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Abstract
Winter Brassica rapa is an important oilseed crop in northern China, but the mechanism of its cold
resistance remains unclear. APX plays important roles in response of this plant to abiotic stress and in
scavenging free radicals. In this study, 59 DEPs were isolated and identi�ed from winter B. rapa and B.
napus using bidirectional electrophoresis, and APX was found to be differentially expressed in these two
species. Therefore, the roles of APX proteins in the cold response and superoxide metabolism pathways
in both rapeseed species were further investigated. And comprehensive analysis of phylogeny,
chromosome distribution, motif identi�cation, sequence structure, gene duplication, and RNA-seq
expression pro�le in APX gene family. Most of the BrAPX genes were speci�cally expressed under low
temperature stress and behaved signi�cantly differently in cold-tolerant and cold-sensitive varieties. qPCR
was also used to verify the differences in expression between these two varieties under cold, freezing,
drought and heat stress, and these candidate genes and proteins may play important roles in the
response of B. rapa to low temperature stress and provide new information for the elucidation of the cold
resistance mechanism in B. rapa.

Main Text
Chilling injury is an important abiotic factor affecting crop yield, quality and growing area, regulating crop
gene expression, protein levels and metabolites at the molecular level1. Proteins react directly in response
to plant stress, and changes can be observed during a plant's adaptation to stress2. Mass spectrometry
(MS)-based proteomics has become an important tool for unraveling the relationship between protein
abundance and plant response to stress3,4. Plant antifreeze protein (AFP) is a type of active antifreeze
substance that inhibits intracellular ice crystal formation and exerts an inhibitory effect on the size of ice
crystals that have already formed5,6. In 1992, Gri�th obtained and partially puri�ed AFPs for the �rst time
from atheroblasts of winter rye subjected to low temperature, pioneering the study of AFPs7. Analysis of
the apoplast proteins of B. rapa under low-temperature stress revealed β-1,3-glucanase, and the
expression of this gene was signi�cantly elevated under low-temperature stress8,9. This enzyme was also
found to be present in AFPs of winter rye and caused ice crystals to form10. Two-dimensional
electrophoresis (2-DE) and MS were used to identify a number of proteins expressed in response to NaCl
stress in Halogeton glomeratus that are involved in pathways such as photosynthesis, carbohydrate and
energy metabolism, and defense and response to adversity11. Comparative proteomic analysis of 9
developmental stages of cassava roots showed that three 14-3-3 isoforms were induced to phosphorylate
during storage root expansion, and transgenic veri�cation showed that 14-3-3 proteins and their binding
enzymes play an important role in carbohydrate metabolism and starch accumulation during cassava
root tuber formation12.

Cold stress leads plants to produce reactive oxygen species (ROS), including superoxide anions (O2-),
hydrogen peroxide (H2O2) and hydroxyl radicals (OH-), which destroy DNA and cellular components
through lipid peroxidation and protein oxidation. Most cold-tolerant plants have evolved antioxidant
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defense mechanisms to defend against excessive accumulation of these ROS substances, including
protective substances such as ascorbic acid, superoxide dismutase (SOD), catalase (CAT) and ascorbate
peroxidase (APX)13,14. APX belongs to the peroxidase superfamily in plants and plays an important role
in ROS scavenging pathways15,16. APX is a key enzyme in the ascorbate-glutathione cycle that has
evolved in plants to scavenge H2O2 from plant chloroplasts and the cytoplasm. It uses ascorbic acid as
an electron donor to scavenge H2O2 produced in plants and thereby improves resistance to oxidative

stress and enhances stress resistance17–19. The important role of the APX gene family in antioxidant
stress has now been demonstrated in a variety of plants. Nine APX and seven GPX members have been
identi�ed in sorghum, and RNA-seq and qPCR analysis showed that APX/GPX genes were signi�cantly
regulated under drought stress20. Antioxidant and cold resistance studies on transgenic cassava
coexpressing cytoplasmic MeCu/ZnSOD and MeAPX2 showed that SOD and APX expressed at high levels
in transgenic plants scavenged ROS and activated antioxidant defense mechanisms, thus improving
tolerance to cold stress21. A study of Arabidopsis revealed that the regulation of plastid APX could
transmit information on previous cold stress over time without the establishment of cold
adaptation22.Sato et al. cloned the promoter of the APXa gene from rice, found that it featured a
minimum heat shock factor binding motif 5’-nGAAnnTTCn-3’, located 81 bp upstream of the TATA box,
and con�rmed heat shock-mediated APX gene expression and protection against chilling in rice
seedlings23. However, there are few studies on APX regulation of cold acclimation in winter rapeseed.

Rapeseed is one of the major oil crops in China, and the yield and oil content of winter rapeseed from
northern China are higher than those of spring rapeseed and other oil crops24. Overwintering has been the
main factor limiting the development of winter rapeseed. In most regions in China north of 35 degrees
north latitude, extreme winter temperatures are below -20 °C, cumulative negative air temperature is less
than -500 °C, and winter rainfall is below 30 mm25,26. These severe cold and dry conditions, combined
with high winds and evaporation in the winter, cause most crops, except for winter wheat, to have
di�culty overwintering27. Breeding and production of winter B. rapa varieties solved the problem of
overwintering for winter oilseed crops and made northern cold and dry regions an important winter
rapeseed production region in China, thereby increasing cropping intensity and economic return. There
are signi�cant differences in cold tolerance and �eld performance between winter B. rapa and B. napus.
During the seedling stage, the belowground growth of B. rapa is vigorous, and the growth cone is buried
below the soil surface. B. napus also exhibits vigorous aboveground growth in the seedling stage, but the
growth cone is raised above the soil surface at this time, and belowground growth is less28,29. These
differences in seedling growth are likely related to differences in cold tolerance9.

In this study, 59 differentially expressed proteins (DEPs) were isolated and identi�ed in winter B. rapa and
B. napus using the 2-DE technique, and we found that APX was differentially expressed; therefore, we
performed further studies on APX proteins involved in the cold response and superoxide metabolism
pathways in these two winter oilseed species. We conducted a genome-wide identi�cation of 118 family
members of APX genes in B. rapa and performed a comprehensive analysis of their phylogeny,
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chromosome distribution, motif identi�cation, sequence structure and gene duplication. We also used
RNA-seq data to identify APX genes in B. rapa and B. napus expressed in response to cold stress and
qPCR data to validate the speci�c expression of these genes under cold stress and measured
physiological indicators to further corroborate these results. This study provides information on the
involvement of APX genes and their expressed proteins in the cold stress response in B. rapa, which will
help to further elucidate the mechanism underlying strong cold resistance in B. rapa.

