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Abstract
Background: AP2/ERF transcription factors (TFs) play indispensable roles in plant growth, development,
and especially in various abiotic stresses responses. The AP2/ERF TF family has been discovered and
classi�ed in more than 50 species, including model plants, horticulture plants, crops, and trees. Many
AP2/ERF TFs from various species have been functionally characterized. However, little is known about
the AP2/ERF gene family of Chinese willow (Salix matsudana), which is a tetraploid ornamental tree
species that is widely planted and is also considered a species that can improve the soil salinity of
coastal beaches. The recently produced whole genome sequencing data of Salix matsudana allowed us
to conduct an evolutionary analysis on the AP2/ERF genes during polyploidization and study the
genome-wide expression pro�les of AP2/ERF genes in Salix matsudana under salt stress.

Results: In this study, 364 AP2/ERF genes of Salix matsudana (SmAP2/ERF) were identi�ed and renamed
according to the chromosomal location of the SmAP2/ERF genes. After phylogenetic analysis with
known categories of genes from other species, the AP2/ERF genes were divided into three subfamilies:
AP2 (55 members), ERF (301 members), and RAV (six members). Two Soloist genes were also identi�ed.
Gene structure and conserved motifs were analyzed in AP2/ERF genes, and introns were not found in
most genes of the ERF subfamily, although some unique motifs were found to be important for the
function of AP2/ERF genes. Syntenic relationships between the SmAP2/ERF genes and AP2/ERF genes
from other species were also investigated to elucidate their evolutionary relationships during
polyploidization. Moreover, analyses on the expression pro�les under salt stress were also conducted.

Conclusion: The progenitors of Salix matsudana underwent whole genome duplication not more than 10
Mya. Synteny analysis with other species showed macrosynteny between willow and poplar AP2/ERF
genes and that Salix matsudana is genetically more closely related to Populus trichocarpa than to Salix
purpurea. Further investigation of the AP2/ERF TFs demonstrated that differential expression patterns
during salt stress and this information can help reveal the mechanism of salt tolerance regulation in Salix
matsudana.

Background
APETALA 2/ethylene-responsive element binding factors (AP2/ERF) are important transcription factors
(TFs) coded by genes from the AP2/ERF superfamily. All of the members of this superfamily possess
AP2 domains and, according to the number and structure of AP2 domains, the superfamily is divided into
several categories, including AP2, ERF, RAV, and Soloist [1]. Most of the AP2 gene family members have
two AP2 domains and can be further divided into AP2 and ANT groups; ERF family members have only
one AP2 domain and can also be subdivided into ERF and DREB subfamilies based on binding motifs in
the promoter of downstream genes. Members of the ERF and DREB subfamilies are classi�ed into 12
groups (groups A1–B6). DREB includes groups A1–A6, whereas ERF includes groups B1–B6 [1]. In
addition to one AP2 domain, RAVs also have one B3 domain. The Soloist group contains a single AP2
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domain with sequence divergence from the AP2 and ERF families and has less than three members in
most species [2].

The AP2/ERF superfamily is plant-speci�c and has more than 100 members in many plant species; for
example, there are 147 members in Arabidopsis, 200 members in Populus trichocarpa, and more than 500
members in the tetraploid crop Brassica napus [1–3]. Different members play various regulatory roles in
plant growth and development, defense response, fruit ripening, and metabolism [4]. Several recent
reports demonstrated functions of AP2/ERF2 TFs in plant development. For example, loss of DRNL
function affects gynoecium development [5]; the function of Populus ERF139 (Potri.013G101100) in
xylem cell expansion was characterized by transgenic overexpression and dominant repressor lines of
ERF139 [6]; RhERF1 and RhERF4 play roles in petal abscission in rose [7]; and a maize AP2/ERF TF,
ZmRAP2.7, is involved in brace root development. AP2/ERF TFs such as ZmEREB94 and CitAP2.10 also
play important roles in plant metabolism; ZmEREB94 acts as a key regulator of starch synthesis in maize
[8], and CitAP2.10 was characterized as a regulator of (+)-valencene synthesis in sweet orange fruit [9].

