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Abstract: Oilseed rape (Brassica napus L.) is an important cash crop, but transgenic oilseed rape
has not been grown on a commercial scale in China. It is necessary to analyze the characteristics
of transgenic oilseed rape before commercial cultivation. In our study, differential expression of
total protein from the leaves in two transgenic lines of oilseed rape expressing foreign Bt Cry1Ac
insecticidal toxin and their non-transgenic parent plant was analyzed using a proteomic approach.
Only shared changes in both of the two transgenic lines were calculated. Fifteen differential protein
spots were analyzed and identified, namely, twelve upregulated expressed protein spots and three
downregulated protein spots. These proteins are involved in photosynthesis, transporter function,
metabolism, protein synthesis, and cell growth and differentiation. The changes of these protein spots
in transgenic oilseed rape may be attributable to the insertion of the foreign transgenes. However,
the transgenic manipulation might not necessarily cause significant change in proteomes of the
oilseed rape.

Keywords: cry1Ac gene; oilseed rape; proteomics; 2D gel electrophoresis

1. Introduction

With the rapid development of genetic engineering technology, the application and
effects of transgenic plants have gradually attracted public attention worldwide [1,2].
Transgenic technology can produce novel foods more effectively and reduce the need for
pesticides, leading to less environmental pollution [3,4]. In particular, Bt toxins isolated
from Bacillus thuringiensis have been expressed in transgenic plants to confer inherent pest
resistance. Bt crops have been overwhelmingly successful and beneficial with respect
to increasing yields and reducing chemical pesticide use [5]. However, the technology
might have unintended negative impacts on the environment and human health. Nutrition
compounds in transgenic Bt crops may be changed, and may even generate toxic com-
pounds due to of the unknown effects of exogenous genes [6–11]. Therefore, Bt plants are
commonly selected as experimental systems in studies that focus on detecting potential
effects of exogenous genes in transgenic plants.

Oilseed rape (Brassica napus L.) is an important oil and cash crop, and it is a major
source of edible vegetable oil and proteins. As such, the improvement of rape quality
and yield has received increased attention. Herbicide-resistant transgenic oilseed rape
was one of the earliest biotech crops developed and has a large range of applications. At
present, herbicide-tolerant transgenic oilseed rape has been commercialized in the United
States, Canada, Australia and other countries [12]. Although insect-resistant Bt oilseed
rape has not been commercialized, it has served as a model biotech crop for studying the
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effects of transgenic plants (e.g., Cao et al. 2014; Liu et al. 2018) [13,14]. Owing to current
methods of transgene insertion, transgenic plants may exhibit random genomic side effects
such as variable gene expression, mutations to endogenous loci at the points of insertion,
homologous gene expression inhibition effects (i.e., silencing), activation effects and other
unanticipated changes in crop phenotypes. Therefore, it is necessary to assess potential
unexpected consequences of transgenic Bt oilseed rape before commercial cultivation.

Due to the potential unknown effects and unpredictability of exogenous genes, pro-
teomic technology is an effective and direct method for detecting the unintended effects of
transgenic plants [15,16]. Differential proteomics is a major research area that mainly aims
to detect and confirm different proteins produced by special stimulation between two or
more groups of samples [17–19]. Two-dimensional gel electrophoresis, a core technique
of differential proteomic analysis, can isolate different proteins that exist in plants [20].
Previous studies have determined proteome changes in transgenic plants by using pro-
teomics [21–26]. Up to now, the research on proteomic analysis of transgenic plants has not
raised any new safety issues [25,26]. In our study, in order to better understand the influ-
encing mechanism of the exogenous Bt cry1Ac gene on oilseed rape, a proteomic approach
was used to analyze the differential expression of proteins in transgenic Bt oilseed rape.

2. Results
2.1. Comparative Proteomic Analysis of Transgenic and Non-Transgenic Bt Oilseed Rape Leaves

To evaluate the unintended effects of a foreign gene on the leaf expression profile of
oilseed rape, differential proteomics between transgenic oilseed rape lines (GT1 and GT9)
and the control plant (‘Westar’) were analyzed. Two-dimensional (2D) gel electrophoresis
patterns of leaf proteins with high resolution and reproducibility were successfully obtained.
After staining with Coomassie brilliant blue, results for 2D gel electrophoresis of total
proteins from the leaves of two lines of transgenic oilseed rape and the non-transgenic
control were obtained (Figure 1). Protein spots were detected in the leaves of transgenic
oilseed rape, and the number and score of protein spots that matched between transgenic
oilseed rape and its control were counted (Table 1). 30 differentially expressed protein spots
were successfully detected and identified in the 2 transgenic lines, including 21 upregulated
expressed protein spots and 9 downregulated protein spots. Protein spots that were
changed in both transgenic lines were further analyzed.

Table 1. Distribution of protein spots in groups and their MS identification between two transgenic
oilseed rape lines (GT1 and GT9) and the non-transgenic oilseed rape plants (Westar).