Materials And Methods
Plant growth and cold treatments. 

Ultra-cold-resistant Longyou-7 (B. rapa L.) and weakly cold-resistant NTS-309 (B. napus L.) were grown in
a greenhouse at Gansu Agricultural University in Gansu Province, China. A total of 120 seeds were
surface-sterilized in 10% H2O2 (hydrogen peroxide) for 30 min, soaked in distilled water for 10 min, and
washed 3 times to remove H2O2. Seeds were germinated on two layers of wet �lter paper in a glass petri
dish and placed in a plant incubator (22/18 °C, day/night) for 2 days. Three uniform seedlings of each
cultivar were selected, with good growth condition and consistent growth stages, and transplanted to 15-
cm diameter seedling pots �lled with matrix and vermiculite (volume: volume, 3:1). At the six-leaf stage,
seedlings were moved into an arti�cial climate chamber for low-temperature treatments at 4 °C for 24 h. A
control treatment was prepared at 22 °C. The growth cone of each plant was collected after the treatment
was completed, rinsed with distilled water, blotted dry on �lter paper, dissected into approximately 5-mm
thick slices, frozen immediately in liquid nitrogen, and subsequently stored at -80 °C for further analysis.
Three independent experiments were performed as biological replicates. Two winter B. rapa varieties
(Longyou-7 and Lenox) were tested with qPCR while under abiotic stress. Cold, freezing and heat stress
treatments were carried out in incubators at 4 °C, -4 °C and 40 °C, respectively. Drought stress treatment
was applied by adding 200 ml of a nutrient solution containing 18% PEG6000 to the medium of each pot.
After treatment for 0 h (CK), 3 h and 24 h, the growth cones and leaves were collected according to the
method described above30.

Measurement of physiological indicators

Malondialdehyde (MDA) content was determined by the method of Hodges16, with some modi�cations;
10% trichloroacetic acid (TCA) and 0.6% thiobarbituric acid (TBA) were used to detect MDA. Plant tissue
enzyme extraction was performed using precooled 0.1 M sodium phosphate buffer (pH 7.0) and mortar
and pestle. CAT activity was calculated by measuring the decrease in absorbance at 240 nm with H2O2

(hydrogen peroxide)31. Peroxidase (POD) activity was measured as described by Mahan31. Superoxide
dismutase (SOD) was estimated according to the method developed by Gill32. Ascorbate peroxidase
(APX) activity was measured using the method described by Nakano33. Soluble sugar (SS) was
measured following Yemm34. The Bradford method, applying the principle of protein-dye binding, was
used to determine the soluble protein (SP) content35.



Page 6/37

Protein extraction, two-dimensional gel electrophoresis (2-DE) and image analysis

Total proteins were extracted according to the method described by Wang and Li11,36, with modifications.
The protein concentration for each temperature treatment was determined according to the method
described by Peterson, and bovine serum albumin (BSA) was used to map the protein standard curve37.

For isoelectric focusing (IEF) in the first dimension, protein samples were dissolved in hydrated buffer
with 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 65 mM DTT, 0.001% (w/v) bromophenol blue and 0.2%
(w/v) ampholytes (pH 4–7) (Bio-Lyte; Bio-Rad, Hercules, CA, USA). One thousand micrograms of each
protein sample was loaded into an IPG strip holder. Immobilized linear gradient strips (pH 4-7, 17 cm; Bio-
Rad) were rehydrated at 50 V for 14 h at 20 °C. Isoelectric focusing was performed using
EttanTMIPGphor3 (GE Healthcare) at 20 °C using a six-step process: 250 V for 1.5 h with a linear ramp,
500 V for 1.5 h with a linear ramp, 1000 V for 2.5 h with a celerity ramp, 10,000 V for 5 h with a linear
ramp, 10,000 V for 92,000 V-h with a celerity ramp, and 500 V for unspeci�ed time with a celerity ramp.
After IEF, the strips were incubated for 15 min in equilibration buffer I with 6 M urea, 2% sodium dodecyl
sulfate (SDS), 0.375 M Tris–HCl (pH 8.8), 20% glycerol and 130 mM DTT. The strips were then incubated
in equilibration buffer II with 6 M urea, 2% SDS, 0.375 M Tris–HCl (pH 8.8), 20% glycerol and 135 mM
iodoacetamide for 15 min.

Second-dimensional separation of proteins was performed on 12.5% polyacrylamide SDS gels using GE
Ettan DALTsix (GE Healthcare). Gels were stained with CBB G-250. The 2-DE gels were scanned using a
UMAX PowerLook 2100XL scanner (Power Company, Chinese Taipei). A total of 12 2-DE gels were
analyzed using PDQuest software (version 8.0.1, Bio-Rad). Changes greater than 2-fold in spots between
control and treatment samples were analyzed. Protein spots were selected for analysis only if the protein
spots were con�rmed to show consistent abundance levels in three independent sample sets38.

Protein identi�cation and functional analysis

Selectable repeatable protein spots were trypsinized for subsequent experiments39. MS and MS/MS data
for protein identi�cation were obtained by using a MALDI-TOF-TOF instrument (5800 proteomics
analyzer, Applied Biosystems). Instrument parameters were set using 4000 Series Explorer software
(Applied Biosystems). The MS spectra were recorded in re�ector mode in a mass range from 800 to 4000
with a focus mass of 2000. TOF/TOF calibration mixtures (AB SCIEX) were used to calibrate spectra to a
mass tolerance within 10 ppm. The MS spectra were processed using TOF-TOF Series Explorer software
(V4.0, AB SCIEX). At least 1,000 laser shots were typically accumulated with a laser pulse rate of 400 Hz
in MS mode, whereas in MS/MS mode, up to 2,000 laser shots were acquired with an average pulse rate
of 1,000 Hz. For MS calibration, autolysis peaks of trypsin were used as internal calibrates, and the most
intense ion signals (up to 10) were selected as precursors for MS/MS acquisition, excluding the trypsin
autolysis peaks and the matrix ion signals38,40.
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Peptide mass �ngerprinting (PMF) and MS/MS queries were performed using the MASCOT search engine
2.2 (Matrix Science, Ltd.) embedded into GPS-Explorer Software 3.6 (Applied Biosystems) on the B. rapa
 (downloaded in June 2017, 42868 sequences) and  B. napus (downloaded in June 2017, 63407
sequences) UniProt databases with the following parameter settings: 100 ppm mass accuracy, one
missed trypsin cleavage allowed, carbamidomethylation set as �xed modi�cation, oxidation of
methionine allowed as variable modi�cation, MS/MS fragment tolerance set to 0.4 Da. A GPS Explorer
protein con�dence index ≥ 95% was used for further manual validation41,42.