The AP2/ERF superfamily plays major and crucial roles in abiotic stress tolerance, which is why this
superfamily has received special attention by plant scientists [4, 10]. Through extensive investigation on
their regulatory mechanism, people want to elucidate their potential applications in crop improvement
[10]. Members of this superfamily (primarily ERFs and DREBs) have been prominently used to improve
stress tolerance in plants. To improve salinity stress tolerance, many genes from different species were
identi�ed. IbRAP2-12, an AP2/ERF gene cloned from the salt-tolerant sweet potato, and LkERF-B2 from
Larix kaempferi promote tolerance to salt and drought stresses in overexpressing Arabidopsis lines [11,
12]. Overexpression of HARDY, an AP2/ERF gene from Arabidopsis, improves drought and salt tolerance
by reducing transpiration and sodium uptake in transgenic Trifolium alexandrinum L [13]. A soybean
DREB ortholog, GmDREB1, enhances the salt tolerance in transgenic alfalfa [14].

Comparative genomic analysis of model plants such as Arabidopsis have provided unprecedented
advantages for gene discovery and functional annotation of newly sequenced plant genomes [15–17]. By
exploring the available genomic data, AP2/ERF gene families from 50 species were discovered and
classi�ed, and provide critical guidance for functional analysis [10]. For example, in radish, cauli�ower,
and celery, whole genome identi�cation and classi�cation of AP2/ERF gene family members were carried
out; additionally, expression patterns of different members under different stresses were revealed, and the
function of candidate genes was veri�ed [18–20].

Salix matsudana Koidz., a member of Salicaceae, is an important ornamental tree species native to
northeastern China [21, 22]; it is widely cultivated and considered an important economic plant because
of its easy vegetative propagation, rapid growth, and substantial biomass yields. Salix matsudana also
plays an important ecological role when grown along Chinese coastal beaches, where the salinity content
is high [21]. This species can improve the beach soil and alleviate salinization. Newly reclaimed beach
soil has higher salinity and requires new germplasm with higher salinity tolerance [21]. Because the
AP2/ERF gene family members have regulatory roles in salinity tolerance, whole genome characterization
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of the AP2/ERF gene family in Salix matsudana will reveal mechanisms underlying stress signal
transmission and provide guidance for selection or creation of new germplasm with higher salinity
tolerance. In total, 200 and 173 AP2/ERF superfamily genes were identi�ed from two species, Salix
arbutifolia and Populus trichocarpa, respectively [3, 23]. The Salix matsudana genome was recently
sequenced and assembled (unpublished); as a tetraploid, identi�cation of the AP2/ERF gene family will
reveal the evolutionary relationship with poplar and other members of Salix, and the molecular
mechanisms responsible for salinity stress responses.

Results
Identi�cation, phylogenetic analysis, and classi�cation of 364 AP2/ERF TF family memebers in Salix
matsudana

By HMM pro�le search against the Salix matsudana protein database, a total of 364 full-length AP2/ERF
family proteins containing at least one AP2/ERF domain were identi�ed as AP2/ERF superfamily
members of Salix matsudana (Fig. 1). The name, protein length, molecular weight, and isoelectric point of
individual genes are listed in Supplementary Table S1.