Spot Number a Protein Name Accession No. b Score c Theor. pI d Exp. pI d Theor. MW e Exp. MW e Ratio f

Energy

802 (↑)
Ribulose-1,5-bisphosphate

carboxylase/oxygenase
large subunit

gi|11466371 86 5.06 6.14 52,405 53,186.5 1.07

65 (↑) Transketolase gi|18411711 97 5.81 5.94 79,837 80,374.4 1.06

858 (↑) Ribulose bisphosphate
carboxylase small chain 1B gi|15240912 68 6.27/ 7.59 20,155 20,558.2 1.06

367 (↑)
Ribulose bisphosphate
carboxylase/oxygenase

activase
gi|297612474 82 4.98 7.56 38,775 39,108.5 1.08

699 (↑)
Ribulose-1,5-bisphosphate

carboxylase/oxygenase
large subunit

gi|11466371 134 5.06 6.14 52,405 53,186.5 1.12

844 (↑) Ribulose bisphosphate
carboxylase small chain F1 gi|132091 390 6.27 8.23 14,358 20,455.2 1.06

476 (↑) Ribulose bisphosphate
carboxylase large chain gi|2500677 78 6.28 6.39 48,953 49,069.4 1.08

872 (↑) Ribulose bisphosphate
carboxylase small chain F1 gi|132091 103 6.27 8.23 14,358 20,455.2 1.06

Transporters

586 (↓) Calcium-transporting ATPase gi|302756809 63 8.07 6 112,406 113,321.0 0.93

87 (↓) V-type proton ATPase catalytic
subunit A gi|15219234 96 4.53 5.11 68,682 69,111.0 0.93
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Table 1. Cont.

Spot Number a Protein Name Accession No. b Score c Theor. pI d Exp. pI d Theor. MW e Exp. MW e Ratio f

Metabolism

651 (↓) Alanine aminotransferase
2-like gi|30698866 59 4.95 5.95 59,380 59,986.2 0.85

325 (↑) Glutamine synthetase gi|12643761 114 4.24 6.16 47,214 47,714.0 1.09

Protein synthesis

513 (↑) Ribosomal protein L11 gi|56404772 66 9.60 9.27 14,973 15,151.0 1.10

Cell growth/division

319 (↑) Cis-zeatin
O-glucosyltransferase gi|242093988 63 4.79 6.06 50,372 50,813.9 1.05

a: Assigned spot numbers as indicated in Figure 1; b: Accession numbers according to NCBInr; c: The Mascot
searched score (M. S.) against the database NCBInr; d: The experimental and theoretical pI of the identified
proteins; e: The experimental and theoretical mass (Da) of the identified proteins; f: The normalized spot volume in
GT1/GT9 leaves divided by the normalized volume in Westar leaves. The upwards arrow ‘↑’ and the downwards
arrow ‘↓’ stands for upregulated and downregulated protein spot, respectively.
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Figure 1. Two-dimensional gel electrophoresis of non-transgenic Westar (A), transgenic GT1 (B), and
GT9 (C) oilseed rape. Potentially differential protein spots were identified and marked in blue for
further analysis (A).
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2.2. Identification and Functional Evaluation of the Differentially Expressed Proteins

The detected spots of differentially expressed proteins were excised from the 2D gels
and identified using MALDI-TOF/TOF and database searches (such as NCBInr and KEGG).
Fifteen differentially expressed protein spots were successfully identified, including twelve
upregulated expressed protein spots and three downregulated protein spots. Table 1
provides information such as the Mascot score, NCBI accession ID and name and molecular
weight of the successfully identified proteins.

To evaluate the characteristics of the identified proteins, the theoretical and experimen-
tal ratios of molecular weight (MW) and isoelectric point (pI) were determined, respectively
(Table 1). The closer the theoretical and experimental values of the identified proteins are,
the greater the certainty that the identification made by means of Mass Spectrometry (MS)
database searching will be the MS identification obtained. About 80% of the theoretical and
experimental molecular weight values of the identified proteins were similar, but their pI
values were different, indicating that the identified proteins had different characteristics
and possible isoforms of the MS data.

The identified proteins were classified into six categories on the basis of their biological
activities (Table 1 and Figure 2). In this study, 53.33% (eight spots) of the identified proteins
were related to energy functions, 13.33% (two spots) to transporters, 13.33% (two spots) to
metabolism, 6.67% (one spot) to protein synthesis, 6.67% (one spot) to cell growth/division,
and 6.67% (one spot) presented an unclear classification.

1 
 

 
Figure 2. Graphic representation of the functional distribution of differentially abundant protein
species (%) identified in non-transgenic Westar and transgenic GT1 and GT9.

In this study, several differentially expressed proteins—including ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit, transketolase, ribulose bisphosphate carboxylase
small chain 1B, ribulose bisphosphate carboxylase/oxygenase activase, ribulose bisphos-
phate carboxylase small chain F1 and ribulose bisphosphate carboxylase large chain—were
found to be upregulated and involved in the energy metabolism pathway. Furthermore,
some proteins that showed downregulated expression, such as calcium-transporting AT-
Pase and V-type proton ATPase catalytic subunit A, may be related to transporters (Table 1).

3. Discussion

To investigate and characterize the different proteins between transgenic and non-
transgenic oilseed rape, proteomic detecting tools (2DE and MS) were applied to identify
the differentially expressed proteins between two transgenic Bt oileed rape lines (GT1 and
GT9) and its non-transgenic parent plant (Westar) to evaluate proteomic changes between
transgenic and non-transgenic plants in our study. Only the protein spots that changed in
both transgenic lines in comparison to the non-transgenic plants were further analyzed
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in order to detect changes that were likely caused by the insertion of foreign transgenes
and genetic manipulation. Fifteen protein spots were detected and identified, although the
difference seems to not be biologically significant, with a ratio ranging from 0.85 to 1.12. The
results suggested that transgenic manipulation might not cause differences in B. napus plant
proteomes, while such a change could be considered significant when comparing a single
transgenic line to its parent plant, e.g., Liu et al. [23]. In this study, these detected proteins of
slight difference were mainly related to energy functions, indicating that proteins involved
in energy were likely affected by the transgenic manipulation. Yang et al. [27] investigated
different proteins between transgenic and non-transgenic rice plants (Oryza sativa L.) via
comparative proteomic analysis, and a similar result was obtained, that the most abundant
category was energy-related proteins among those identified. Liu et al. [23] employed
proteomic approaches to study protein abundance changes in seeds from the Bt transgenic
line GT1 of oilseed rape (B. napus), and eight proteins were more abundant in transgenic
oilseed rape seeds than in non-transgenic seeds. The current work studied the proteomic
change in the leaf of oilseed rape caused by gene transformation, and no protein with the
previous study was detected on seed proteomes. It was suggested that those detected
proteins in seeds [23] and in leaves (current study) could be tissue-specific, and the impact
of inserted transgenes could be also different between seeds and leaves.

