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Abstract
Background: Class III peroxidases (POD) proteins are widely present in the plant kingdom that are
involved in a broad range of physiological processes including stress responses and lignin
polymerization throughout the plant life cycle. However, little is known about the POD genes in Betula
pendula, although it has been characterized in Arabidopsis, rice, poplar, maize and Chinese pear. The POD
genes remain to be determined in Betula pendula.

Results: A total of 90 nonredundant POD genes were identified in Betula pendula. (designated BpPODs).
These POD genes were divided into twelve groups based on their phylogenetic relationships. The BpPODs
are unevenly distributed on the 14 chromosomes. In addition, some BpPODs were located sequentially in
tandem on chromosomes, inferred that tandem duplication contributes to the expansion of the POD gene
family in Betula pendula. Analysis of the distribution of conserved domains of BpPOD proteins showed
that all these proteins contain highly conserved motifs. We also investigated their expression patterns in
different tissues, the results show that some BpPODs might play significant roles in root, xylem, leaf and
flower. Furthermore, under low temperature conditions, some BpPODs showed different expression
patterns at different times.

Conclusions: Comprehensive study of the POD genes suggests that their functional diversity during
Betula pendula growth and development. Our findings provide a basis for further functional analysis on
POD gene family in Betula pendula.

Background
Peroxidases or peroxide reductases (POD, EC number 1.11.1.x) are a large group of oxidases existing in
animals, plants and microorganisms, which catalyzes the oxidation of a particular substrate by hydrogen
peroxide [1]. Among them, class III peroxidases, belonging to the haem peroxidase subfamily, exist only in
plants and have an extremely widespread presence in the plant kingdom [2]. The Class III peroxidase in
plants are also reported as POX [3, 4], GPX [5], Prx [6], ClassIII PRX [7], and POD [8, 9]. Most plant species
contain dozens of Class III peroxidases, for example, switchgrass [7] genome contains more than 200
POD coding genes, and Populus [10], rice and Arabidopsis contain 93, 138 and 73 members of POD
family, respectively [6, 11] . 

POD are involved in a broad range of physiological processes throughout the plant life cycle, probably
due to the high number of enzymatic isoforms (isoenzymes) and to the versatility of their enzyme-
catalysed reactions [12]. Recent studies indicate that POD has two most important functions in plants: on
the one hand, it is related to the normal morphogenesis of plants and plays a role in the growth and
development of plants. On the other hand, it is related to the resistance of plants, including disease
resistance, cold resistance, drought resistance, etc., and it is one of the important protective enzymes in
plants [13, 14]. Although it is known that POD play a key role in cell growth and response to abiotic stress,
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the specific function of each member of the family is still elusive. The comprehensive researches are
necessary to explore the role of POD in plant growth and defense [15].

The gene family always arose from multiple ways including tandem duplication, duplicative
transposition, and whole genome duplication (WGD), which was followed by mutation and
divergence [16]. During the last decade, several molecular biology approaches have been developed to
isolate, characterize and study the expression of POD gene family in plants [6]. Betula pendula is a
pioneer boreal tree that can be induced to flower within one year [17], it plays an important role in people
life [18, 19]. Up to now, however, no genome-wide characterization of the POD family in B. pendula. It has
been shown that POD is related to the synthesis of lignin [20] and cork [21, 22], and lignin is considered
as an important defense means against invasion and expansion of pathogens [23, 24]. At the same time,
a large number of experimental evidences of stress treatment showed that under the stress of drought
and low temperature, the expression of POD increased significantly [25, 26].

Since Betula pendula is a widespread species and has many applications in the pulp and paper industry,
it is necessary to study its development and physiology [27].  Understanding the role of POD family in
lignin synthesis and resistance to biotic and abiotic stresses in B. pendula will greatly contribute to its
application in industrial production [28]. Fortunately, B. pendula has attracted much attention, particularly
by the availability of its genome sequences [29], which gave us an opportunity to carry out a
comprehensive genome-wide analysis for exploring the potential functions of the POD gene family in B.
pendula.