The phylogenetic relationships of SmAP2/ERF proteins were inferred by multiple sequence alignment of
the AP2 domain, which included approximately 50–60 amino acids. The sequence alignment of all
AP2/ERF genes showed some conserved amino acids at speci�c positions, as previously reported (Fig.
S1). For example, the WLG element (58th–60th amino acids; 58–60AA) was highly conserved in in the
ERF and RAV families; alternatively, in the AP2 family, the conserved sequences from 58–60AA were
converted into YLG elements [24]. In many species, these conserved amino acid pro�les contribute to
convincing classi�cation of AP2/ERF genes. Basing on multiple sequence alignments of 48 AP2/ERF
proteins from Arabidopsis and Populus trichocarpa with known categories and 364 Salix matsudana
AP2/ERF proteins, we constructed a phylogenetic tree using the neighbor-joining method to explore the
phylogenetic relationships of Salix matsudana AP2/ERF proteins. The phylogenetic tree showed that
there were 55 AP2/ERF genes that belong to the AP2 family, with 47 genes that encode proteins with two
AP2 domains and eight genes (SmAP2-20, SmAP2-25, SmAP2-29, SmAP2-35, SmAP2-36, SmAP2-40,
SmAP2-41 and SmAP2-55) that encode proteins with a single AP2 domain (Fig. 1). Additionally, 301
genes that were predicted to encode proteins with a single AP2 domain were members of the ERF family.
The ERF family could be further classi�ed into two subfamilies, ERF and DREB. Of the 301 members, 166
and 135 genes belonged to the ERF and DREB subfamilies, respectively. The ERF family genes from Salix
matsudana were distributed in B1–B6 subgroups; the DREB family genes from Salix matsudana were
classi�ed into A1–A6 subgroups. The gene number and percentage of each subgroup are listed in Fig. 2
and Table S2. Six putative genes were classi�ed as RAV subgroup genes that encode proteins containing
one AP2/ERF domain and one B3 domain (Fig. 1). Two genes were designated as Soloist genes, whose
AP2/ERF-like domain sequences had lower homology compared with other AP2/ERF genes (Fig. 1).
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The AP2/ERF genes number, classi�cation and percentage of different subgroups from �ve plant species,
including the model plant Arabidopsis, Populus, and two Salix plants, are listed in Table S2. The gene
name of AP2/ERF genes from Populus trichocarpa and Salix purpurea are listed in Table S3. As a
tetraploid plant, the total number (364) of AP2/ERF genes was much larger in Salix matsudana than in
the other four species. The number of AP2/ERF genes in Salix matsudana was 2.5-, 1.8-, 1.9-, and 2.1-fold
higher than those in A. thaliana [1], Populus trichocarpa [3], Salix purpurea, and Salix arbutifolia [23],
respectively. For DREB and ERF subfamilies, the percentage of all AP2/ERF genes in Salix matsudana
was similar to those of A. thaliana, Populus trichocarpa, and Salix purpurea, and the percentages of
DREB and ERF subfamilies were 38% and 45%, respectively. In Salix arbutifolia, the percentage of DREB
(33%) was lower than that of the other four species, whereas the percentage of ERF (50.8%) was higher.
In Salix matsudana, the percentage of the AP2 subgroup was highest among all �ve species (15%) and
the numbers of most of gene sub-classi�cations were doubled, including the Soloist gene; there were two
Soloist genes in the Salix matsudana genome. However, no duplications were observed in the RAV
subgroup, and only six RAV genes were found in the Salix matsudana genome.

Gene Structure And Conserved Motif Analysis

To understand the structural diversity of SmAP2/ERF genes in different clades, the intron and exon
structures of SmAP2/ERF genes were revealed by inputting Gff3 �les into TBtools (Fig. 3b). A total of 55
genes of the AP2 subfamily had more exons than ERF and other subfamilies. Apart from three exons in
the SmAP2-29 and four exons in the SmAP2-20, other members of the AP2 subfamily contained more
than seven exons. The intron number was less than three in many members of the ERF and RAV
subfamilies. In total, 215 gene members did not have introns (Fig. 3b). The exon/intron structures of
genes that were classi�ed in the same clade were similar. Many gene pairs were found in the
phylogenetic tree that potentially originated from allotetraploid or autotetraploid evolution of Salix
matsudana. Many gene pairs (approximately 70%) maintained the same or similar gene structure during
Salix matsudana formation, which indicated that the SmAP2/ERF genes were conserved at the DNA level
during polyploidization.

TF proteins always contain many conserved motifs to activate gene expression. A total of 10 conserved
motifs were detected in 364 SmAP2/ERF proteins using the online MEME software, and a block diagram
was constructed to characterize SmAP2/ERF protein structure (Fig. 2c). Motif-4, Motif-1, Motif-2, Motif-3,
Motif-5, Motif-7, and Motif-9 were found in the AP2 domain regions. The Motif-5 region covered the region
of Motif-4 and Motif-1, whereas Motif-7 included Motif2 and Motif3. Motif-9 is a speci�c motif that is
only found in the second AP2 domain of the AP2 subgroup. Motif-1, Motif-2, Motif-3, and Motif-4 were
detected in 90% percent of the ERF subfamily proteins. Thirty proteins of the ERF subfamily lacked one or
two motifs of Motif-1–4. An extreme example is SmERF B2-13, which only had Motif-2. Motif-6, Motif-8,
and Motif-10 are motifs located outside of the AP2 domain. Motif-6 was primarily found in the AP2
subfamily with only one exception, SmERF B4-4, which was in the ERF-B4 clade. In the AP2 subfamily,
members with two AP2 domains had Motif-6 located between the two AP2 domains. Motif-8 was found
in 69 proteins of the AP2/ERF family, and its location was adjacent to the carboxyl terminal of Motif-3.
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Many proteins from the DREB-A1, DREB-A4, DREB-A5 clades had Motif-8. Motif-10 was found in 62
proteins of the AP2/ERF family, with 61 proteins from the ERF subfamily and only one from the AP2
subfamily. Motif-10 was mostly distributed on the proteins from the ERF-B3, DREB-A2, and DREB-A4
clades. The functions of these three motifs need to be elucidated by further experimental analysis.

