyan cir-
cle), 11 DEPs.

iTRAQ results verification

qRT-PCR was employed to verify the protein expres-
sion levels measured by iTRAQ. To do this, 12 ran-
domly selected genes were recruited. The results
revealed that the expression patterns of these proteins
from Cu-treated tobacco plants exhibited the same
tendencies as their protein abundance compared with
the control (Fig. 4). This result verifies that iTRAQ
technology is a reliable method to detect plant protein
expression profiles.

Peroxidase7-overexpressing tobacco plants exhibited
increased Cu tolerance

Several studies suggest that the ROS eliminating sys-
tem plays a key role in plants in response to Cu stress
(Martins et al. 2014; Leng et al. 2015; Mostofa et al.
2015; Hamed et al. 2017; Singh et al. 2020). Among
the 72 upregulated proteins identified in our study, per-
oxidase 7 (Q9SZE7-1) expression increased by 1.82-
fold. Thus, we constructed peroxidase 7-overexpressing
tobacco lines to explore whether peroxidase 7 overex-
pression could improve the tolerance of tobacco plants
to Cu stress. A total of 2.5 mg per ml CuSO4 was
applied to the growth medium of transgenic lines and
wild type tobacco plants. Seven days after treatment,
wild type tobacco plants under Cu treatment exhibited
retarded growth and yellow leaves (Fig. 5A). The plants
from the transgenic lines were green and no unfavora-
ble symptoms related to Cu stress were observed. The
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Fig. 4 Protein abundance verification by gRT-PCR. Twelve
proteins were randomly selected, and specific primers were
designed according to the corresponding gene sequences. Rela-
tive gene expression level analysis was performed according
to the method described in Sect. 4.5, and the 2(-Delta Delta
C(T)) method (Livak and Schmittgen 2001) was used to calcu-
late the relative gene expression level. Protein expression levels
are indicated by fold change. Pro-sample 1, protein abundance
of the indicated protein in sample 1; Pro-sample 2, protein
abundance of the indicated protein in sample 2; Pro-sample 3,
protein abundance of the indicated protein in sample 3. Gene
expression levels are indicated by relative gene expression.
g-sample 1, transcription level of the indicated gene in sam-
ple 1; g-sample 2, transcription level of the indicated gene in
sample 2; g-sample 3, transcription level of the indicated gene
in sample 3. The colour bar indicates the relative expression
levels of the indicated proteins and/or genes. APX, ascorbate
peroxidase; USP, universal stress protein; G3PD, glyceralde-
hyde-3-phosphate dehydrogenase; HSP 20, heat shock protein
20; GST, glutathione S-transferase-like protein; PR4, patho-
genesis-related 4; OEE, oxygen-evolving enhancer protein 1 of
photosystem II; CabBP, chlorophyll A-B binding family pro-
tein; GS, glutamine synthetase; RLP, LRR receptor-like ser-
ine_threonine-protein kinase, RLP

results of the measurement of plant growth parameters
showed that the shoot dry weight, root length and sec-
ondary root number of transgenic tobacco plants under

Cu treatment increased by 25.0% (Fig. 5B), 12.9%
(Fig. 5D) and 48.2% (Fig. SE) respectively, and the Cu
content in plant leaves decreased by 38.24% compared
with the wild type (Fig. 5F).

To investigate the cellular damage and antioxidant
enzyme response of tobacco plants under Cu stress,
the MDA content and SOD, POD (type III) and CAT
activities were measured in plants from transgenic lines
and wild type. The results showed that excessive Cu
resulted in significant increases in SOD, POD and CAT
activities and a decrease in MDA concentration in the
cells of transgenic tobacco plants compared to the wild

type (Fig. 6).

Discussion
Analysis of ROS-scavenging-related DEPs

The recruitment of the members related to ROS-scav-
enging systems is a universal mechanism for plants to
cope with unfavorable environments, such as drought,
cold, salt and heavy metal stresses (Sharma and Dietz
2009; Cuypers et al. 2011; Dorneles et al. 2019; Su
et al. 2019). In the present study, the expression lev-
els of one ascorbate peroxidase, three isoforms of
peroxidases, one GST (glutathione S-transferases),
and one catalase increased significantly in tobacco
plants treated with excessive Cu (Supplementary
Table S2). It is well known that antioxidants includ-
ing enzymes and nonenzyme molecules can work
quite effectively in eliminating ROS generated under
various abiotic stresses (Sharma and Dietz 2009).
Thus, the upregulation of ROS-scavenging proteins
may result in increased ROS-eliminating ability in
Cu stressed tobacco plants to survive in adverse envi-
ronments. Meanwhile, three isoforms of peroxidase
were also downregulated in Cu treated tobacco plants,
indicating the complexity of the plant mechanism in
response to heavy metal stress.
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Fig. 5 Physiological response of tobacco plants under Cu
stress. A, Phenotypes of tobacco plants from WT and trans-
genic lines under 2.5 mg per ml copper sulfate treatment. B
to F, Comparison of shoot dry weight, root dry weight, root
length, secondary root number and Cu content between trans-
genic tobacco plants and wild-type plants under Cu stress. The