In the present study, a genome-wide analysis of POD gene family from B. pendula was conducted via
genomic sequence, including BpPOD gene models, phylogenetic relationship, conserved motif,
chromosome location and other structural features [30]. we performed for the first time the
comprehensive analysis to the POD genes involved in lignin synthesis and abiotic stress response in B.
pendula. Our study provides important insights for further study of the potential role of POD gene family
in B. pendula growth and development.

Results
Identification of POD genes

To identify members of POD family in B. pendula, we used the 73 POD genes of Arabidopsis to obtain the
best hits in the B. pendula genome by BLASTP. A total of 90 putative PODs were identified in the B.
pendula genome. We further examined the conserved domains of proteins encoded by these genes using
Pfam [31] and SMART [32] databases. The results revealed that all the genes have classical POD domain
structures, which demonstrate the reliability of the results. The B. pendula genome contains more PODs
than Arabidopsis (73) [6], but fewer than Populus trichocarpa (93) [33], Pyrus bretschneideri (94) [30], and
rice (138) [11]. We defined the BpPODs as BpPOD1 to BpPOD90. The isoelectric point (PI) varied from
4.28 to 9.6 with a mean of 7.25 and >7.0 of 52.2% POD proteins. In addition, subcellular locations of
these BpPODs are mainly in the cytoplasm, cell membrane, vacuole, chloroplast and nucleus. Their
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detailed information, including chromosome location, gene name, subcellular location and molecular
weight (MW) gene size of each BpPOD gene/protein, was listed in Table 1.

 

Phylogenetic analyses of POD proteins in B. pendula

To investigate the evolutionary history and phylogenetic relationships among the members of POD family
in B. pendula, a phylogenetic tree was constructed with the Neighbor-Joining method based on multiple
sequence alignment of the 90 BpPODs, with 1000 bootstrap replicates (Figure 1). The BpPOD proteins
were divided into twelve major subgroups with high bootstrap probabilities, designated group I to group
XII. The POD genes of each subgroup is unevenly distributed, with the number of members varies from 4
to 15. Subgroup VIII contains the most members (15), subgroup X, XI, XII contains the least number of
members, with only 4 members. 

 

Gene structures

To further gain insights into the structural diversity of the POD genes, we subsequently performed exon-
intron analysis in BpPODs. The result reveals several variations (Figure 2), including five BpPODs
(BpPOD9, BpPOD11, BpPOD16, BpPOD57 and BpPOD61) lacking an intron in their gene structures. In the
remaining BpPODs, the number of introns varies from one to six, while the major members have one to
three introns. In addition, BpPOD76 and BpPOD87 have the most introns (6), followed by BpPOD24 and
BpPOD51 (5). Furthermore, genes in the same subfamily display similar exon/intron structures. For
example, BpPOD20, BpPOD22 and BpPOD82 have three exons and two intron, both of which belong to
Group V; BpPOD73 and BpPOD74 have two exons and one intron, both of which belong to Group XI [34].

 

Analysis of conserved amino acid motifs 

To understand the functional regions of BpPODs, conserved amino acid motifs analyses
of BpPOD proteins were performed. A total of eight conserved amino acid motifs were identified in the
BpPOD proteins (Figure 3). All BpPOD proteins contain at least one conserved amino acid motif. For
example, BpPOD55 only contains motif 8, BpPOD83 contains motif 1 and 7, while BpPOD10 proteins
contain all the eight conserved amino acid motifs.