Besides protein SmAP2-20, the entire AP2 domain was distributed in the amino terminal or in the middle
position of the proteins. In the two Soloist genes, only one motif, Motif-2, was found.

The conserved motif composition and gene structure of the same subfamily were similar, thus verifying
the reliability of the phylogenetic tree classi�cation.

Chromosome distribution and duplication of SmAP2/ERF superfamily genes

The chromosome location of the identi�ed SmAP2/ERF genes was constructed using TBtools. In total,
310 genes from the AP2/ERF superfamily were unevenly distributed on 38 chromosomes (Fig. 4); 54
other genes located on scaffolds were not illustrated in Fig. 4. The chromosome with the largest number
of AP2/ERF genes was Chr21, which had 22 genes. Only one AP2/ERF gene each was located on Chr14
and Chr36. On the four chromosomes Chr1, Chr3, Chr22, and Chr27, only two AP2/ERF genes were found.
In 38 chromosomes, most of the AP2/ERF genes from different subgroups were arbitrarily distributed,
such as �ve of six RAV genes located on Chr15, Chr37, Chr34, Chr31, and Chr11. Moreover, the two Soloist
genes distributed on Chr29 and Chr5. However, SmERF B3 subgroup members clustered together with
three genes as a cluster unit. We found 12 clusters in 12 chromosomes (Fig. 4), which accounted for 62%
of the whole SmERF B3 subgroup.

In addition, we also analyzed the tandem duplication events (TDs) of the AP2/ERF genes located within
in the 200-kb range of chromosomal regions of the Salix matsudana genome. Eleven TD regions, which
included 23 SmAP2/ERF genes, clustered into 11 linkage groups (LGs) of the Salix matsudana genome
(Fig. 4). LGs that contained cluster repeat genes were Chr7, Chr8, Chr10, Chr13, Chr17, Chr19, Chr21,
Chr24, Chr28, Chr31, and Chr33. All genes of the repeat clusters were localized within a genomic segment
of less than 20 Kb; for example, SmDREB A4-20 and SmDREB A4-19 were localized on a 3.6-Kb segment
of Chr24. On Chr8, three genes clusters (SmERF B3-6, SmERF B3-7, and SmERF B3-8) located on a less
than 12-Kb segment. In 11 tandem repeats, six came from the SmERF B3 subgroup, two came from the
SmDREB A4 subgroup, and one each came from the SmDREB A1 and AP2 subgroups. SmERF B3-40 and
SmERF B3-39 tandem repeat pairs had 97% protein sequence identity.

In addition to tandem duplications, many segmental duplication events (SDs) were found in Salix
matsudana by MCScanX (Fig. 5, Table S4). We found a total of 28,348 collinear gene pairs (not shown) in
the Salix matsudana genome, from which 298 AP2/ERF collinear gene pairs were identi�ed. Then, Ka, Ks,
and Ka/Ks ratios of these 298 AP2/ERF collinear gene pairs were calculated to estimate the divergence
time (T value) and selection pressure among duplicated SmAP2/ERF gene pairs (Table S5). All of the
Ka/Ks values were below 1, which indicated that these genes might have experienced strong purifying
selective pressure during evolution. Among the 298 AP2/ERF collinear gene pairs, 198 were located on
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duplicated segments on 38 chromosomes in Salix matsudana (Fig. 5 and Table S4). The collinear gene
pairs in the Salix matsudana genome were visualized by Circos, and the gene pairs were linked by lines
(grey lines indicated all gene pairs, red lines indicated AP2/ERF collinear gene pairs.