In this study, the highest proportion of detected proteins was related to photosynthesis.
Further works are needed to elucidate the potential impact on plant productivity. Ribulose-
1,5-bisphosphate carboxylase/oxygenase (rubisco), which is the most abundant protein in
plants, is widely found in organelles with photosynthetic functions. Rubisco, composed of
one larger and one smaller subunit, is a key enzyme that affects the carbon assimilation
rate during photosynthesis. Unlike other enzymes, rubisco is a bifunctional enzyme that
catalyzes carboxylation and oxygenation, an intersection of recycling reactions of both
photosynthetic carbon reduction and oxidation [28]. In our study, seven upregulated protein
spots were related to rubisco subunits. In particular, upregulated ribulose bisphosphate
carboxylase/oxygenase activase (protein spot 367) in the leaf of transgenic oilseed rape,
which was identified in this study, may change the conformation of the rubisco active site,
helping to accelerate the carboxylation process and avoid digestion [29,30]. The expression
levels of rubisco in both transgenic GT1 and GT9 were higher than in the non-transgenic
parent plant, likely because insertion of the Bt gene required numerous rubisco molecules
in order to express the inserted transgene in oilseed rape. The increased abundance of
rubisco is likely able to help plants adapt to their environment by conferring a higher
carbon assimilation rate [31]. This could be a plant strategy to deal with potential adverse
impacts caused by transgene insertion. The co-expressed rubisco gene in three transgenic
rice lines was remarkably upregulated under salt stress [32]. It implicated that rubsico
could be susceptive to transgene manipulation and environmental growth stress.

Transketolase plays a key role in the Calvin cycle of photosynthesis and is involved in
the synthesis of nucleic acids, carbohydrates, amino acids and lipids. Transketolase is iden-
tified as a target of herbicidal substance α-terthienyl, revealed by a proteomics study [33].
Overexpression of the transketolase gene promotes chilling tolerance by increasing the
activities of photosynthetic enzymes, alleviating oxidative damage and stabilizing cell
structure in Cucumis sativus L. [34]. Transgenic Chlamydomonas reinhardtii cells that overex-
pressed transketolase of Pyropia haitanensis grew better than wild-type cells in response to
osmotic stress [35]. Compared to wild-type cotton, five upregulated transketolase protein
spots were identified in a transgenic cotton line with a crylAc gene from Bacillus thuringiensis
(BT) [36]. In our study, it can be inferred that the increase of transketolase in transgenic
oilseed rape is likely caused by Bt gene insertion.

V-type proton ATPase catalytic subunit A (V-H+-ATPase), a kind of H+-ATPase, is
mainly responsible for catalyzing the hydrolyzation of ATP. This enzyme plays a key
role in ion balance within plant cells, and it may modulate the stress resistance of plants
(including salt, drought, cold and excessive heavy metal stresses) [37,38]. For example,
salt stress reduced the V-H+-ATPase and the V-H+-PPase activity in potato cultivars [39].
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Calcium-transporting ATPase is a Ca2+ transportation system, and it is crucial in regulating
intracellular or extracellular Ca2+ concentration and signal transduction [40]. V-H+-ATPase
may be related to calcium-transporting ATPase [41]. The results showed that the expression
of V-H+-ATPase has the same decreasing tendency as that of calcium-transporting ATPase
in transgenic oilseed rape (GT1 or GT9). Therefore, it could be assumed that despite the
insect-resistant features, decreased expression of the two enzymes may weaken the abiotic
stress resistance of transgenic plants. To test this hypothesis, future experiments could be
conducted to assess the performance of the transgenic plant under abiotic stress conditions.

Alanine aminotransferase 2-like belongs to the pyridoxal phosphate multigene family,
and it may help in regulating carbon and nitrogen metabolism in plant cells [42]. A decrease
in the expression of alanine aminotransferase 2-like in transgenic oilseed rape (GT1 or GT9)
may impact the relevant physiological metabolism and reduce resistance to anti-anoxia and
pathogens. Glutamine synthetase (GS) is an important enzyme involved in the assimilation
of inorganic nitrogen into organic forms in higher plants [43]. Salt stress induced glutamine
synthetase activity in the roots and the leaves of Trigonella foenum-graecum L. plants. [44].
GS2-cosuppressed rice plants exhibited a poor plant growth phenotype and a poor nitrogen
transport ability [45]. Six genes encoding GS-protein were found and identified from the
transcriptome data of the asparagus (Gracilaria lemaneiformis L.) genome [46]. In this study,
increased expression of GS in transgenic oilseed rape (GT1 or GT9) could enhance the
regulation of nitrogen metabolism and improve salt tolerance in transgenic plants.