Functional information for the identi�cation of proteins was obtained using the NCBI
(http://www.ncbi.nlm.nih.gov/protein) and UniProt (http://www.uniprot.org) databases. Hierarchical
clustering of expression pro�les was performed with clustering software (version 3.0) using the self-
organizing tree algorithm (SOTA). Gene ontology (GO) analysis was performed by Blast2GO
(http://www.blast2go.com) using the GO annotation search tool and data from NCBI
(http://www.ncbi.nlm.nih.gov). The cellular locations of identi�ed proteins were predicted by PSORT
(http://psort.hgc.jp/). Protein pathway analysis was performed using KEGG
(http://www.genome.jp/kegg/pathway)43.

Identi�cation and analysis of peroxidase genes in B. rapa and B. napus

The HMM (hidden Markov model) �le of the peroxidase domain PF00141 was downloaded from the
Pfam database (http://pfam.xfam.org/)44, and the genome and protein sequences of B. rapa and B.
napus were downloaded from the Brassica database (BRAD) (http://brassicadb.org/brad/index.php)45.
First, the HMM pro�les corresponding to peroxidase domain sequences of B. rapa and B. napus were
constructed by HMMER 3.1 software (http://hmmer.org/download.html) with an E-value ≤1e-10 46, and
then SMART software (http://smart.embl-heidelberg.de)47, NCBI-CDD
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and the Pfam database were used to remove
redundant sequences and con�rm the obtained peroxidase proteins20,48–50. Finally, the �nal sequence �le
was manually selected and con�rmed for follow-up experiments. The basic physicochemical properties
of protein sequences were analyzed using the ExPasy site (http://web.expasy.org/protparam/)51.

Sequence analysis, structural identi�cation and phylogenetic classi�cation of BrAPX genes

The conserved motifs in the BrAPX sequence were identi�ed using the MEME tool (version 5.0.4,
http://alternate.meme-suite.org/tools/meme) with the following parameters: the maximum number of
motifs was set to 10, and the optimal motif width was 6 to 50 amino acid residues52. Exon-intron
structural information for the BrAPX genes was mapped using the Gene Structure Display Server
(GSDS2.0, http://gsds.cbi.pku.edu.cn/)53. Homologous sequence alignment of APX amino acid
sequences identi�ed in B. rapa and B. napus was performed using the ClustalW program54, and an
unrooted phylogenetic tree was generated using MEGA (version 7.0) by the neighbor joining (NJ) method
with 1000 bootstrap samples55,56.

http://pfam.xfam.org/
http://brassicadb.org/brad/index.php
http://smart.embl-heidelberg.de/
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Analysis of chromosomal distribution and gene duplication in B. rapa

Chromosomal position mapping of BrAPX genes was performed using MapChart software57. Analysis
and visualization of tandem duplication and segmental duplication between B. rapa and itself and B.
rapa and B. napus was accomplished using the Multiple Collinearity Scan toolkit (MCscanX)
(http://chibba.pgml.uga.edu/mcscan2/) and Circos (version 0.69)58,59. KaKs Calculator (version 2.0)
(https://sourceforge.net/projects/kakscalculator2/) was used to calculate synonymous (Ks) and
nonsynonymous (Ka) substitutions to further characterize the variation in the BrAPX genes60.

RNA isolation, quantitative real-time PCR and RNA-seq analysis

Total RNA was isolated using a SteadyPure Plant RNA Extraction Kit (Accurate Biotechnology, AG21019,
Hunan, China) following the manufacturer’s instructions and removing genomic DNA contamination. A
spectrophotometer (NanoVueTM Plus, Wilmington, DE, USA) was used to evaluate RNA concentration
and mass by determining the A260/A280 and A260/A230 ratios, respectively. First-strand cDNA was
synthesized with Evo M-MLV RT Premix (Accurate Biotechnology, AG11706, Hunan, China) according to
the instructions. qPCR was performed on an ABI QuantStudio 5 (Thermo, American) using the SYBR®
Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology, AG11718, Hunan, China) with primers
provided in Table S1. The qPCR reaction conditions were as follows: 30 s at 95 °C, followed by 40 cycles
of 5 s at 95 °C and 30 s at 60 °C, followed by 65-95 °C melting curve detection. The qPCR e�ciency of the
genes was obtained by analyzing the standard curve of cDNA gradient dilution, and the gene fragment
encoding B. rapa β-actin RNA was used as the internal control to normalize the amount of template
cDNA. Relative expression values for each gene were computed using the comparative 2- ΔΔCT method
with normalization to the internal control gene61,62.

An RNA-seq library (SRP179662) was derived from growth cones of B. rapa cultivars Longyou-7 (cold-
tolerant) and Lenox (cold-sensitive) under cold stress (22 °C as a control, and 4 °C for 3 h and 24 h)63.
Another RNA-seq library was derived from leaves of B. napus cultivars NTS-309 (cold-tolerant) and
Tianyou-2238 (cold-sensitive) under cold stress (25 °C as a control and 4 °C for 48 h)64,65. RNA-seq
means from the same gene in two samples were considered statistically signi�cant and a heat map was
drawn when there was a fold change greater than 2 and when the adjusted p-value was less than 0.0566. 

Statistical analysis

One-way analysis of variance and Duncan’s multiple range test were used to detect significant
differences among the means of the plant treatment groups using SPSS 19.0 statistical software (SPSS
Inc., Chicago, IL, USA). A p-value ≤ 0.05 was considered statistically significant. All results are
represented as the mean ± standard error of the mean of at least three replications.

Results
Comparison of morphological characteristics of winter rapeseed
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Plant height, aboveground fresh weight and aboveground dry weight of Longyou-7 were lower than the
values for NTS-309, but its root length, root diameter, belowground fresh weight, belowground dry weight,
and root-shoot ratio were signi�cantly greater than those of NTS-309 (Figure 1). The fresh weight and dry
weight of the underground part of Longyou-7 were 1.78- and 1.94-fold greater than those of TS-309,
respectively. The fresh weight and dry weight of TS-309 were 1.52- and 1.53-fold greater than those of
Longyou-7, respectively. The two types of winter rapeseed differed in dry matter during the seedling stage.
Nutrient accumulation of Longyou-7 seedlings was mainly in belowground tissue, and this could provide
nutrition needed for overwintering. Shoots of NTS-309 seedlings grew vigorously, but belowground
growth was weaker. In winter, the aboveground parts freeze, and the belowground parts store fewer
nutrients, which leads to a lower overwintering ability.