Most of the closely related members have the same motif compositions, suggesting that there are
functional similarities between POD proteins within the same subgroup [35]. We found that motifs 1, 2, 3,
4, 5 and 7 appeared in nearly all members of BpPOD proteins, these motifs might be important for the
functions of BpPOD proteins.
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Chromosomal location and evolution analysis of BpPODs

To investigate the genome organization and distribution of BpPODs on different chromosomes
of B. pendula, a chromosome map was constructed. The results show that the 90 BpPODs were
distributed among 14 chromosomes, as shown in Figure 4, the physical locations of these BpPODs on
chromosomes were scattered and uneven. Chromosome 1 and 8 contains the most BpPODs (14),
followed by chromosome 13 (10). Eight BpPODs were simultaneously distributed on chromosomes 5 and
7, whereas chromosomes 14 had only one and chromosomes 11 does not include the POD gene. In
addition, some chromosomes exhibit a relatively high density of BpPODs, such as the bottoms of
chromosomes 13 and the top of chromosome 8.

Gene duplication, including segmental and tandem duplication, is considered to be one of the primary
driving forces in the evolution of genomes [36, 37]. In this study, among the 90 BpPODs identified, a large
number of BpPODs have the same duplicated regions (Figure 5). Generally, a gene cluster is the result of
gene tandem duplication [38]. In this study, we found that some BpPODs were adjacent to each other
(Figure 4). For instance, BpPOD17-20, BpPOD22-29 and BpPOD11-15 were located sequentially in tandem
on chromosomes 5, 8, and 13, respectively, implying that these genes might arise from recent tandem
duplication events [39]. The result indicated that tandem duplications play main contributors in the
expansion of the BpPOD gene family. The result was consistent with the previously reported for Populus
trichocarpa POD genes, tandem duplications also contributed significantly to the expansion of POD gene
family in Populus trichocarpa [33]. However, in previous studies, many species also have produced some
different results. For example, segmental duplication events were the major contributors to the expansion
of the pear POD family [30] and segmental duplication and tandem duplication were identified in maize
POD family [35]. These results indicate that there are significant differences in the POD genes expansion
pattern in B. pendula, maize and Chinese pear, which strongly implied that POD family members have
different expansion patterns among different species. It may be the reason why the POD family members
(90) in B. pendula were less than those in the maize (119) [35].

To explore the selection pressures among BpPOD duplicated genes, we calculated the Ka, Ks and Ka/Ks
values for the 23 gene pairs (Table 2). In the general, Ka/Ks > 1 indicates positive selection, Ka/Ks = 1
indicates neutral selection and Ka/Ks < 1 indicates negative or purifying selection [34]. The Ka/Ks ratios
of most BpPOD gene pairs were < 1, suggesting that these gene pairs evolved under negative selection in
 B. pendula. The results of this Ka/Ks analysis suggest that negative selection was vital to the functional
divergence of BpPODs.

To further elucidate the evolution mechanisms of BpPODs family, we constructed the comparative
syntenic maps of birch associated with three representative species containing Arabidopsis thaliana,
Populus trichocarpa and Vitis vinifera. (Figure 6; Table 3). A total of 17 (Arabidopsis thaliana), 49
(Populus trichocarpa) and 43 (Vitis vinifera) orthologous pairs were found between birch and the other
species, among these gene pairs, some BpPOD genes (BpPOD3, BpPOD7, BpPOD16,
BpPOD21, BpPOD40, BpPOD4, BpPOD48, BpPOD52, BpPOD57 and BpPOD84) were shown to have
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collinear relationships with all of the above three species. Interestingly, two or more POD genes
from Arabidopsis thaliana, Populus trichocarpa and Vitis vinifera matched one birch POD gene. These
genes, which are probably paralogous gene pairs, may have played a crucial role in the expansion of the
POD gene family during evolution. For example, AT1G24110.1.TAIR10, AT3G28200.1.TAIR10 and
AT5G40150.1.TAIR10 are orthologous to BpPOD16, Potri.006G107000.1.v4.1
and Potri.016G132800.1.v4.1 are orthologous to BpPOD22,
VIT_206s0004g01180.1 and VIT_208s0007g06650.1 are orthologous to BpPOD41 (Table 3).