Ribosomal protein L11 is a highly conserved protein located at the base of the L7/L12
stalk of the ribosome, and is mainly involved in promoting ribosomal RNA folding during
protein synthesis [47]. Expression of ribosomal protein L11 in transgenic oilseed rape
(GT1 and GT9) increased, likely due to the synthesis of the Bt protein, which requires
the participation of a large number of ribosomes. Cis-zeatin-O- glucosyltransferase may
stimulate the activity of cytokinins in plants, thereby regulating a series of physiological
and biochemical processes (e.g., stimulating growth, retarding senescence and plant stress
resistance) [48]. Upregulated expression of cis-zeatin-O- glucosyltransferase in the leaves
of transgenic oilseed rape could delay plant senescence to a certain degree and improve the
production of transgenic oilseed rape.

In this study, owing to the insertion of the Bt gene, changes in the transgenic oilseed
rape leaf proteome were detected, and these changes played important roles in processes
such as energy conversion, protein transport and metabolism. These results provided
useful information for further illuminating the potential effects of transgenic oilseed rape
on human health and environment. Our study inferred that exogenous DNA in a host
oilseed rape genome might affect plant photosynthesis, which requires further study.
Incidental differences among differences in transgenic-line-associated, photosynthesis-
related proteins may have effects on other plant traits, such as biomass production and
chlorophyll concentrations, even though no differences were observed here (data not
shown). Although there were some unintended protein variations in transgenic oilseed
rape leaves, there were no obvious functional proteomic changes produced in the oilseed
rape leaf proteome. This study presented a well-established relationship between the
identified proteins in transgenic oilseed rape via MS/MS and the databases. The role of
each identified protein was curated. The proteins identified in this study were not unique to
oilseed rape, but are common among plants. Hence, the identified differences are deemed
to not be novel or hazardous, and no significant change in proteomes was found. As
such, these transgenic oilseed rape lines likely have no non-target effects in the proteomes.
Further works should focus on the safety issues that were solely caused by the expression
of Bt Cry1Ac toxin.

In summary, the differential expression of total protein in transgenic oilseed rape was
compared using a proteomic approach. Twelve upregulated expressed protein spots and
three downregulated protein spots were analyzed and identified. Those protein spots in
oilseed rape leaves that related to energy conversion, protein transport, and metabolism
may be affected by the transgenic procedure. The results showed that some unintended
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protein variations, due to the transformation of foreign transgenes in oilseed rape leaves,
may not be biologically significant. However, further confirmation of the safety implications
of the changes must be considered in risk assessment, especially under environmental
change conditions.

4. Materials and Methods
4.1. Plant Materials and Planting

The following three plant types were used in this study: Brassica napus ‘Westar’ (non-
transgenic maternal parent) and GT1 and GT9 (two transgenic B. napus lines). B. napus
Westar, a spring-type oilseed rape, was transformed with genetically linked GFP and the Bt
(Cry1Ac) gene regulated by independent CaMV 35S promoters in the pSAM12 plasmid [49],
and two of the GFP/Bt transformed lines (GT1 and GT9) were used in this current study.

Greenhouse experiments of three biological replicates were conducted at the Institute
of Botany, Chinese Academy of Sciences, Beijing, China. The three types of plants were
grown in plastic basins in the greenhouse. The potting mix consisted of vermiculite, peat
moss and clay soil in the proportion 1:1:1 (v:v). The plants were cultured for 16 h of
supplemental light per day at a temperature ranging from 18 to 25 ◦C. The leaves in four to
five-leaf stages were selected as experimental materials.

4.2. Protein Extraction and Quantification

Proteins were extracted from the top expanded leaves of the two transgenic lines
and the non-transgenic B. napus using the method described by Joosen et al. [50]. The
presence of transgenes was confirmed by PCR with specific primers (Cry1Ac transgene:
5′-ATTTGGGG-AATCTTTGGTCC-3′ and 5′-ACAGTACGGATT-GGGTAGCG-3′; GFP gene:
5′-TACCCAGATCATATGAAGCGG-3′ and 5′-TTGGGATCTTTCGAAA GGG-3′) for Bt and
GFP transgenes at the 4–5 leaf stage at 4 weeks after seed germination [49]. After 1 g of the
leaf was ground up in a mortar with liquid nitrogen, proteins were extracted using 10 mL
of extraction buffer (10% w:v trichloroacetic acid/acetone, 0.07% w:v DTT), depolymerized
using lysis buffer (7 M urea, 2 M thiourea, 4% w:v CHAPS, 1 mM PMSF, 50 mM DTT, 0.5%
w:v Triton X-100, and 0.5% v:v IPG-buffer) and subsequently measured using the Protein
Quantification Kit by Bradford method (Beijing Boling Kewei Bio-Technique Co., LTD,
Beijing) using BSA (- Sigma-Aldrich. Inc., Beijing) as the standard [51].

4.3. 2D Gel Electrophoresis

The 10 mg protein sample was mixed with 200 µL of isoelectric focusing buffer
(7 M urea, 2 M thiourea, 4% w:v CHAPS, 50 mM DTT, 0.5% v:v IPG-buffer and 0.001% w:v
bromophenol blue) and loaded onto 18 cm IPG linear dry strips (pH 3–10). After passive
rehydration for 14 h, the strips were focused using the Protean Isoelectric Focusing System
(Bio-Rad), and the following program was used: 2 h at 50 V, 1 h at 100 V, 1 h at 200 V, 1 h at
500 V, 1 h at 1000 V, 5 h of a linear gradient to 8000 V and 5 h at 8000 V [50].

The strips were equilibrated at room temperature for 15 min in the equilibration so-
lution (6 M urea, 0.375 M Tris-HCl [pH 8.8], glycerol, 2% SDS with 1% DTT, and 0.001%
bromophenol blue, followed by carboxymethylation with 2.5% iodoacetamide). The equi-
librated strips were run on 12.5% SDS polyacrylamide gels at 5 mA/gel for 45 min and
20 mA/gel for 4–6 h until the dye front reached the bottom of the gel. Proteins were
visualized using Coomassie Brilliant Blue G-250 staining after 1 h of protein fixation in a
solution containing 40% ethanol and 10% acetic acid. Destaining was performed with the
same fixing solution for 1 h, followed by 5 washes with water.