Analysis and comparison of the dynamic changes in physiological parameters

Peroxidase (POD), superoxide dismutase (SOD), soluble protein (SP), ascorbate peroxidase (APX) and
soluble sugar (SS) increased signi�cantly after application of cold stress (Figure 2). Under cold stress,
Longyou-7 exhibited higher POD, SOD, SP, APX and SS than did TS-309. After being subjected to cold
stress, levels of catalase (CAT) and proline (Pro) increased, and these quantities were higher for Longyou-
7 than for TS-309. These results indicate that Longyou-7 features strong cold resistance and high ability
to scavenge ROS. The content of malondialdehyde (MDA) is an important index that directly re�ects
damage to plant cell membranes67. During cold stress, MDA was lower for Longyou-7 than that of TS-
309, indicating that the enzyme system of Longyou-7 is better able to resist cold stress and reduce
damage.

Clustering and comparison of changes in protein expression patterns by 2-DE in winter rapeseed under
cold stress

After sequencing mass spectrometry, 29 different protein spots were successfully matched for Longyou-7
(Figure 3, Figure S1, and Table S2-S3), with 24 samples having protein scores with con�dence intervals
greater than 95%. The �rst category for Longyou-7 contained 11 high-abundance proteins expressed
under cold treatment, including pathogenesis-related protein 5-like (spot 2), Kunitz-type serine protease
inhibitor (spots 5, 6 and 11), L-ascorbate peroxidase 1 (spot 14), and superoxide dismutase [Cu-Zn] (spot
20). The second category contained 13 low-abundance proteins expressed under cold treatment,
including probable fructokinase-1 (spot 16) and S-adenosylmethionine synthase (spot 25) (Figure 4-A).
Thirty different protein spots were screened from TS-309 after sequencing mass spectrometry, and the
protein score con�dence intervals exceeded 95% in 25 samples (Figure 3, Figure S1, and Table S4-S5).
The �rst class of NTS-309 consisted of 4 proteins expressed in low abundance under cold treatment and
not expressed under normal temperature treatment Kunitz trypsin inhibitor 1-like (spots 24, 30), and RNA-
binding protein CP29B (spots 2, 9) not expressed under cold treatment. The second category contained
17 high-abundance proteins expressed under cold treatment, including bifunctional enolase
2/transcriptional activator (spot 6), L-ascorbate peroxidase 1 (spot 15, 25), superoxide dismutase [Cu-Zn]
(spot 18), glutathione S-transferase DHAR1 (spot 27), and Kunitz-type serine protease inhibitor (spots 11,
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13, and 19) (Figure 4-C). The expression levels of the proteins detected in the low temperature treatment
were compared, indicating that APX, PR, KTSPI and SOD appeared in higher abundance as protein spots
after cold stress in Longyou-7.

Identi�cation and functional pathway analysis in winter rapeseed under cold stress

Proteins detected in Longyou-7 were classi�ed into three categories: biological processes, molecular
function, and cellular components, which accounted for 33.64, 33.64, and 32.72% of the total,
respectively (Figure 4 A-C). Results of mass spectrometric protein analysis showed that soluble inorganic
pyrophosphatase 6 (spot 7), L-ascorbate peroxidase 1 (spot 14), and S-adenosylmethionine synthase
(spot 25) participate in the response to temperature stimulus pathway, and the Kunitz-type serine
protease inhibitor DrTI-like (spot 5) is involved in the response to hydrogen peroxide pathway.
Pathogenesis-related protein 5-like (spot 2) participates in the defense response, superoxide dismutase
[Cu-Zn] (spot 20) is related to the removal of superoxide radical pathway, and fructose kinase-1 (spot 16)
is involved in the glucan metabolic process.

Proteins detected in NTS-309 were classi�ed into three categories: biological processes accounted for
33.64%, molecular function accounted for 36.36% and cellular components accounted for 30% (Figure 4
D-F). Results of mass spectrometric protein analysis showed that RNA-binding protein CP29B (spot 2),
bifunctional enolase 2/transcriptional activator (spot 6), Kunitz trypsin inhibitor 1-like (spot 24), and L-
ascorbate peroxidase 1 (spot 15) are involved in the response to cold pathway. Superoxide dismutase
[Cu-Zn] (spot 18) was found to be involved in the superoxide metabolic process, and glutathione S-
transferase (spot 27) was found to participate in the L-ascorbic acid metabolic process.

Using KEGG pathway identi�cation of proteins retrieved from the database, the 19 proteins from
Longyou-7 were annotated and were found to be involved in 19 metabolic pathways. The 29 proteins
identi�ed in NTS-309 were annotated and were involved in 18 metabolic pathways (Figure 5 A-B). Venn
plot analysis illustrates the number of differentially expressed proteins and the overlap of these proteins
between two cultivars of winter oilseed. Six common proteins were detected under cold stress in two
types of winter oilseed: cysteine protease inhibitor WSCP, nucleoside diphosphate kinase 1, L-ascorbate
peroxidase, superoxide dismutase [Cu-Zn], chloroplast ribulose 1,5-bisphosphate carboxylase/oxygenase
small subunit and CBS domain-containing protein CBSX3 (Figure 5 C).

Identi�cation, chromosomal distribution, and classi�cation of BrAPX genes

The identi�cation of APX genes in B. rapa and B. napus was completed using HMM searches with the aid
of the BRAD genome database. These proteins were identi�ed as having the reported peroxidase
domains after sequence analysis using the SMART, CDD, Pfam and InterProScan tools. Finally, 118 and
221 candidate APX genes were obtained for B. rapa and B. napus, respectively. BrAPX amino acid residue
lengths ranged from 250 aa (Bra030706) to 723 aa (Bra011683), isoelectric point (pI) values ranged from
4.40 (Bra036445) to 10.78 (Bra019132), and molecular weights ranged from 27.39 kDa (Bra017830) to
80.97 kDa (Bra011683) (Table S6). We mapped the chromosomal locations of the APX genes in B. rapa
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(Figure 6), with most genes located on chromosomes A1 (16 genes), A2 (18 genes), A3 (18 genes) and A9
(15 genes), followed by chromosome A10 (12 genes) and chromosomes A4, A5, A6, A7 and A8 with 7, 6,
9, 10 and 7 genes, respectively, indicating that APX genes are more widely distributed in the B. rapa
genome.