Synteny analysis of AP2/ERF genes between Salix matsudana and two related Salicaceae species,
Populus trichocarpa and Salix purpurea

To further infer the phylogenetic mechanisms of the SmAP2/ERF family, we constructed two comparative
syntenic maps of Salix matsudana with two related species, Populus trichocarpa and Salix purpurea
(Fig. 6).Collinear AP2/ERF genes pairs between Salix matsudana and other two species are listed in
Supplementary Table S6. A total of 263 SmAP2/ERF genes showed syntenic relationships with 183
genes from Populus trichocarpa, and 248 SmAP2/ERF genes showed syntenic relationships with 144
genes from Salix purpurea. The number of orthologous pairs between Salix matsudana and Populus
trichocarpa, and Salix matsudana and Salix purpurea were 423 and 292, respectively (Supplementary
Table S6). Some PtAP2/ERF and SpAP2/ERF genes were found to be associated with at least four
syntenic gene pairs. Interestingly, the number of collinear gene pairs identi�ed between Salix matsudana
and Salix purpurea were less than that between Salix matsudana and Populus trichocarpa.

In the comparative syntenic map between Salix matsudana and Populus trichocarpa, syntenic links were
found between all 19 Populus trichocarpa chromosomes and all 38 Salix matsudana chromosomes.
Alternatively, in the comparative syntenic map between Salix matsudana and Salix purpurea, there were
no syntenic links between Chr1, Chr12, and Chr36 from Salix matsudana, and Chr15Z and Chr15W from
Salix purpurea.

Speci�c Expression Of AP2/ERF Superfamily Genes Under Salt Stress

To investigate the physiological roles of SmAP2/ERF genes in salt stress tolerance, we identi�ed the
expression patterns of SmAP2, SmERF, and SmDREB subgroup genes from the RNA sequencing data. By
inputting the FPKM values (Fragments Per Kilobase of transcript per Million fragments mapped) of these
genes in TBtools, three heatmaps were constructed to demonstrate the expression pattern change under
salt stress (Fig. 7).

The expression patterns of 286 genes are illustrated in Fig. 7, and included 48 AP2, 108 DREB, and 130
ERF subgroup genes. In the AP2 subgroup, the FPKM values of 31 genes were < 3, which indicated lower
expression in the root and no response to salt stress. Five genes had differential expression patterns. The
expression levels of four genes (SmAP2-38, SmAP2-4, SmAP2-3, and SmAP2-33) were induced by salt
stress, whereas the expression of gene SmAP2-15 decreased after salt stress. In the DREB subgroup, 108
genes were present in the heatmap, and expression levels of 10 genes, such as SmDREB A1-10, SmDREB
A1-9, and SmDREB A1-7, were induced by salt stress and remained higher. In the ERF subgroup heatmap,
130 genes were included. The expression levels of 13 genes were upregulated by salt stress, but only the
expression of SmERF B4-1 was higher. Three genes were downregulated by salt stress, including SmERF
B3-52. In many paralog gene pairs, we found one gene with higher expression, whereas the other gene
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had lower expression, such as SmDREB-A9/ SmDREB-A10, SmAP2-33/SmAP2-39 and SmERF-9/ SmERF-
10 gene pairs. Thirteen Genes with upregulated expression patterns was veri�ed by qRT-PCR (Real-time
Quantitative PCR) (Fig. 8).

Discussion
Salix is one of the few woody plants with a large number of polyploid taxa, in Salix matsudana, both
tetraploid and diploid individuals have been observed. [25]. In our experiment, we sequenced the genome
of tetraploid Salix matsudana. Tetraploid Salix have value because they have higher tolerance to abiotic
stress than their diploid relatives; therefore, they can be planted beachside to alleviate soil salinity and
improve the ecological environment [22]. The molecular mechanism of salinity response regulation is
very complex, and AP2/ERF TFs are key regulators in plants [26]. Here, we identi�ed 364 AP2/ERF gene
members in Salix matsudana, and characterized their classi�cation, chromosome location, gene
structure, and syntenic relationships of these genes within the genome and between other species. We
also revealed the expression patterns under salt stress. These efforts can serve as a �rst step in
comprehensive functional characterization of AP2/ERF genes by reverse genetic approaches and
molecular genetics research.