4.4. Image and MS Analysis

Well-separated gels of the three independent biological replicates were used for pro-
teomic comparisons. The gels were scanned with the UMAX Power Looker 2100XL Scanner
(Shiqun International Trading Co., Ltd., Shanghai, China) and analyzed for proteome differ-
ences. Progenesis Samespots DIGE enable (v4.5) visual tools (CloudScientific Technology
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Co., Ltd., Shanghai, China) were used for image analysis, spot detection, matching between
gels and normalization. Three biological repeats for each sample were examined, and the
results were shown in average ± SD (n = 3). Spots of interest were manually excised from
the Gel Analysis Program (GAP) stained 2DE gels.

Protein spots with significant changes were analyzed using matrix-assisted laser
desorption/ionization-time of flight mass spectrometry (MALDI-TOF-MS) [52]. Spots were
considered reproducible if they were detected in all the biological replicates. Protein spots
were considered to be differentially accumulated when the change was more than 1.5-fold
with statistically significant differences (p < 0.05) [23].

Protein identification was performed by searching for MS and MS/MS data in the
National Center for Biotechnology Information (NCBI) databases using a built-in Mascot
server (V2.1, Matrix Science, London, UK). Proteins were identified using a minimum of
two MS/MS spectra matching the databank sequence. All identifications were manually
validated. The search parameters were used as follows: trypsin was selected as the digestive
enzyme, carbamidomethylation of cysteine as a fixed modification, oxidation of methionine
as a variable modification, 100 ppm mass tolerance for precursor ions, 0.2 Da of peptide and
fragment mass tolerance and one missed cleavage. The proteins for which the Mascot scores
were more than threshold score 55 were considered to be reliably identified (p < 0.05).

Author Contributions: Conceptualization, W.W.; formal analysis, M.Z. and Z.-J.G.; resources,
C.N.S.J.; investigation, M.Z. and Z.-X.T.; writing, Z.-J.G., M.Z., C.N.S.J. and W.W.; supervision,
W.W. and C.N.S.J.; funding acquisition, W.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by “National Natural Science Foundation of China (NSFC) grant
(grant number: 31370357)”, “The Biodiversity Investigation, Observation and Assessment Program
(2019-2023) of the Ministry of Ecology and Environment of China”, “The Natural Science Foundation
of Shanxi Province, China, grant number: 202203021211111” and “The Yuncheng University Scientific
Research Projects, grant number: XK-2021006, XKX-202206, CXY-202212E278”.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank the three anonymous reviewers whose comments/suggestions helped
improve and clarify this manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Fu, X.; Ying, Y. Food safety evaluation based on near infrared spectroscopy and imaging: A Review. Crit. Rev. Food Sci. 2016, 56,

1913–1924. [CrossRef] [PubMed]
2. Boqvist, S.; Söderqvist, K.; Vågsholm, I. Food safety challenges and one health within Europe. Acta Vet. Scand. 2018, 60, 1.

[CrossRef] [PubMed]
3. Satoh, R.; Nakamura, R.; Komatsu, A.; Oshima, M.; Teshima, R. Proteomic analysis of known and candidate rice allergens

between non-transgenic and transgenic plants. Regul. Toxicol. Pharm. 2011, 59, 437–444. [CrossRef] [PubMed]
4. Oboa, B.; Doicd, F.; Jop, E. Transgenic plant-mediated phytoremediation: Applications, challenges, and prospects. In Assisted

Phytoremediation; Vimal, P., Ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2021; pp. 179–202.
5. Kumar, K.; Gambhir, G.; Dass, A.; Tripathi, A.K.; Singh, A.; Jha, A.K.; Yadava, P.; Choudhary, M.; Rakshit, S. Genetically modified

crops: Current status and future prospects. Planta 2020, 251, 91–118. [CrossRef]
6. Sanchis, V. From microbial sprays to insect-resistant transgenic plants: History of the biospesticide Bacillus thuringiensis. A review.

Agron. Sustain. Dev. 2010, 1, 217–231. [CrossRef]
7. Ricroch, A.E.; Bergé, J.B.; Kuntz, M. Evaluation of genetically engineered crops using transcriptomic, proteomic, and metabolomic

profiling techniques. Plant Physiol. 2011, 155, 1752–1761. [CrossRef]
8. Herman, R.A. Unintended compositional changes in genetically modified (GM) crops, 20 years of research. J. Agric. Food Chem.

2013, 61, 11695–11701. [CrossRef]

https://doi.org/10.1080/10408398.2013.807418
https://www.ncbi.nlm.nih.gov/pubmed/24972267
https://doi.org/10.1186/s13028-017-0355-3
https://www.ncbi.nlm.nih.gov/pubmed/29298694
https://doi.org/10.1016/j.yrtph.2011.01.008
https://www.ncbi.nlm.nih.gov/pubmed/21300107
https://doi.org/10.1007/s00425-020-03372-8
https://doi.org/10.1051/agro/2010027
https://doi.org/10.1104/pp.111.173609
https://doi.org/10.1021/jf400135r


Plants 2023, 12, 2319 9 of 10

9. Kim, J.-K.; Park, S.-Y.; Lee, S.-M.; Lim, S.-H.; Kim, H.-J.; Oh, S.-D.; Yeo, Y.; Cho, H.-S.; Ha, S.-H. Unintended polar metabolite
profiling of carotenoid-biofortified transgenic rice reveals substantial equivalence to its non-transgenic counterpart. Plant
Biotechnol. Rep. 2013, 7, 121–128. [CrossRef]