To further investigate the evolutionary relationship of APX proteins in B. napus and B. rapa, a rootless
neighbor-joining (NJ) phylogenetic tree was constructed with APX protein sequences of B. napus and B.
rapa to explore the reasons for their cold resistance (Figure 7). APX was clustered into 13 subfamilies (I-
XIII) based on sequence similarity and topological structure. Subfamilies IV and VIII contain only 8 and 6
family members; in particular, two proteins identi�ed by our mass spectrometry (Bra018677 and
BnaC05g05550D) were clustered in the same subfamily. In addition, we subjected the 118 BrAPX
members to unrooted developmental tree construction, dividing these members into 14 subclasses, with
cluster X and cluster XIII each containing one member (Figure 8-A).

Conserved motifs and structure of BrAPX genes

Intron-exon structural models of the APX genes were generated through the GSDS server and revealed
that the numbers of introns and exons in the APX gene were 10-1 and 9-0, respectively (Figure 8-B and
Table S6). Subfamily XIV had the highest number of introns (Bra015668, 9; Bra013053, 8; Bra017686, 8;
Bra030706, 7; Bra018677 8; Bra031598, 5), subfamily XII had the lowest number of introns (Bra039059, 0;
Bra033040, 0; Bra025604, 0; Bra024635, 0; Bra040175, 0; Bra022090, 0; Bra024972, 1), and subfamily III
contained nine introns in the gene (Bra011683). The exon-intron structures of these genes distributed in
the same cluster are highly conserved.

The MEME server was used to predict the motifs of BrAPX proteins, and a total of 10 widely-distributed
conserved motifs were identi�ed (Figure 8-C). Motif 2, motif 4, and motif 6 were widely present in 118
APX proteins, with motif 2 containing 50 amino acids, motif 4 containing 48 amino acids, and motif 6
containing 41 amino acids, indicating that these motifs have been functionally conserved during
evolution (Table S7). Also, motif 1 and motif 7 were also present in half of the APX proteins, containing
42 and 29 amino acids, respectively. This suggests that these motifs represent conserved motifs and
functional domains of the APX protein family in B. rapa.

Conserved motif distribution of BrAPX proteins; differently colored boxes represent the 10 conserved
domains identi�ed.

Gene duplication and genomic collinearity in B. rapa

Tandem duplication and segmental duplication events in the B. rapa and B. napus genomes were studied
using MCScanX software (Figure 9 and Table S8). No tandem duplication events were identi�ed in the B.
rapa and B. napus APX gene families; subsequently, we identi�ed 62 segmental duplications in B. rapa
and 193 segmental duplications in B. napus, and these segmental duplications were in 90 genes each in
the B. napus A and B genomes. These results suggest that APX genes may have arisen through gene
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duplication and that segmental duplication events have played an important role in their evolution. To
further explore the potential evolutionary processes of the APX gene family in Brassica, a covariance map
of B. rapa and B. napus was constructed, showing that 268 APX homologous sequences are shared
between B. rapa and B. napus, suggesting that there may be substantial similarities in the molecular
functions of APX between the two species and that differences in resistance may be due to differences in
a few genes. In addition, we calculated Ka/Ks values for BrAPX genes, and all pairs of segmentally
duplicated BrAPX genes had Ka/Ks values <1, indicating that most of these genes evolved under
purifying selection (Figure 9-D and Table S8).

Expression of APX genes in B. rapa and B. napus under cold stress

To investigate the expression patterns of BrAPX genes under cold stress, RNA-seq expression in growth
cones were analyzed for B. rapa varieties differing in cold resistance, and heatmaps were drawn based on
their protein evolutionary relationships (Figure 10-A and Table S9). The results showed that the �ve
BrAPX genes (Bra003918, Bra017120, Bra022195, Bra001084, and Bra024268) were highly expressed in
cold-tolerant varieties and were more highly expressed at 24 h than at 3 h of cold stress but were all
downregulated in cold-sensitive varieties. Expression levels of the four genes (Bra012061, Bra040175,
Bra026470, Bra039872) were higher in the cold-sensitive variety than in the cold-tolerant variety at 24 h of
cold stress. There were 21 and 12 genes signi�cantly upregulated in cold-tolerant varieties at 3 h and 24 h
under cold stress, respectively, and 8 and 5 genes upregulated in cold-sensitive varieties at 3 h and 24 h
under cold stress, respectively. Most of the BrAPX genes were downregulated or not signi�cantly
expressed. Similarly, we selected cold-tolerant and cold-sensitive winter B. napus RNA-seq expression
pro�les under cold stress to further analyze the expression patterns of BnAPX genes. We used the same
method to draw the expression heatmap of BnAPX for leaves under cold stress (Figure 10-B and Table
S9). The results showed that the expression of 28 genes was signi�cantly higher in cold-tolerant varieties
than in cold-sensitive varieties at 24 h of cold stress and that some genes (BnaC03g28220D,
BnaA02g02520D, and BnaC09g48860D) were signi�cantly upregulated in cold-tolerant varieties and
signi�cantly downregulated in cold-sensitive varieties. The expression of 48 genes was signi�cantly
higher in cold-sensitive varieties than in cold-tolerant varieties at 24 h of cold stress, and 38 of these
genes were signi�cantly upregulated in cold-sensitive varieties and signi�cantly downregulated in cold-
tolerant varieties. In addition, we found that most APX genes were downregulated in winter B. napus.

We selected 10 differentially expressed BrAPX genes from the RNA-seq data for qPCR analysis and
showed that the qPCR expression pattern of BrAPX genes in winter B. rapa growth cones under cold
stress was consistent with the RNA-Seq dataset with high linearity (y = 1.029x + 0.241, R2 = 0.876). In
addition, the expression patterns of the 10 BrAPX genes in winter B. rapa leaves under cold stress tended
to be consistent with those in growth cones (Figure 11).