As a tetraploid species, Salix matsudana has more AP2/ERF gene members than other plants selected for
comparison, including three Salicaceae family relatives (Table S2). The total number of genes is
approximately double compared with poplar and two willow relatives, but the proportions of some
subgroups were slightly different. Salix arbutifolia had a higher percentage (50.8% > 45%) of ERF
subfamily members, but a lower proportion (33% < 38%) of DREB subfamily members compared with
other species (Table S2). For DREB-A1 and ERF-B2 subgroups, the highest percentage was found in Salix
purpurea, and there were the same number of or more members of these two subgroups compared with
other species, including the tetraploid Salix matsudana. For ERF-B3, Salix arbutifolia had the highest
subgroup percentage (18.5%). In Salix matsudana, ERF-B6 had the lowest percentage (5.7%), whereas the
subfamily AP2 had the highest percentage (15.1%). These data indicated that, during evolution, AP2/ERF
family subgroup members probably underwent gene duplication or loss and therefore evolved into the
speci�c AP2/ERF subgroup proportions in each species.

A phylogenetic tree that included 364 genes from Salix matsudana and 48 genes from A. thaliana and
Populus trichocarpa was constructed (Fig. 1). All subgroups were clustered together. Eight genes with one
AP2 domain were classi�ed into the AP2 family because of a close phylogenetic relationship. This
classi�cation was similar to that in Arabidopsis, in which four genes involved in the AP2 family contained
a single AP2 domain [1].

The gene intron/exon structure and conserved motifs were identi�ed in the 364 SmAP2/ERF members.
Similar to that of the AP2/ERF genes from other species, such as cauli�ower and radish, the AP2
subfamily had more introns and the ERF subfamily had fewer [18, 19]. Previous studies found that intron
number and distribution are related to plant evolution, and introns of the ERF family genes were probably
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lost during evolution in higher plants [27, 28]. In total, 215 of the 301 members (70%) of the ERF family
had no introns, which was a little less than that of tartary buckwheat [24] and also consistent with
previous �ndings.

Through the conserved domains and motifs, TFs play roles in gene expression regulation by promoter
binding, transcription activation, and protein–protein interactions [29]. Motif analysis showed that Motif-
6, Motif-8, and Motif-10 were speci�cally detected in different groups of the AP2/ERF subfamily; seven
other motifs were all related to the AP2 domain (Fig. 3b). Motif-8 was speci�cally found in the DREB
subgroup, such as in the DREB-A1, DREB-A4, and DREB-A5 clades. Motif-10 was mostly found distributed
on proteins from the ERF-B3, DREB-A2, and DREB-A4 clades. Motif-6 was speci�cally located between the
two AP2 domains of AP2 subgroup members. These results indicate that, although some motifs of the
AP2/ERF family genes were highly conserved and involved in DNA binding, such as motifs from the AP2
domain, the functions of other subgroup-speci�c motifs are still unknown, and more work is required to
clarify their regulatory functions.

Based on the genome assembly data, 301 genes were anchored on the 38 chromosomes (LGs), but they
were unevenly distributed. Eleven TDs were found on 11 chromosomes, and seven tandem duplication
gene pairs came from the SmERF B3 subgroup, which included three duplicated genes (SmERF B3-6,
SmERF B3-7, and SmERF B3-8) that clustered together. Apart from the tandem duplication cluster, SmERF
B3 members typically clustered on a chromosome, with three genes as a unit. In 12 clusters, 37 SmERF
B3 genes were found. This phenomena were also found in Populus trichocarpa, thirteen PtERF B3 genes
located in 4 clusters, which indicated that in the evolution of Sm, apart from the chromosome duplication,
segmental duplication were also happened.

Using MCScanX, we found a total of 28,348 collinear gene pairs in the Salix matsudana genome, from
which 299 AP2/ERF collinear gene pairs were identi�ed; this indicated that, during evolution, the Salix
matsudana genome experienced a whole genome duplication event. Population genetic theory predicts
that, after duplication, some redundant duplicate copies will be silenced and eliminated, and other
retained paralogs will obtain sub- or neofunction by DNA mutation in coding or regulatory sequences
[30–32].

Then, we calculated Ka, Ks, and Ka/Ks ratios of these 298 AP2/ERF collinear gene pairs to estimate the
divergence time and selection pressure. All Ka/Ks values were below 1, which indicated that these genes
might have experienced strong purifying selective pressure during evolution. It was previously reported
that purifying selection would lead to the loss of redundant genes [33]. Based on the gene number of
most subgroups, we did not �nd any obvious evidence of gene loss, but in the RAV subgroup, there was
an exception; there were only six members in Salix matsudana, which is identical to the gene number in
Arabidopsis. Based on the gene loss hypothesis, the duplication paralogs of RAVs may have been lost
during genome evolution because of their rapid evolutionary rate.