The expression of peroxidase7 significantly increased
under Cu stress

It is well known that the ROS-eliminating system
plays a key role in plants in response to Cu stress
(Martins et al. 2014; Leng et al. 2015; Mostofa et al.
2015; Hamed et al. 2017; Singh et al. 2020). Thus,
the upregulation of antioxidant enzymes was fre-
quently observed in plants under Cu stress. For exam-
ple, when treated with excessive Cu, the expression
of POD exhibited a significant increase in rice plants
(Song et al. 2013). In grapevine, APX, POD, CAT
and GST were strongly upregulated in response to Cu
stress (Leng et al. 2015). Furthermore, the upregula-
tion of antioxidant enzymes resulted in the increased
ability of Spirodela polyrhiza to resist Cu toxicity
(Singh et al. 2020). Consistent with the previous stud-
ies, in our study, seven days after excessive Cu treat-
ment, the abundance of peroxidase7 (Q9SZE7-1) sig-
nificantly increased (by 1.82-fold) compared with the
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indicate significant differences between the results at p <0.05
and p<0.01, respectively. ns, indicates no significant dif-
ferences between the results (p<0.05). Bars represent the
mean+SE (n=3)

control, suggesting that peroxidase 7 may play basic
roles in the tobacco response to Cu stress.

Peroxidase7 overexpression enhanced Cu resistance
in tobacco plants

Excess heavy metal elements including Cu can inhibit
chlorophyll synthesis, disturb plant photosynthe-
sis, prevent mineral element absorption and result in
the retardation of plants, and in extreme cases, plant
death (Stiborova et al. 1987; Kiipper et al. 2002;
Malinowska et al. 2015; Malinowska et al. 2018).
Therefore, the increased shoot dry weight, root length
and secondary root number and decreased Cu con-
tent of transgenic tobacco plants under Cu treatment
imply that peroxidase 7 could enhance the ability of
tobacco plants to resist Cu stress.

ROS are frequently observed in plants under
heavy metal stress conditions and can seriously
damage plant cell membranes (Sharma and Dietz
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Fig. 6 MDA content and antioxidant activity of transgenic
tobacco plants under Cu stress. A, MDA content; B to D, SOD,
POD and CAT activity, respectively. The designations 7-3 and
7—4 indicate transgenic lines. * indicates significant differences

2009; Smeets et al. 2009; Cuypers et al. 2011). As
a result, one of the strategies for plants to eliminate
the excessive ROS is to recruit their antioxidant
enzymatic-scavenging systems, such as APX, GST,
SOD, POD and CAT (Cuypers et al. 2011; Thou-
naojam et al. 2012). Under Cu stress, the activity
levels of SOD and POD increased as observed by
Cuypers et al. (2011) and Thounaojam et al. (2012).
These results are supported by our data (Fig. 6)
indicating that increasing plant ROS scavenging
ability is a universal strategy of plants employ in
response to heavy metal stress. Thus, the increased
activity levels of SOD, POD and CAT in peroxidase
7 transgenic tobacco plants enhanced their ability to
scavenge the excessive ROS leading to the increased
tolerance of transgenic tobacco plants to Cu stress.

between the results (p <0.05). ** indicates significant differ-
ences between the results (p <0.01). ns, indicates no significant
differences between the results (p <0.05). Bars represent the
mean + SE (n=3)

MDA is the result of lipid peroxidation and is an
important indicator of oxidative stress caused by
various stresses (Thounaojam et al. 2012). Thus, the
increase in MDA content clearly exhibits the extent
of cell membrane damage. Consistence with the pre-
vious studies (Naser et al. 2008; Thounaojam et al.
2012), our data showed that excessive Cu application
significantly increased the MDA content of wild-type
tobacco plants (Fig. 6). In contrast, transgenic plants
exhibited lower MDA content under Cu stress, sug-
gesting that peroxidase7 overexpression increased the
Cu stress tolerance of transgenic plants by ROS scav-
enging and lower lipid peroxidation (Fig. 6).