Expression patterns of APX genes in B. rapa under abiotic stress
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            To further investigate the expression pattern of these 10 APX genes differentially expressed under
cold stress under other abiotic stresses, we performed qPCR analysis on these two varieties under heat
(40 °C), PEG (PEG6000, 18%), and freezing (-4 °C) stress conditions for 3 h and 24 h (Figure 12). Five APX
genes (Bra035235, Bra003918, Bra033040, Bra017120, and Bra031934) were signi�cantly expressed in
cold-tolerant varieties under freezing stress and were more highly expressed than in cold-sensitive
varieties. The expression of these genes was higher in growth cones than in leaves, suggesting that cold-
tolerant varieties of growth cones have an important role in cold resistance. When leaves wilted after the
cold overwintering period in northern China, these results were also shown during cold stress. After 24 h
of simulated drought stress, Bra035235 and Bra017120 were signi�cantly upregulated in Longyou-7 and
Lenox growth cones, and levels were higher in Longyou-7 than in Lenox, while Bra031934 was
signi�cantly upregulated in Longyou-7 growth cones and not signi�cantly expressed in Lenox. Under heat
stress, Bra035235, Bra003918, Bra015403, Bra033040 and Bra031934 were signi�cantly upregulated in
growth cones and leaves of both species, with higher expression in Longyou-7 than in Lenox. The
expression of the Bra017120 gene in Longyou-7 growth cones was higher than that in Lenox growth
cones. The results showed that winter B. rapa leaves were more susceptible to heat stress, and cold-
tolerant varieties may additionally have stronger heat tolerance. In summary, the Bra035235, Bra003918,
Bra033040, Bra017120 and Bra031934 genes are closely related to the abiotic stress response in winter
B. rapa and deserve further study.

Discussion
Overwintering determines the cold resistance of winter rapeseed, and the high wintering capability of B.
rapa is re�ected in growth cone depression during seedling growth. Compared with B. napus, B. rapa is
better able to resist the damage and death caused by extremely low temperature weather64. Due to the
damage and death caused by the weather, the growth cone of B. napus is prominent, and the seedlings
stand upright. In winter, in windy weather, stems can easily be killed by frostbite, resulting in reduced
yields. During vegetative growth stages, dry matter accumulation of B. rapa was mainly concentrated
belowground, photosynthetic organic products were preferentially distributed and transported
belowground, and the aboveground portion of winter rapeseed died during the overwintering period. The
metabolic energy needed for overwintering is supplied by roots, and su�cient dry matter accumulation by
the strong cold-resistant varieties guarantees availability of energy for winter65. These cold conditions
produce ROS that are controlled and scavenged by APX family genes such as APX, which form the �rst
line of defense against ROS. APX is known to be involved in a variety of abiotic stress-related responses,
but information for the complete characterization of the APX gene family in B. rapa has not yet been
reported. The availability of a study of the whole genome sequence description of APX in B. rapa could
help further explain the mechanism underlying its strong cold resistance and be further used to improve
cold resistance and �eld yields in other winter crops, such as B. napus.

The APX gene family contains important information on the evolution and origin of B. rapa
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            APX (EC, 1.11.1.11) belongs to the peroxidase (PF00141) family, is considered to be a key enzyme
in H2O2 elimination, and plays a critical role in plant growth and development and in response to

adversity14,68. This class I peroxidase catalyzes the conversion of H2O2 to H2O and O2 using ascorbic

acid as a speci�c electron donor69. The detoxi�cation of H2O2 by APX is a series of reactions catalyzed
by monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) and glutathione
reductase (GR). Together, these reactions form one of the most important antioxidant systems in plants,
the ascorbate-glutathione or Halliwell-ASADA cycle. In this cycle, ascorbate and glutathione are used as
reducing substrates for the scavenging of H2O2 and are ultimately cycled at the expense of ATP and

NAD(P)H70. According to the phylogeny of 74 reported APX members in many plants, they can be divided
into four subfamilies, and the subcellular localization of these members may be different71. Genome-
wide identi�cation of APX has now been carried out in crops such as sorghum and cotton and has
provided information on the responses of some members to abiotic stresses20,68. In this study, 118 APX
genes were identi�ed in B. rapa, and comparison of the results with the B. napus APX gene family letters
revealed that the A genome had signi�cantly fewer APX members than did the A and C genomes and that
APX is closely linked evolutionarily between these two species72. These genes in B. rapa were divided into
14 subfamilies with highly consistent phylogenetic classi�cation and intron-exon structural information
(Figure 8), with low homology and functional domains in the different APX subfamilies, indicating that
the BrAPX families are highly divergent in origin and functional evolution, similar to the �ndings in cotton.

            Tandem duplication and segmental duplication contribute to the expansion of new gene family
members and novel functions in the evolution of plant genomes73,74. The results of this study show that
there have been no tandem duplication events in the APX gene family of B. rapa, 62 segmental
duplication events have occurred, and that most of the BrAPX gene segmental duplications are clustered
on chromosomes A1, A2, and A3. In B. napus, we also found greater numbers of segmental duplications
on chromosomes A1, A2, and A3. This suggests that segmental duplication events have played an
important role in the evolution of the BrAPX genes66. As a result of duplication events, some members
have been able to evolve to acquire new functions to enhance their resistance or have become
pseudogenes and lost their original functions75. Gene duplication has built a large library of functional
genes, enabling B. rapa to adapt to different environments.

The peroxidase family of winter B. rapa responded to cold stress

            Our previous studies have shown that the expression of peroxisome pathway genes in different
cold-resistant varieties of B. rapa differs under cold stress, and these differentially expressed genes are
closely related to cold resistance63,65. This study further analyzed the expression of the APX gene family
under cold stress. At 3 and 24 h of cold stress, Bra003918, Bra017120, Bra022195, Bra001084, and
Bra024268 were signi�cantly upregulated in the cold-tolerant variety Longyou-7, with Bra003918 3.71
and 4.32 times more highly expressed than in the weakly cold-resistant variety Lenox, respectively (log2-
fold), whereas it was not signi�cantly expressed in Lenox. (Figure 10-A and Table S9). We also found that
21 of the 45 upregulated genes were signi�cantly expressed in cold-tolerant varieties at 3 h of cold stress,
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and most of them were expressed more than in weakly cold-resistant varieties. Although the
downregulated genes in both cases were slightly different among individuals, the number of
downregulated genes was similar, and the number of differentially downregulated genes was much
greater than that of upregulated genes. This suggests that APX is activated early in cold stress, allowing
cold-tolerant varieties to establish defenses against H2O2 as early as possible76,77. Teixeira et al. revealed
the functional diversity of the APX gene in rice, pointing to its complementarity and coordination of
antioxidant defenses in different cellular compartments during developmental and abiotic stresses70.
These upregulated genes were distributed across 10 subclusters, with subcluster VIII having a higher
number of upregulated genes (Figure 8-A), which may be related to the functional diversity of the rape
APX family and the ability of these plants to cope with different environmental challenges78.