Approximately 52–59 million years ago (Mya), willow and poplar, which are two modern taxa, originated
from a diploid progenitor, but when and how Salix matsudana experienced chromosome duplication
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remains largely unknown [34]. The divergence time (T Value) of gene pairs mainly occurred during two
time periods, 2–8 and 20–36 Mya. Gene pairs with a divergence time of 20–36 Mya were probably
paralogs before whole genome duplication events, whereas 2–8 Mya is probably the divergence time of
paralogs after whole genome duplication events. These data indicated that the progenitor of Salix
matsudana underwent whole genome duplication not more than 10 Mya.

Similar to the �ndings of a previous report [35], alignment of a Salix linkage map to the Populus genomic
sequence revealed macrosynteny between willow and poplar genomes (Fig. 6A, 6B). Synteny analysis of
Salix matsudana vs Populus trichocarpa, and Salix matsudana vs Salix purpurea revealed 423 and 292
orthologous pairs, respectively. In total, 263 SmAP2/ERF genes had syntenic relationships with 183 genes
in Populus trichocarpa, whereas 248 SmAP2/ERF genes showed syntenic relationships with 144 genes in
Salix purpurea. Interestingly, the collinear gene pairs identi�ed between Salix matsudana and Salix
purpurea were less than that from Salix matsudana and Populus trichocarpa. Syntenic links were found
between all 19 Populus trichocarpa chromosomes and all 38 Salix matsudana chromosomes, but there
were no syntenic links between Chr1, Chr12, and Chr36 from Salix matsudana and Chr15Z and Chr15W
from Salix purpurea. Salix has 300–500 species and considerable variation, ranging from shrubs to trees
[36]; willow may evolve faster, which would lead to them being more diverse. Researchers proposed that
Populus might be evolutionarily more primitive than Salix [30, 37]. From our results, we could infer the
evolutionary relationships of three Salicaceae species (Populus trichocarpa, Salix matsudana, and Salix
purpurea); Populus trichocarpa was the most primitive taxon, Salix purpurea was the most derived taxon,
and Salix matsudana was located between them but was genetically more closely related to Populus
trichocarpa than Salix purpurea.

Plants must adapt to various biotic and abiotic stresses because they are immobile in their life cycles. For
example, Salix matsudana must adapt to the soil salinity when grown along coastal beaches.
Consequently, some AP2/ERF TFs play important roles in plants by facilitating defense against stress
and improving resistance. From the RNA sequencing data, we extracted the expression FPKM values and
constructed expression heatmaps to show the expression patterns under salt stress (Fig. 7). The
expression levels of four genes from the AP2 subgroup, 10 genes from the DREB subgroup, and 13 genes
from the ERF subgroup were induced by salt stress, but only the expression levels of four genes were
downregulated after salt stress. The expression patterns were veri�ed by qRT-PCR. The expression pattern
of many AP2/ERF gene pairs with evolutionary relationships differed, which indicated that the AP2/ERF
gene family may have changed at the transcriptional regulation level followi polyploidization. That
�nding provides additional evidence that redundant duplicated gene pairs experienced functional
divergence based on expression pattern change. These differentially expressed SmAP2/ERF genes could
be selected as candidate genes; further exploration on their roles under salt stress will reveal molecular
mechanisms responsible for salinity stress responses in Salix matsudana.

In conclusion, 364 AP2/ERF TFs were identi�ed in Salix matsudana. Clustering and phylogenetic analysis
were conducted to classify these TFs into 15 subgroups. Chromosome location, gene structure, and
conserved motifs were identi�ed for 364 AP2/ERF TFs. Evolutionary relationships of these genes were
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revealed by tandem and segmental duplication gene pair identi�cation, divergence time estimation, and T
value calculation, which indicated that the progenitor of Salix matsudana underwent whole genome
duplication not more than 10 Mya. Synteny analysis with other species showed macrosynteny between
willow and poplar AP2/ERF genes, and Salix matsudana was genetically more closely related to Populus
trichocarpa than Salix purpurea. The AP2/ERF TFs were also con�rmed to exhibit differential expression
patterns during salt stress. The functions of these genes should be investigated in future studies to better
clarify the mechanism of salt tolerance regulation in Salix matsudana.