10. De Schrijver, A.; De Clercq, P.; Maagd, R.A.; van Frankenhuyzen, K. Relevance of Bt toxin interaction studies for environmental
risk assessment of genetically modified crops. Plant Biotechnol. J. 2016, 13, 1221–1223. [CrossRef]

11. Narva, K.E.; Wang, N.X.; Herman, R. Safety considerations derived from Cry34Ab1/Cry35Ab1 structure and function. J. Invertebr
Pathol. 2017, 142, 27–33. [CrossRef]

12. ISAAA. Global Status of Commercialized Biotech/GM Crops in 2019: Biotech Crops Drive Socio-Economic Development and Sustainable
Environment in the New Frontier; ISAAA Brief No. 55; ISAAA: Ithaca, NY, USA, 2019.

13. Cao, D.; Stewart, C.N., Jr.; Zheng, M.; Guan, Z.-J.; Tang, Z.-X.; Wei, W.; Ma, K.-P. Stable Bacillus thuringiensis transgene introgression
from Brassica napus to wild mustard B. Juncea. Plant Sci. 2014, 227, 45–50. [CrossRef] [PubMed]

14. Liu, Y.-B.; Stewart, C.N., Jr.; Li, J.-S.; Wei, W. One species to another: Sympatric Bt transgene gene flow from Brassica napus alters
the reproductive strategy of wild relative Brassica juncea under herbivore treatment. Ann. Bot. 2018, 122, 617. [CrossRef] [PubMed]

15. Coll, A.; Nadal, A.; Rossignol, M.; Puigdomènech, P.; Pla, M. Proteomic analysis of MON810 and comparable non-GM maize
varieties grown in agricultural fields. Transgenic Res. 2011, 20, 939–949. [CrossRef] [PubMed]

16. Wang, Y.; Xu, W.; Zhao, W.; Hao, J.; Luo, Y.; Tang, X.; Zhang, Y.; Huang, K. Comparative analysis of the proteomic and nutritional
composition of transgenic rice seeds with Cry1ab/ac genes and their non-transgenic counterparts. J. Cereal Sci. 2012, 55, 226–233.
[CrossRef]

17. Gong, C.-Y.; Wang, T. Proteomic evaluation of genetically modified crops: Current status and challenges. Front. Plant Sci. 2013,
4, 41. [CrossRef]

18. Agapito-Tenfen, S.Z.; Vilperte, V.; Benevenuto, R.F.; Rover, C.M.; Traavik, T.I.; Nodari, R.O. Effect of stacking insecticidal cry and
herbicide tolerance epsps transgenes on transgenic maize proteome. BMC Plant Biol. 2014, 14, 346–352. [CrossRef]

19. Shukla, P.; Gautam, R.; Singh, N.K. A proteomic study of cysteine protease induced cell death in anthers of male sterile tobacco
transgenic plants. Physiol. Mol. Biol. Plants 2019, 25, 1073–1082. [CrossRef]

20. Jiang, Q.; Li, X.; Niu, F.; Sun, X.; Hu, Z.; Zhang, H. iTRAQ-based quantitative proteomic analysis of wheat roots in response to salt
stress. Proteomics 2017, 17, 1600265. [CrossRef]

21. Xue, K.; Yang, J.; Liu, B.; Xue, D. The integrated risk assessment of transgenic rice Oryza sativa: A comparative proteomics
approach. Food Chem. 2012, 135, 314–318. [CrossRef]

22. Sestili, F.; Paoletti, F.; Botticella, E.; Masci, S.; Saletti, R.; Muccilli, V.; Lafiandra, D. Comparative proteomic analysis of kernel
proteins of two high amylose transgenic durum wheat lines obtained by biolistic and Agrobacterium-mediated transformations.
J. Cereal Sci. 2013, 58, 15–22. [CrossRef]

23. Liu, Y.-B.; Zhang, Y.-X.; Song, S.-Q.; Li, J.-S.; Stewart, C.N., Jr.; Wei, W.; Zhao, Y.-J.; Wang, W.-Q. A proteomic analysis of seeds
from Bt-transgenic Brassica napus and hybrids with wild B. Juncea. Sci. Rep.-UK 2015, 5, 15480. [CrossRef]

24. Vidal, N.; Barbosa, H.; Jacob, S.; Arruda, M. Comparative study of transgenic and non-transgenic maize (Zea mays) flours
commercialized in Brazil, focusing on proteomic analyses. Food Chem. 2015, 180, 288–294. [CrossRef] [PubMed]

25. García-Molina, M.D.; Muccilli, V.; Saletti, R.; Foti, S.; Masci, S.; Barro, F. Comparative proteomic analysis of two transgenic
low-gliadin wheat lines and non-transgenic wheat control. J. Proteom. 2017, 165, 102–112. [CrossRef] [PubMed]

26. Liu, W.; Liang, L.; Zhang, Z.; Dong, M.; Jin, W. iTRAQ-based quantitative proteomic analysis of transgenic and non-transgenic
maize seeds. J. Food Compos. Anal. 2020, 92, 103564. [CrossRef]

27. Yang, Y.; Dai, L.; Zhu, K.; Xia, H.; Chen, L.; Liu, H.; Chen, K. Foreign protein detection in transgenic rice revealed by comparative
proteomic analysis. Crop. Sci. 2015, 552, 2225–2233. [CrossRef]

28. Bathellier, C.; Tcherkez, G.; Lorimer, G.H.; Farquhar, G.D. Rubisco is not really so bad. Plant Cell Environ. 2018, 41, 705–716.
[CrossRef] [PubMed]

29. Gulfishan, M.; Jahan, A.; Bhat, T.A.; Sahab, D. Plant senescence and organ abscission. In Senescence Signalling and Control in Plants;
Sarwat, M., Narendra Tuteja, N., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 255–272.