 

Tissue-specific expression of BpPODs

To better understand the functions of POD genes in the growth and development of Betula Platyphylla ×
Betula Pendula, their expression profiles in different tissues (including root, xylem, young leaf and flower)
were analyzed with publicly available transcriptome data. Of the 90 BpPODs, 69 genes were expressed in
one or more birch tissues, while 21 BpPOD genes exhibited no expression in various individual tissues
(Relative expression value > 0 as basal expression) [40]. The heat map (Figure 7) demonstrated that most
BpPODs had tissue-specific or preferential expression patterns. As shown in Figure 7, BpPOD6,
BpPOD21 and BpPOD37 were highly expressed in xylem. Several BpPODs were expressed in root during
development, such as BpPOD62, BpPOD63 and BpPOD65. BpPOD78 and BpPOD19 showed higher
expression levels in young leaf and flower, respectively. The expression level of BpPOD6 was high in
xylem and low in root, leaf and flower. In contrast, BpPOD67, BpPOD68, BpPOD80 and BpPOD81 had no
expression in any of the investigated tissues. BpPOD21, BpPOD59 and BpPOD62 were highly expressed in
developing xylem, root, leaf and flower. In conclusion, the variations in the expression of BpPODs in
different tissues revealed that POD genes may be involved in several processes during B. pendula growth
and development. 

 

Responses of BpPODs expression to cold treatment

Several roles have been attributed to plant peroxidases in response to biotic and abiotic stresses [41]. In
recent years, the number of studies on POD genes response to abiotic stress have been reported [35]. For
example, Arabidopsis overexpressing AtPOD3 showed an increase in dehydration and salt tolerance,
whereas the antisense suppression of AtPOD3 exhibited dehydration and salt sensitive phenotypes [42].
The expression of POD genes is induced by various environmental stresses, such as metal, pathogens,
humidity, temperature, anoxia and potassium deficiency [41], suggesting that POD genes are involved in
plant defense. In this study, we examined the expression levels of the BpPODs in response to low
temperature stress. As shown in Figure 8, the result indicated that the expression of BpPODs was altered
under cold treatment, some of BpPODs are induced but most of them not or slightly induced. After cold
treatment, the expression levels of BpPOD4, BpPOD13, BpPOD15, BpPOD17 and BpPOD21 were
significantly induced at a relatively early stage (0.5 h after treatment), and with the increase of cold
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treatment time, the relative expression level of these genes was also at a high level. The Figure 8 shows
that the expression levels of BpPOD19, BpPOD21, BpPOD39 and BpPOD47 were increased after 1.5 h
treatment of low temperature. BpPOD50 and BpPOD58 did not respond to cold treatment at the beginning
(0.5 h), and were slightly increased after 2 h exposure to low temperature. In addition, other genes are
also induced by cold stress, such as BpPOD14, BpPOD16, BpPOD59, etc. In general, the low temperature
responsive BpPODs may play important roles in birch under cold stress.

 

Validation of DEGs identified by RNA-seq using qRT-PCR

We used qRT-PCR (Quantitative Real-time PCR) to validate the expression profiles of BpPODs after low
temperature treatment (6℃). A total of 6 cold-responsive BpPODs were randomly selected for qRT-PCR
analysis. As shown in Figure 9, the qRT-PCR results indicated that all the 6 BpPODs were up-regulated by
low-temperature stress, which was consistent with the results derived from the RNA-seq data. BpPODs
including BpPOD15, BpPOD47 and BpPOD49 showed the highest transcript level when exposed to a low
temperature for 1.5h. BpPOD4, BpPOD17 and BpPOD26 showed the highest transcript level at 3h. In
general, this qRT-PCR result supports the reliability of the RNA-seq analysis. 