In conclusion, the protein expression profile in
tobacco plants was significantly altered in response
to Cu stress. The physiological analysis of tobacco
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Fig. 7 Possible working model of tobacco in response to Cu
stress. The numbers before protein names indicate the numbers
of these proteins differentially expressed under Cu stress. The

peroxidase 7-overexpressing lines clearly showed
their ability to resist Cu toxicity in tobacco plants
(Fig. 7). All the proteins involved worked harmoni-
ously and rebuilt a more stable metabolic processes
to ensure that the tobacco plants were able to cope
with an excessive Cu environment.

Acknowledgements Not applicable.

Author contributions XM L, QG, LQ L and LM L designed
the experiments. QG, LX, XL, WW Y, QL M, YF L, ZY C,
XL, KW and LM L performed the experiments and analysed
the data. XM L, QG and LQ L wrote the paper. All authors
read and approved the final version of the manuscript.

Funding This study was supported by Foundation of China
Tobacco Company (110202101004 (JY-04)) and the Founda-
tion of Yunnan Tobacco Industry Co. Ltd (2020JC04).

Declarations

@ Springer

red arrow indicates upregulation, and the green arrow indicates
downregulation. (Color figure online)

Conflict of interest The authors declare no competing finan-
cial interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

Transgenic Res (2022) 31:431-444

443

References

Ahsan N, Renaut J, Komatsu S (2010) Recent developments
in the application of proteomics to the analysis of plant
responses to heavy metals. Proteomics 9:2602-2621

Bose J, Rodrigo-Moreno A, Shabala S (2014) ROS homeosta-
sis in halophytes in the context of salinity stress tolerance.
J Exp Bot 65:1241-1257

Burkhead JL, Reynolds KAG, Abdel-Ghany SE, Cohu
CM, Pilon M (2009) Copper homeostasis. New Phytol
182:799-816

Chan KX, Phua SY, Crisp P, McQuinn R, Pogson BJ (2016)
Learning the languages of the chloroplast: retrograde
signaling and beyond. Annu Rev Plant Biol 67:25-53

Chrysargyris A, Papakyriakou E, Petropoulos SA, Tzortzakis
N (2019) The combined and single effect of salinity and
copper stress on growth and quality of Mentha spicata
plants. J Hazard Mater 368:584-593

Contreras RA, Pizarro M, Kohler H, Séez CA, Zuiiga GE
(2018) Copper stress induces antioxidant responses and
accumulation of sugars and phytochelatins in Antarctic
Colobanthus quitensis (Kunth) Bartl. Biol Res 51:48

Cuypers A, Karen S, Jos R, Kelly O, Els K, Tony R, Nele H,
Nathalie V, Suzy VS, Frank VB, Yves G, Jan C, Jaco V
(2011) The cellular redox state as a modulator in cadmium
and copper responses in Arabidopsis thaliana seedlings. J
Plant Physiol 168(4):309-316

Dorneles AOS, Pereira AS, Sasso VM, Possebom G, Tarouco
CP, Schorr MRW, Rossato L, Ferreira PAA, Tabaldi LA
(2019) Aluminum stress tolerance in potato genotypes
grown with silicon. Bragantia Camp 78(1):12-25

Dvorik P, Krasylenko Y, Zeiner A, §amaj J, Takac™ T (2021)
Signaling toward reactive oxygen species-scavenging
enzymes in plants. Front Plant Sci 11:618835

Exposito-Rodriguez M, Laissue PP, Yvon-Durocher G,
Smirnoff N, Mullineaux PM (2017) Photosynthesis-
dependent H,O, transfer from chloroplasts to nuclei pro-
vides a high-light signalling mechanism. Nat Commun
8:49

Farhad MS, Babak AM, Reza ZM, Mir Hassan RS, Afshin
T (2011) Response of proline, soluble sugars, photo-
synthetic pigments and antioxidant enzymes in potato
(Solanum tuberosum L.) to different irrigation regimes in
greenhouse condition. Aust J Crop Sci 5(1):55-60

Gajewska E, Sklodowska M (2010) Differential effect of equal
copper, cadmium and nickel concentration on biochemi-
cal reactions in wheat seedlings. Ecotox Environ Safe
73:996-1003

Giannopolitis CN, Superoxide RSK, Dismutases II (1977)
Purifi cation and quantitative relationship with water-solu-
ble protein in seedlings. Plant Physiol 59:315-318

Gong B, Nie W, Yan Y, Gao Z, Shi Q (2017) Unravelling
cadmium toxicity and nitric oxide induced tolerance in