30. Tommasi, I.C. The mechanism of Rubisco catalyzed carboxylation reaction: Chemical aspects involving acid-base chemistry and
functioning of the molecular machine. Catalysts 2021, 11, 813. [CrossRef]

31. Salesse-Smith, C.E.; Sharwood, R.E.; Busch, F.A.; Kromdijk, J.; Bardal, V.; Stern, D.B. Overexpression of Rubisco subunits with
RAF1 increases Rubisco content in maize. Nat. Plants 2018, 4, 802–810. [CrossRef]

32. Li, W.; Qiang, X.-J.; Han, X.-R.; Jiang, L.-L.; Zhang, S.H.; Han, J.; He, R.; Cheng, X.G. Ectopic Expression of a Thellungiella salsuginea
aquaporin gene, TsPIP1;1, increased the salt tolerance of rice. Int. J. Mol. Sci. 2018, 19, 2229–2235. [CrossRef]

33. Zhao, B.; Huo, J.; Liu, N.; Zhang, J.; Dong, J. Transketolase is identified as a target of herbicidal substance α-terthienyl by
proteomics. Toxins 2018, 10, 41–43. [CrossRef]

34. Bi, H.; Li, F.; Wang, H.; Ai, X. Overexpression of transketolase gene promotes chilling tolerance by increasing the activities of
photosynthetic enzymes, alleviating oxidative damage and stabilizing cell structure in Cucumis sativus L. Physiol. Plant. 2018, 167,
502–515. [CrossRef] [PubMed]

35. Shi, J.; Wang, W.; Lin, Y.; Xu, K.; Xu, Y.; Ji, D.; Chen, C.; Xie, C. Insight into transketolase of Pyropia haitanensis under desiccation
stress based on integrative analysis of omics and transformation. BMC Plant Biol. 2019, 19, 475–491. [CrossRef] [PubMed]

https://doi.org/10.1007/s11816-012-0231-6
https://doi.org/10.1111/pbi.12406
https://doi.org/10.1016/j.jip.2016.07.019
https://doi.org/10.1016/j.plantsci.2014.06.018
https://www.ncbi.nlm.nih.gov/pubmed/25219305
https://doi.org/10.1093/aob/mcy096
https://www.ncbi.nlm.nih.gov/pubmed/29878055
https://doi.org/10.1007/s11248-010-9453-y
https://www.ncbi.nlm.nih.gov/pubmed/20972621
https://doi.org/10.1016/j.jcs.2011.12.004
https://doi.org/10.3389/fpls.2013.00041
https://doi.org/10.1186/s12870-014-0346-8
https://doi.org/10.1007/s12298-019-00642-y
https://doi.org/10.1002/pmic.201600265
https://doi.org/10.1016/j.foodchem.2012.04.042
https://doi.org/10.1016/j.jcs.2013.05.001
https://doi.org/10.1038/srep15480
https://doi.org/10.1016/j.foodchem.2015.02.051
https://www.ncbi.nlm.nih.gov/pubmed/25766830
https://doi.org/10.1016/j.jprot.2017.06.010
https://www.ncbi.nlm.nih.gov/pubmed/28625740
https://doi.org/10.1016/j.jfca.2020.103564
https://doi.org/10.2135/cropsci2014.11.0799
https://doi.org/10.1111/pce.13149
https://www.ncbi.nlm.nih.gov/pubmed/29359811
https://doi.org/10.3390/catal11070813
https://doi.org/10.1038/s41477-018-0252-4
https://doi.org/10.3390/ijms19082229
https://doi.org/10.3390/toxins10010041
https://doi.org/10.1111/ppl.12903
https://www.ncbi.nlm.nih.gov/pubmed/30548278
https://doi.org/10.1186/s12870-019-2076-4
https://www.ncbi.nlm.nih.gov/pubmed/31694541


Plants 2023, 12, 2319 10 of 10

36. Wang, L.; Wang, X.; Jia, X.; Huang, Q.; Tan, Y.; Guo, A. Comparative proteomics of Bt-transgenic and non-transgenic cotton leaves.
Proteome Sci. 2015, 13, 15–30. [CrossRef] [PubMed]

37. Hisabori, T. Regulation machineries of ATP synthase from phototroph. In Advances in Botanical Research; Hisabori, T., Ed.;
Academic Press: Cambridge, MA, USA, 2020; Volume 96, pp. 1–26.

38. Wang, F.-W.; Wang, C.; Sun, Y.; Wang, N.; Li, X.-W.; Dong, Y.-Y.; Yao, N.; Liu, X.M.; Chen, H.; Chen, X.-F.; et al. Overexpression of
vacuolar proton pump ATPase (V-H+-ATPase) subunits B, C and H confers tolerance to salt and saline-alkali stresses in transgenic
alfalfa (Medicago sativa L.). J. Integr. Agric. 2016, 15, 2279–2289. [CrossRef]

39. Jaarsma, R.; de Boer, A.H. Salinity tolerance of two potato cultivars (Solanum tuberosum) correlates with differences in vacuolar
transport activity. Front. Plant Sci. 2018, 9, 737–741. [CrossRef]

40. Costa, A.; Luoni, L.; Marrano, C.A.; Hashimoto, K.; Köster, P.; Giacometti, S.; De Michelis, M.I.; Kudla, J.; Bonza, M.C. Ca2+-
dependent phosphoregulation of the plasma membrane Ca2+-ATPase ACA8 modulates stimulus-induced calcium signatures.
J. Exp. Bot. 2017, 68, 3215–3230. [CrossRef]

41. Yadav, A.K. Role of plant Ca2+-ATPase in calcium homeostasis during development and stresses. In Calcium Transport Elements in
Plants; Upadhyay, S.K., Ed.; Academic Press: Cambridge, MA, USA, 2021; pp. 103–128.