Discussion
It is reported that members of Class III Peroxidases gene family are involved in the regulation of a variety
of processes [6, 33], and play a key role in biological and abiotic stress responses during plant growth
and development [35]. Systematic and comprehensive analyses of POD gene families have been
published for Arabidopsis thaliana [6], Populus trichocarpa [33], Zea mays [35] and Oryza sativa [11], but
a genome-wide study of the POD family has not previously been reported in B. pendula. The published
genome data of B. pendula [29] provides a useful tool for analysis of the POD gene family in B. pendula. 

In the present study, 90 non-redundant POD genes were identified in B. pendula, the number is higher than
that in Arabidopsis (73), but lower than that Populus trichocarpa (93) and Pyrus
bretschneideri (94), which indicates that the POD genes in B. pendula have expanded compared to those
in Arabidopsis. Subsequently, we performed analyses of the phylogenic relationships, gene structure,
chromosomal locations, conserved motifs and expression profiles [43]. 

In the process of genome evolution, tandem duplication and segmental duplication were the main factors
that led to the expansion of gene family [37]. Certain studies have shown that tandem duplication was
largely responsible for the expansion of    birch gene family [35], such as tandem duplication are the main
reason for the expansion of B. pendula NAC gene family [16]. By contrast, segmental duplication has
contributed significantly to the expansion of this gene family in Pyrus bretschneideri [30]. Interestingly, in
this study, we found that some BpPODs were adjacent to each other, suggesting tandem duplications
play main contributors to the expansion of the BpPOD gene family. However, in maize, the segmental
duplication and tandem duplication almost identically contributed to the POD gene family expansion [35].
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These results also explain why the number of POD genes in        B. pendula (90), pear and populus were
less than those in maize (119). According to the above analysis, we speculated that the expansion of the
POD gene family differed between different plants. In addition, the Ka/Ks < 1 of the most BpPOD
duplicated pairs showed that negative selection may be largely responsible for maintaining the functions
of birch POD enzymes. Furthermore, the Ka/Ks ratios for the BpPOD5/-6, BpPOD24/-25 and BpPOD24/-27
gene pairs are relatively high, suggesting that these genes experienced rapid evolutionary diversification
following duplication. We also constructed the comparative syntenic maps of birch associated with
Arabidopsis thaliana, Populus trichocarpa and Vitis vinifera. We identified 49 orthologous gene pairs
between Populus trichocarpa and birch, while only 17 orthologous gene pairs between Arabidopsis
thaliana and birch were found, perhaps due to the closer relationship between Populus trichocarpa and
birch versus Arabidopsis thaliana and birch.

The 90 BpPOD proteins possess ten highly conserved motifs. MEME analysis revealed that different
conserved motifs are present in each of the BpPOD proteins. Notably, most BpPOD proteins contain all
the conserved motifs, while only a few BpPOD proteins contain one or two motifs, which means that
these motifs may be involved in the important basic function of the POD protein. However, a few motifs
with unknown functions are present in nearly every subgroup, these motifs might play important roles in
the BpPOD family. Additionally, gene structures were also investigated in BpPODs. We found that 90
BpPODs contained different numbers of exons or introns, with most BpPODs containing more than two
introns, indicating that there is a great diversity in POD gene family of B. pendula. Many studies have
shown that structural diversification of genes plays an important role in the evolution of multi-gene
families [44, 45]. In our research, we found that they presented different characteristics of BpPODs from
different subfamilies, suggesting that BpPODs members are functionally diversified. In addition, many
studies have reported that introns could be specifically inserted into the plants and were retained in the
genome during the course of evolution [10, 46]. Therefore, we inferred that loss or gain of introns may be
caused by specific approach.