Cucumis sativus: insight into regulatory mechanisms
using proteomics. J Hazard Mater 336:202-213

Hamed SM, Selim S, Klock G, AbdElgawad H (2017) Sensi-
tivity of two green microalgae to copper stress: growth,
oxidative and antioxidants analyses. Ecotox Environ Safe
144:19-25

Huang H, Ullah F, Zhou D-X, Yi M, Zhao Y (2019) Mecha-
nisms of ROS regulation of plant development and stress
responses. Front Plant Sci 10:800

Kiipper H, Setlik J, Spiller M, Kiipper FC, Prasill O (2002)
Heavy metal-induced inhibition of photosynthesis: targets
of in vitro heavy metals chlorophyll formation. J Phycol
38(3):429-441

Leng X, Jia H, Sun X, Shangguan L, Mu Q, Wang B, Fang J
(2015) Comparative transcriptome analysis of grapevine
in response to copper stress. Sci Rep 5:17749

Li GZ, Peng XQ, Xuan HM, Wei LT, Yang YY, Guo TC, Kang
G (2013) Proteomic analysis of leaves and roots of com-
mon wheat (Triticum aestivum L.) under copper-stress
conditions. J Proteome Res 12(11):4846—4861

Li LQ, Lyu CC, Li JH, Tong Z, Lu YF, Wang XY, Ni S,
Yang SM, Zeng FC, Lu LM (2019) Physiological analy-
sis and proteome quantification of alligator weed stems
in response to potassium deficiency stress. Int J Mol Sci
20:e221

Livak KJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the
244t method. Methods 25:402-408

Lu LM, Yang SY, Liu L, Lu YF, Yang SM, Liu F, Ni Su, Zeng
FC, Bi R, Wang X, Li L (2020) Physiological and quan-
titative proteomic analysis of NtPRX63-overexpressing
tobacco plants revealed that NtPRX63 functions in plant
salt resistance. Plant Physiol Biochem 154:30-42

Malinowska K, Wrébel J (2015) Physiological activity of com-
mon osier (Salix viminalis L.) under copper induced stress
conditions. Acta Agrophys 22(2):173-182

Malinowska K, Malinowski R, Studzinski M (2018) Physi-
ological reaction of basket willow (Salix viminalis L.) to
copper excess in hydroponic medium. Folia For Pol Ser A
for 60(4):214-220

Marschner H (1995) Mineral nutrition of higher plants. Aca-
demic Press, London

Martins LL, Mourato MP, Baptista S, Reis R, Carvalheiro F,
Almeida AM, Fevereiro P, Cuypers A (2014) Response
to oxidative stress induced by cadmium and copper in
tobacco plants (Nicotiana tabacum) engineered with the
trehalose-6-phosphate synthase gene (AfTPSI). Acta
Physiol Plant 36:755-765

Mostofa MG, Hossain MA, Fujita M, Tran LSP (2015) Physi-
ological and biochemical mechanisms associated with
trehalose-induced copper-stress tolerance in rice. Sci Rep
5:11433

Murashige T, Skoog FA (1962) A revised medium for rapid
growth and bioassays with tobacco tissue culture. Physiol
Plant 15:473-497

@ Springer



444

Transgenic Res (2022) 31:431-444

Nair PMG, Chung IM (2014) A mechanistic study on the toxic
effect of copper oxide nanoparticles in soybean (Glycine
max L.) root development and lignification of root cells.
Biol Trace Elem Res 162:342-352

Naser A, Anjum NA, Umar S, Ahmad A, Igbal M, Khan NA
(2008) Sulphur protects mustard (Brassica campestris L.)
from cadmium toxicity by improving leaf ascorbate and
glutathione sulphur protects mustard from cadmium toxic-
ity. Plant Growth Regul 54:271-279

Peng J, Elias JE, Thoreen CC, Licklider LJ, Gygi SP (2003)
Evaluation of multidimensional chromatography coupled
with tandem mass spectrometry (LC/LC—MS/MS) for
large-scale protein analysis: the yeast proteome. J Pro-
teome Res 2(1):43-50

Roy SK, Kwon SJ, Cho SW, Kamal AH, Kim SW, Sarker K,
Oh MV, Lee MS, Chung KY, Xin Z, Woo SH (2016) Leaf
proteome characterization in the context of physiological
and morphological changes in response to copper stress in
sorghum. Biometals 29(3):495-513

Sharma SS, Dietz KJ (2009) The relationship between metal
toxicity and cellular redox-imbalance. Trends Plant Sci
14:43-50