Drought has been reported to induce upregulation of APX gene expression patterns in sorghum leaves
and downregulation of the APX gene in roots, with most differentially expressed genes located in
chloroplasts, mitochondria and peroxisomes20. The analysis showed that drought stress caused
stomatal closure to reduce water loss and reduce the content of CO2 in leaves, thus promoting the
oxidation of RuBP and increasing the content of H2O2. The increase in photorespiration associated with
low carbon dioxide increases the electron pressure in mitochondria, thus promoting the production of
reactive oxygen species79,80. Since reactive oxygen species such as H2O2 are the main targets of APX
and GPX enzymes, it is reasonable to expect them to increase activity under drought stress. The main
reason for the decrease in APX/GPX expression in sorghum roots may be the change in the source-sink
relationship, and it has been noted that these differentially expressed genes may play an important role in
alleviating drought stress in sorghum20. APX was determined in this study to be differentially
upregulated, but its corresponding mRNA (Bra018677) expression was not signi�cant. APX metabolism
forms a complex network, and the concentration of a metabolite is regulated by the interaction of
multiple genes. Studies have shown that cotton GhAPX genes may perform multiple functions in the
regulation of cotton �ber development by H2O2 and phytohormones and that there is also a phenotype
consisting of duplicate enantiomers displaying different response pro�les, implying their functional and
regulatory diversity68. Other studies have shown that APX transgenic plants of Arabidopsis, potato, sweet
potato, cotton and other crops may perform a variety of functions during abiotic stress, with generally
elevated APX content and enhanced ability to eliminate reactive oxygen species76,81–83. In the present
study, we were surprised to �nd that the Bra035235, Bra017120 and Bra031934 genes were signi�cantly
upregulated under all four abiotic stress conditions, and this upregulation trend was more prominent in
the cold-tolerant varieties. It is well known that winter B. rapa is widely grown in northern China, and the
ecological conditions in this region are cruel. Winter B. rapa is subject to various abiotic adversities
throughout the reproductive period, and varieties with strong cold tolerance tend to display other types of
abiotic resistanc26,30. However, individual genes show opposite results under different abiotic stresses,
implying the complexity of the response of winter B. rapa to abiotic stresses.

Antioxidant proteins play an important role in the cold resistance of winter rapeseed
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After plants are subjected to cold stress, ROS accumulates and destroys the structure of cells15. In severe
cases, the excessive loss of water by cells leads to the death of the leaves84. At this point, the strength of
a plant's antioxidant capacity is directly re�ected in its ability to return the generated ROS to normal
levels85. In Longyou-7, superoxide dismutase [Cu-Zn] (spot 20) was involved in removal of superoxide
radicals, Kunitz-type serine protease inhibitor DrTI-like (spots 5, 6, and 11) was related to response to
hydrogen peroxide, L-ascorbate peroxidase 1 (spot 14) was involved in the L-ascorbic acid metabolic
process, and protein synthesis was upregulated for all of these genes under cold stress. We also
measured the activities of APX and SOD, which also increased signi�cantly at low temperature. In TS-309,
superoxide dismutase [Cu-Zn] (spot 18) and glutathione S-transferase DHAR1 (spot 27) participate in the
response to superoxide, L-ascorbate peroxidase 1 (spot 15 and 25) participates in the L-ascorbic acid
metabolic process, and Kunitz-type serine protease inhibitor DrTI-like (spot 11, 19, 24, and 30) is related to
the response to hydrogen peroxide. These proteins are upregulated or exhibit new protein spots under
cold stress. The results show that cold stress induced the expression of antioxidant enzyme genes in B.
napus and B. rapa and increased antioxidant protein and enzyme activity. However, the expression and
activity of antioxidant enzyme genes were higher in B. rapa than in B. napus after cold treatment, which
may be one of the reasons why B. rapa shows better cold resistance than B. napus. However, antioxidant
proteins of B. napus did not show lower expression abundance than those of B. rapa. Perhaps B. rapa is
more cold-resistant to certain kinds of antifreeze proteins.

At the physiological level, winter rape uses protective enzymes and regulatory substances to improve its
cold resistance. After winter rapeseed leaves were subjected to low temperature stress, oxygen free
radicals in the cells increased and cell structure was destroyed, and when the cells lost too much water,
the leaves died. At this time, protective enzymes are increasing, and oxygen free radicals in the cells are
effectively removed over time to alleviate damage caused by low temperature85,86. Increasing the content
of soluble protein reduces the damage caused by water loss from cells87. The content of soluble protein
in winter wheat at low temperature was positively correlated with its cold resistance88. Similarly, Zhang
reported a parallel relationship between cold resistance and the content of soluble sugar in plants89. Cold
injury forces membrane lipid peroxidation; increasing MDA accelerates membrane lipid peroxidation,
leading to leakage of electrolytes and reduction of cellular water potential, thereby destroying normal
metabolism in vivo90. APX can react to changes by transforming H2O2 into water and plays an important

role in removing ROS produced under environmental pressure91. The results of this study also showed
that protective enzymes, soluble substances, Pro and APX in winter Brassica leaves were elevated under
cold stress. The physiological condition the strongly cold-resistant Longyou-7 was better than that of the
weakly cold-resistant NTS-309, and the accumulation of MDA was lower.

Proteins associated with the response to cold pathway

Proteomics has been widely used in the study of plant responses to low-temperature stress and has
identi�ed many proteins associated with cold stress in sea buckthorn, Physcomitrella patens, wheat and
rice92–95. Cold shock initially increases cold resistance in most plants at nonfreezing temperatures; that
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is, during the process of cold stress, cold resistance increases96. Some of these accumulated proteins
 have already been under cold stress and are resistant to cold stress. SAM regulates ethylene synthesis,
changes the ethylene, polyamine and cyanide contents and affects plant stress resistance 38. DNA
methylation and histone methylation modi�cation also affect a plant's ability to resist environmental
stress97. Studies have shown that overexpression of the SAM gene in wild soybean increased resistance
to low temperature, drought, and salt tolerance in transgenic tobacco98. Plant pathogenesis-related (PR)
genes are generally induced to undergo transcriptional upregulation during pathogen infection99. At
present, there is evidence that PR genes also play an important role in the plant response to abiotic
stress100. Studies have shown that RNA-binding proteins play an important role in the cold acclimation of
plants. Arabidopsis GRP2- and RZ-1a-overexpressing strains have clear resistance to low-temperature101.
In this study, S-adenosylmethionine synthase (spot 25) was involved in the response to stress,
pathogenesis-related protein (spot 2) was involved in defense, and probable fructokinase (spot 16) was
involved in cellular glucan metabolic processes in Longyou-7. NTS-309 mass spectrometry revealed that
RNA-binding protein CP29B (spots 2 and 9) is involved in cold acclimation, and a bio-functional enolase
2/transcriptional activator (spot 6) participates in the response to the temperature stimulus.