42. Zhong, M.; Liu, X.; Liu, F.; Ren, Y.; Wang, Y.; Zhu, J.; Teng, X.; Duan, E.; Wang, F.; Zhang, H.; et al. FLOURY ENDOSPERM12
encoding alanine aminotransferase 1 regulates carbon and nitrogen metabolism in rice. J. Plant Biol. 2019, 62, 61–73. [CrossRef]

43. Wang, X.; Wei, Y.; Shi, L.; Ma, X.; Theg, S.-M. New isoforms and assembly of glutamine synthetase in the leaf of wheat (Triticum
aestivum L.). J. Exp. Bot. 2015, 66, 6827–6834. [CrossRef]

44. Ouerghi, Z.; Lachaâl, M.; Chebbi, M.; Ben Abdallah, S.; Amdouni, T.; Msilini, N. Does the source of nitrogen affect the response
of fenugreek plants to saline stress? In Agrochimica: International Journal of Plant Chemistry, Soil Science and Plant Nutrition of the
University of Pisa; Pisa University Press: Pisa, Italy, 2017; Volume 61, pp. 2283–5431.

45. Bao, A.; Zhao, Z.; Ding, G.; Shi, L.; Xu, F.; Cai, F. The stable level of glutamine synthetase 2 plays an important role in rice growth
and in carbon-nitrogen metabolic balance. Int. J. Mol Sci. 2015, 16, 12713–12736. [CrossRef]

46. Liu, X.; Zhang, Q.; Huan, Z.; Zhong, M.; Chen, W.; Du, H. Identification and characterization of glutamine synthetase isozymes in
Gracilaria lemaneiformis. Aquat. Bot. 2018, 146, 23–30. [CrossRef]

47. Hinck, A.P.; Markus, M.A.; Huang, S.R.; Grzesiek, S.; Kustonovich, I.; Draper, D.E.; Torchia, D.A. The RNA binding domain of
ribosomal protein L11: Three- dimensional structure of the RNA-bound form of the protein and its interaction with 23 S rRNA.
J. Mol. Biol. 2015, 274, 101–113. [CrossRef] [PubMed]

48. Shang, X.-L.; Xie, R.-R.; Tian, H.; Wang, Q.-L.; Guo, F.-Q. Putative zeatin O-glucosyltransferase OscZOG1 regulates root and shoot
development and formation of agronomic traits in rice. J. Integr. Plant Biol. 2016, 58, 627–641. [CrossRef] [PubMed]

49. Halfhill, M.D.; Richards, H.A.; Mabon, S.A.; Stewart, C.N., Jr. Expression of GFP and Bt transgenes in Brassica napus and
hybridization with Brassica rapa. Theor. Appl. Genet. 2001, 103, 659–667. [CrossRef]

50. Joosen, R.; Cordewener, J.; Supena, E.D.J.; Vorst, O.; Lammers, M.; Maliepaard, C.; Zeilmaker, T.; Miki, B.; America, T.;
Custers, J.; et al. Combined transcriptome and proteome analysis identifies pathways and markers associated with the establish-
ment of rapeseed microspore-derived embryo development. Plant Physiol. 2007, 144, 155–172. [CrossRef]

51. Ramagli, L.S. Quantifying protein in 2-D PAGE solubilization buffers. In 2-D Proteome Analysis Protocols. Methods in Molecular
Biology; Link, A.J., Ed.; Humana Press: Totowa, NJ, USA, 1999; Volume 112, pp. 99–103.

52. Li, X.-H.; Wu, X.-F.; Yue, W.-F.; Liu, J.-M.; Li, G.-L.; Miao, Y.-G. Proteomic analysis of the silkworm (Bombyx mori L.) hemolymph
during developmental stage. J. Proteome Res. 2006, 5, 2809–2814. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s12953-015-0071-8
https://www.ncbi.nlm.nih.gov/pubmed/25949214
https://doi.org/10.1016/S2095-3119(16)61399-0
https://doi.org/10.3389/fpls.2018.00737
https://doi.org/10.1093/jxb/erx162
https://doi.org/10.1007/s12374-018-0288-z
https://doi.org/10.1093/jxb/erv388
https://doi.org/10.3390/ijms160612713
https://doi.org/10.1016/j.aquabot.2018.01.006
https://doi.org/10.1006/jmbi.1997.1379
https://www.ncbi.nlm.nih.gov/pubmed/9398519
https://doi.org/10.1111/jipb.12444
https://www.ncbi.nlm.nih.gov/pubmed/26507364
https://doi.org/10.1007/s001220100613
https://doi.org/10.1104/pp.107.098723
https://doi.org/10.1021/pr0603093
https://www.ncbi.nlm.nih.gov/pubmed/17022652

	Introduction 
	Results 
	Comparative Proteomic Analysis of Transgenic and Non-Transgenic Bt Oilseed Rape Leaves 
	Identification and Functional Evaluation of the Differentially Expressed Proteins 

	Discussion 
	Materials and Methods 
	Plant Materials and Planting 
	Protein Extraction and Quantification 
	2D Gel Electrophoresis 
	Image and MS Analysis 

	References