Gene expression patterns are an important aspect of the study of gene function [47]. High-throughput
microarray technology provides a good platform for the study of genome-wide gene expression
patterns [45]. We used publicly available genome-wide transcript profiling data from B. pendula tissues as
a resource to investigate the expression patterns of BpPODs. Most BpPODs exhibited variable expression
patterns, suggesting functional diversification of BpPODs. Twenty-one BpPODs exhibited no expression in
four individual tissues, indicating that BpPODs are expressed under specific conditions or at specific
developmental stages. In this study, we found that of the 90 BpPODs, the most abundant expression was
in the root, followed by the xylem. The result showed that most highly expressed POD genes might play
significant roles in root. The highest expression levels of BpPOD6, BpPOD21 and BpPOD37 genes were
found in xylem. It was suggested that these three genes were participated in regulation of the xylem
synthesis in B. pendula. BpPOD59 is most expressed in flowers and leaves, suggesting that it may be
related to leaf spreading and flowering formation in B. pendula. In addition, several BpPODs were
expressed in all tissues, suggesting that they might play basic roles in B. pendula. In conclusion, the
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expression profiling in this study provides an important basis for further studying of expression and
biological functions of the POD gene family in B. pendula.

The growth and development of plants are usually affected by abiotic stress, such as drought, low
temperature and high salinity [45]. A lot of stress-related genes were induced to adapt to these abiotic
stresses [48, 49]. A large number of experimental studies [35] on stress treatment showed that under the
stress of low temperature and other conditions, POD genes expression increased significantly [25, 26].
However, no POD genes responding to cold treatment have been reported in B. pendula. Thus, we
performed a survey of the expression patterns of the POD genes in B. pendula under cold treatment. The
results suggested that some of BpPODs are induced but most of them not or slightly induced. A small
number of BpPODs were highly expressed at a relatively early stage (0.5 h after treatment), and with the
extension of time, the expression reached the highest level. This indicated that these genes might play an
important role in B. pendula. By contrast, the expression level of BpPOD30 and BpPOD8 gradually
increased at 2 h after treatment, indicating that these genes are involved in the late reaction of cold
treatment. In addition, the expression of a few BpPODs decreased under cold treatment, we speculate that
these genes may also have defense and other specific functions in B. pendula. These results indicated
that most POD genes were induced by low temperature and might contribute to the defense against
abiotic stresses in B. pendula. 

Conclusion
In short, a total of 90 POD genes were identified in B. pendula and divided into twelve major subgroups. A
total of eight conserved amino acid motifs were identified in the BpPOD proteins. Chromosomal location
and microsynteny analysis suggested that these BpPODs were unevenly distributed in fourteen
chromosomes. Tandem duplication were identified as the main patterns contributors to the expansion of
POD genes expansion in B. pendula. Finally, expression patterns analysis revealed that some BpPODs
might play significant roles in root, xylem, leaf and flower.  Furthermore, under low temperature
conditions, some BpPODs showed different expression patterns at different times. This present study
increases our understanding of POD genes in B. pendula and lays the foundation for further clarify of the
biological functions of these POD proteins in other plants.

Methods
Identification of B. pendula peroxidase genes

To identify B. pendula peroxidase genes, the B. pendula genome sequences were downloaded [29]. The
local BLAST database was established with protein sequences of the B. pendula whole genome. The
protein sequences of POD family members in the genome of Arabidopsis were retrieved from the TAIR
database. The candidate sequences of POD in B. pendula were acquired by BLASTP with each of the 73
different amino acid sequences of Arabidopsis POD gene family as query sequences. To verify the
reliability of the results, all the acquired candidate sequences were examined for the presence of the POD
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domain using PFAM [50] and SMART [51]. Finally, all candidate POD sequences were aligned using
ClustalW [52] and checked manually to remove potentially redundant genes, and all of the non-redundant
POD genes were used for further analysis. The theoretical molecular weights (MWs) and isoelectric points
(pIs) of the BpPOD protein sequences were analyzed by the ExPaSy Compute pI/Mw tool [53].

 

Phylogenetic analyses of B. pendula peroxidase genes

To investigate the phylogenetic relationships of the peroxidase genes of B. pendula, a phylogenetic tree
was constructed. Prior to phylogenetic analysis, multiple sequence alignments were generated using
MUSCLE [54]. Subsequently, the RAxML [55] was employed to construct an unrooted phylogenetic tree
based on alignments using the Neighbor-Joining (NJ) method with the following parameters: model (p-
distance), bootstrap (1000 replicates), and gap/missing data (pairwise deletion).