Photosynthesis under cold stress

Chloroplast triosephosphate isomerase (spot 15), ribulose-1,5-bisphosphate carboxylase/oxygenase
small subunit (spots 22 and 23), and ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit
(spot 26) are involved in photosynthesis in Longyou-7. This study found that spots 15, 23, and 26 were
inhibited after cold stress, indicating that the photosynthetic apparatus of Longyou-7 was damaged in a
low-temperature environment and that photosynthetic proton transmission and photosynthetic
phosphorylation were inhibited by low temperature. In NTS-309, oxygen-evolving enhancer protein spot 8
and chloroplast ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (spots 17, 23, and 26)
were found to be involved in photosynthesis. After cold stress, Rubisco protein expression was enhanced.
Rubisco controls light �ux through the photosynthesis carbon reduction cycle to respond to short-term
changes in the environment. B. napus can normally carry out photosynthesis under cold stress, which
may be related to the strong growth of shoots during the seedling stage. When plants are subjected to
low-temperature signals, they can still maintain normal photosynthesis. Thus, when the belowground
portion of the plant is small at the onset of winter, leaves and roots will freeze to death in winter. B. rapa
features small shoots at the seedling stage and strong belowground growth, providing stable energy for
overwintering29. B. napus and B. rapa are regulated by different cold resistance mechanisms28.

Conclusions
In this study, 24 and 25 DEPs were identi�ed by bidirectional electrophoresis in B. rapa and B. napus,
respectively. GO analysis showed that these proteins are involved in the low-temperature response,
transcriptional regulation, ion stability, photosynthesis and ROS scavenging enzyme pathways, and APX
proteins were identi�ed by their differential expression. We then identi�ed 118 BrAPX genes from B. rapa
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and localized them unevenly to 10 chromosomes. The BrAPX proteins were classi�ed into 14 subclasses
based on their conserved structural domains and evolutionary relationships and were closely linked
evolutionarily to B. napus, with segmental replication events playing a major role. More than half of the
BrAPX genes were speci�cally expressed under low-temperature stress and differed signi�cantly among
varieties in cold resistance. We investigated the expression patterns of BrAPX genes in growth cones and
leaves of cold-tolerant and cold-sensitive varieties under freezing, drought and heat stress and identi�ed
�ve key genes that respond to abiotic stresses. In addition, we identi�ed a number of candidate genes
and candidate proteins that may play important roles in the response of B. rapa to low-temperature
stress. This work provides new ideas for the study of the involvement of the APX family in the molecular
mechanisms of cold resistance in winter B. rapa.
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Figure 1

Comparison of morphological characteristics of Longyou-7 and NTS-309. A and B are the growth
characteristics of Longyou-7, C and are the growth characteristics of TS-309. Error bars indicate the SD
for three biological replicates. * and ** indicate signi�cance at the P≤ 0.05 and 0.01 levels, respectively.
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Figure 2

Comparison of physiological characteristics of winter rapeseed under cold stress. The peroxidase (POD),
superoxide dismutase (SOD), malondialdehyde (MDA), catalase (CAT), soluble protein (SP), ascorbate
peroxidase (APX), soluble sugar (SS) and free proline (Pro) in growth cone of winter rapeseed were
determined under cold stress. Error bars indicate the SD for three biological replicates.
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Figure 3

Clustering and expression abundance of differentially expressed proteins under cold stress. Longyou-7 (A,
B, E) and NTS-309 (C, D, F) treated with 24℃ for CK (A, C), 4℃ for 24 h (B, D). Arrows indicate 59 protein
spots that were positively identi�ed (P≤0.05). Yellow and blue show Log2-fold up- and down-regulated
protein
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Figure 4

Classi�cation and functional analysis of DEPs in growth cones of Longyou-7(A, B, C) and NTS-309(D, E,
F) under cold-stress. Results of the gene ontology (GO) classi�cation and pathway analysis based on
cellular component (A, D), molecular function (B, E), and biological process (C, F) are highlighted.
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Figure 5

KEGG annotation and Venn diagrams of DEP in growth cone of Longyou-7 and NTS-309 under cold
stress.
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Figure 6

Chromosome mapping of the APX gene in B. rapa. (A) Map of the distribution of B. rapa APX genes on 10
chromosomes. (B) Number of APX genes on each chromosome.
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Figure 7

Phylogenetic tree of APX protein of B.napus and B.rapa. 13 subfamilies and branches are marked with
different colors. Green circles represent B.napus, red stars represent B.rapa, and two proteins from
proteomic identi�cation are marked with red font and yellow background.
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Figure 8

Phylogenetic tree, gene structure and motif analysis of BrAPXs. (A) BrAPXs evolutionary relationships. (B)
Structure of intron/exon in BrAPXs, green boxes represent exons and blue lines represent introns. (C)
Conserved motif distribution of BrAPXs, different color boxes represent 10 conserved domains identi�ed.
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Figure 9

APX segmental duplicated gene pairs in B. rapa genome (A), APX segmental duplicated gene pairs in B.
napus genome (B) and homology of APX in B. rapa and B.napus (C), the red lines in A-C indicate the
segmental duplicated gene pairs and the chromosome numbers are shown at the top of each
chromosome. The mean values of Ka, Ks and Ka/Ks for duplicated genes are shown in D.
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Figure 10

The expression heatmap of BrAPXs (A) and BnAPXs (B) of different cold-resistant varieties under cold
stress was plotted according to the log2 mean of FPKM in RNA-seq.
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Figure 11

10 APX genes were analyzed by qPCR expression in growth cones (GC) and leaves (L) of cold-tolerant
(Longyou-7) and cold-sensitive varieties (Lenox) under cold stress treatment. Gene expression was
normalized to the expression level of normal growth at room temperature and assigned a value of 1. Data
represent the mean ± standard error for three biological experiments, with standard errors shown as bar
charts above the columns. qPCR and RNA-seq correlations at the Log2 level are also shown.
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Figure 12

The expression pro�les of 10 APX genes in Longyou-7 and Lenox growth cones (GC) and leaves (L) under
freezing, drought and heat stress treatments for 3 h and 24 h. Gene expression was normalized to the
expression level of normal growth and assigned a value of 1. Data represent Log2 of the mean of three
biological experiments.
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