Singh H, Kumar D, Soni V (2020) Copper and mercury
induced oxidative stresses and antioxidant responses of
Spirodela polyrhiza (L.) Schleid. Biochem Biophys Rep
23:100781

Smeets K, Opdenakker K, Remans T, Van Sanden S, Van
Belleghem F, Semane B, Horemans N, Guisez Y, Van-
gronsveld J, Cuypers A (2009) Oxidative stress related
responses at transcriptional and enzymatic level after
exposure to Cd or Cu and in a multipollution context. J
Plant Physiol 166:1982-1992

Song YF, Cui J, Zhang HX, Wang GP, Zhao FJ, Shen ZG
(2013) Proteomic analysis of copper stress responses in
the roots of two rice (Oryza sativa L.) varieties differing
in Cu tolerance. Plant Soil 366:647-658

Stiborova M, Ditrichovd M, BREzinova A (1987) Effect of
heavy metal ions on growth and biochemical characteris-
tics of photosynthesis of barley and maize seedlings. Biol
Plantarum 29:453-467

@ Springer

Su CL, Jiang YJ, Yan YR, Zhang W, Xu QS (2019) Responses
of duckweed (Lemna minor L.) to aluminum stress: physi-
ological and proteomics analyses. Ecotox Environ Safe
170:127-140

Sudo E, Itouga M, Yoshida-Hatanaka K, Ono Y, Sakakibara H
(2008) Gene expression and sensitivity in response to cop-
per stress in rice leaves. J Exp Bot 59:3465-3474

Tahjib-Ul-Arif M, Sohag AAM, Mostofa MG, Polash MAS,
Mahamud AGMSU, Afrin S, Hossain MA, Hossain MA,
Murata Y, Tran LP (2021) Comparative effects of asc-
obin and glutathione on copper homeostasis and oxidative
stress metabolism in mitigation of copper toxicity in rice.
Plant Biol (stuttg) 23(Suppl 1):162-169

Thounaojam TC, Pandaa P, Mazumdar P, Kumar D, Sharma
GD, Sahoo L, Sanjib P (2012) Excess copper induced
oxidative stress and response of antioxidants in rice. Plant
Physiol Bioch 53:33-39

Wang ZQ, Xu XY, Gong QQ, Xie C, Fan W, Yang JL, Lin QS,
Zheng SJ (2014) Root proteome of rice studied by iTRAQ
provides integrated insight into aluminum stress tolerance
mechanisms in plants. J Proteomics 98:189-205

Wang XC, Li Q, Jin X, Xiao GH, Liu GJ, Liu NJ, Qin YM
(2015) Quantitative proteomics and transcriptomics reveal
key metabolic processes associated with cotton fiber ini-
tiation. J Proteomics 114:16-27

Waszczak C, Carmody M, Kangasjirvi J (2018) Reactive
oxygen species in plant signaling. Annu Rev Plant Biol
69:209-236

Zhou D, Yang Y, Zhang J, Jiang F, Craft E, Thannhauser TW,
Kochian LV, Liu J (2017) Quantitative iTRAQ proteomics
revealed possible roles for antioxidant proteins in sorghum
aluminum tolerance. Front Plant Sci 7:1-14

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.



	Proteome and physiological analyses reveal tobacco (Nicotiana tabacum) peroxidase 7 (POD 7) functions in responses to copper stress
	Abstract 
	Introduction
	Materials and methods
	Plant growth and Cu stress treatment
	Protein preparation, digestion, iTRAQ labeling and fractionation
	Protein identification and data analysis
	Bioinformatics analysis of the differentially expressed proteins (DEPs)
	qRT-PCR analysis
	Cloning and genetic transformation of tobacco peroxidase7
	Plant dry weight, root length and secondary root number measurement
	Malondialdehyde content measurement
	Cu content determination
	Determination of antioxidant enzyme activity
	Statistical data analysis

	Results
	Identification of DEPs in tobacco plants under Cu stress
	Functional annotation of the DEP response to Cu stress
	Identification of metabolic processes that were significantly changed after Cu treatment
	Response of antioxidative proteins to Cu stress in tobacco seedlings
	Protein to protein interaction network construction
	iTRAQ results verification
	Peroxidase7-overexpressing tobacco plants exhibited increased Cu tolerance

	Discussion
	Analysis of ROS-scavenging-related DEPs
	The expression of peroxidase7 significantly increased under Cu stress
	Peroxidase7 overexpression enhanced Cu resistance in tobacco plants

	Acknowledgements 
	References