 

Gene structure and conserved motif analysis  

The genomic and CDS sequences of B. pendula PODs, extracted from B. pendula genome databases,
were compared by using the Gene Structure Display Server [56] program to infer the exon/intron
organization of POD genes. To determine conserved motifs structures of the BpPOD proteins , the
conserved motifs were detected using the online MEME Tool [57]. The conserved motifs were analyzed
with the SMART and PFAM programs.

 

Analysis of chromosomal location

Information about the physical locations of all POD genes on chromosomes was obtained from the
Phytozome database. According to BpPODs starting positions on the birch chromosomes,
TBtools software was used to determine the chromosome location image of the BpPODs [58]. In addition,
to explore the selection pressures among POD duplicated genes, we calculated the nonsynonymous
mutation rate (Ka), synonymous mutation rate (Ks), and Ka/Ks values for the duplicated gene pairs with
TBtools [58]. The ratio of nonsynonymous to synonymous nucleotide substitutions (Ka/Ks) between
paralogs was analyzed to detect the mode of selection. Syntenic maps of birch associated with three
representative species were visualized by MCScanX [59].

 

Differential expression profile of BpPOD gene family 

To determine the expression patterns of BpPODs in different tissues in Betula platyphylla × Betula
pendula, we downloaded the sequencing data from the NCBI SRA database with an accession number of
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PRJNA535361 [16]. To identify the expression of BpPODs during cold treatment in Betula platyphylla ×
Betula pendula, we designed a time series experiment including six time points, according to Yang’s
method [60]. Two-month-old Betula platyphylla × Betula pendula plants grown in the greenhouse of
Northeast Forestry University at a constant temperature of 25℃ with a photoperiod of 16 h of light and 8
h of dark were exposed to low temperatures (6℃) for 0.5 h, 1 h, 1.5 h, 2 h, 2.5 h, and 3 h, respectively.
After exposure to low temperature, all young leaves were harvested at the same time to avoid falsely
differentially expressed genes caused by diurnal changes. Plants without low temperature treatment were
used as the control for this study. We generated three biological replicates for time points of 0.5h, 1 h,
1.5h, 2 h, 2.5 h, 3 h, and CK (control check). Total RNA of the samples were extracted using the traditional
CTAB method [61]. The constructed cDNA libraries were sequenced using the Illumina HiSeq platform at
Biomarker Technologies Corporation (Beijing, China). We can downloaded the sequencing data from the
NCBI SRA database with an accession number of PRJNA532995 [16]. The clean reads of each sample
were obtained by filtering out reads of low quality. All the clean reads were aligned to the B. pendula
reference genome[29] using bowtie2 [62]. The RNA-seq (RNA-sequencing) data were analyzed using the
RSEM (RNA-seq by Expectation-Maximization) pipeline [63] and the data were processed using a paired-
end sequencing mode. RSEM [63] could compute transcript abundance, estimating the number of RNA-
seq fragments corresponding to each gene, and normalized expression values as TMM (trimmed mean of
M-values). 

 

Quantitative RT-PCR

The two month old plants of birch were treated with low temperature stress (6℃) for 1.5 h and 3 h, and
three biological replicates were prepared at each time point. Total RNA of young leaves was then isolated
for the qRT-PCR experiment. Total RNA was extracted from the young leaves with the help of Trizol
(Invitrogen) according to the manufacturer,s instructions. Then, the first-strand cDNA synthesis was
performed with the resulting RNA using a PrimeScript RT Master Mix Perfect Real-Time kit (TAKARA,
Japan). Quantitative real-time RT-PCR was performed on an ABI 7500 Real-Time system (Applied
Biosystems). Primer pairs for real-time quantitative PCR were designed using A plasmid Editor v1.11
(Table 4). Each reaction contained 10 µL of THUNDERBIRD SYBR qPCR Mix (QPS-201, TOYOBO, Japan),
2 µL of cDNA, 1 µL of forward primer, 1 µL of reverse primer, and 6 µL of double-distilled water
(ddH2O). The thermal cycle was used as follows: 95℃ for 10 min, which was followed by 45 cycles of
95℃ for 30 s and 60℃ for 10s [35]. The relative mRNA level for each gene was calculated using the
2−ΔΔCT method. The real-time PCR experiment was carried out at least three times under identical
conditions [16].

Abbreviations
POD: class III peroxidases  B. pendula: Betula pendula  BpPODs: POD genes in Betula pendula  RNA-seq:
RNA sequencing
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Figure 1

Phylogenetic relationship of the 90 identified BpPOD genes. Unrooted tree constructed using RAxML by
the Neighbor-Joining (NJ) method. Bootstrap values from 1000 replicates are indicated at each node. The
tree shows 12 major phylogenetic subgroups (subgroups I to XII).
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Figure 2

Exon–intron structures of the 90 identified BpPOD genes. Exon-intron structure was generated using Gene
Structure Display Server (GSDS). The exons and introns are indicated by yellow cylinder bars and black
lines, respectively. The scale at the bottom is in kilobases.
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Figure 3

Distribution of eight putative conserved motifs in BpPOD proteins. Motifs in the putative BpPOD proteins
were obtained using the Multiple Em for Motif Elicitation (MEME) web server. Conserved motifs are
represented by different colored boxes while nonconserved sequences are shown by gray lines. Note that
the length of each box does not represent the actual motif size, and the colored boxes were ordered
manually according to the results of MEME analysis.
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Figure 4

Chromosomal locations of 90 POD genes on 14 B. pendula chromosomes. According to BpPODs starting
positions on the birch chromosomes, TBtools software was used to determine the chromosome location
image of the BpPODs. Each was mapped to the chromosome based on its physical location. The number
of chromosomes (chr01-chr14) is marked in yellow. The gene names on the right side of each
chromosome correspond to the approximate locations of each POD gene.
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Figure 5

BpPODs genomic distribution and collinear relationships. A total of 90 BpPODs were disproportionately
mapped on the Betula pendula linkage groups using TBtools software. Red lines represent all
homologous blocks in Betula pendula genome.
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Figure 6

Syntenic relationships of POD genes between B. pendula and three representative species. Gray lines
indicate all syntenic blocks among birch linkage groups or between birch and the other species. In three
species, collinear pairs of BpPODs are connected by green, blue and orange lines. Species: Arabidopsis
thaliana, Populus trichocarpa and Vitis vinifera.



Page 23/25

Figure 7

Expression profiles of BpPOD genes across different tissues. Different organs/tissues are exhibited below
each column. The BpPOD genes were listed at the right of the expression array, and the colour box from
blue (0) to orange (2.5) indicate an increased expression level is shown at the right of the figure. Color
scale represent the normalized value of the expression. For the sake of unified comparison, the
normalized value of the expression was log10 transformed.
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Figure 8

Responses of BpPOD genes expression to cold treatment. Different time are exhibited below each
column. The BpPOD genes were listed at the right of the expression array, and the colour box from blue
(0) to orange (2.5) indicate an increased expression level is shown at the right of the figure. Color scale
represent the normalized value of the expression. For the sake of unified comparison, the normalized
value of the expression was log10 transformed.
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Figure 9

Expression patterns of six stress-responsive BpPOD genes under cold stress treatments. Relative
expression levels of BpPOD genes in response to cold stress treatments were examined by RT-qPCR and
normalized expression values use TMM. The y-axis represents the relative expression level and the x-axis
represents the time course of stress treatment. Seedlings were sampled at 0, 1.5 and 3 after cold
treatment. Data represent means ± SD in three replicates.
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