Conclusion
In this study, 364 SmAP2/ERF genes of Salix matsudana were identi�ed and renamed according to the
chromosomal location of the SmAP2/ERF genes. Gene classi�cation, gene structure and conserved
motifs were analyzed in detail. Investigation results on syntenic relationships between the SmAP2/ERF
genes and AP2/ERF genes from other species elucidated that the progenitors of Salix matsudana
underwent whole genome duplication not more than 10 Mya and Salix matsudana is genetically more
closely related to Populus trichocarpa than to Salix purpurea. Moreover, analyses on the differential
expression patterns of SmAP2/ERF genes during salt stress can help to reveal the mechanism of salt
tolerance regulation in Salix matsudana.

Methods
Material and salt stress treatment

The salinity stress treatments were carried out on Salix matsudana ‘yanjiang’ and Salix matsudana
‘9901’. The 2 salix cultivars used in this study were collected from the botany garden of Nantong
University (Nantong, China). The 2 salix cultivars were authorized for only scienti�c research purpose, and
were deposited in College of life science in Nantong University. The stem cuttings (length, 8–10 cm;
coarse, 2–3 cm) of two materials were selected for hydroponic rooting for 20 days and then treated with
NaCl solution (150 mM) for 4 h. All root samples were divided into four categories with three biological
replicates: Sample1-1/Sample1-2/Sample1-3 (‘yanjiang’ without salt stress treatment), Sample1N-
1/Sample1N-2/Sample1N-3 (‘yanjiang’ with salt stress treatment), Sample2-1/Sample2-2/Sample2-3
(‘9901’ without salt stress treatment), and Sample2N-1/Sample2N-2/Sample2N-3 (‘9901’ with salt stress
treatment).
Genome Sequence Retrieval

The Populus trichocarpa and Salix purpurea sequences were downloaded from JGI
(http://www.phytozome.net/). The Salix matsudana sequences were obtained from our sequencing, and
assembly results were obtained by Roche/454 and Illumina/HiSeq-2000 sequencing technologies
(unpublished).

Identi�cation of AP2/ERF genes in Salix matsudana and Salix purpurea
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The Pfam accession number of AP2 domain is PF00847.16. We downloaded the Hidden Markov Model
(HMM) pro�le for the AP2/ERF TFs from the Pfam database (http://pfam.xfam.org/) with Pfam
accession number PF00847.16 as the search keyword. An alternative HMM pro�le was built by sequence
alignment using Clustal

W[38]. Using an in-house Perl script with two HMM pro�les as queries, hmmsearch was carried out by
searching the Salix matsudana and Salix purpurea protein databases with default parameters. To
validate the putative accuracy of two HMM search results, the candidate protein sequences were checked
in three websites: SMART (http://smart.embl.de/#), CDD (https://www.ncbi.nlm.nih.gov/cdd/), and Pfam
(http://pfam.xfam.org/). Candidate proteins with positive results from all three websites were selected as
AP2/ERF family members of Salix matsudana and Salix purpurea. Additionally, putative AP2/ERF protein
characteristics, including length, molecular weight, and isoelectric point, were calculated by the ExPasy
site (http://au.expasy.org/tools/pi_tool.html).

Phylogenetic Analysis And Classi�cation Of AP2/ERF Genes

Using an in-house Perl script (domain_xulie.pl), the conserved AP2 core domains of putative SmAP2
proteins were obtained and subjected to multiple sequence alignment using ClustalW [38]. To better
classify these SmAP2 genes, 48 AP2 domains from known categories of Arabidopsis and Populus
trichocarpa AP2 genes were selected to carry out multiple sequence alignment with SmAP2 proteins, and
a phylogenetic tree based on this alignment was built by MEGA 7.0 with the neighbor-joining method [39]
with default parameters. Bootstrap value was set to 1000. Depending on the phylogenetic tree
constructed by SmAP2, PtAP2, and AtAP2 domains, these SmAP2 genes were classi�ed into different
subfamilies and subgroups.

Gene Structure And Conserved Motif Structure Analysis

The UTR–exon–intron structures of the SmAP2 genes were obtained based on the gene annotation gff3
�les we assembled. Using the online website tool Gene Structure Display Server
(http://gsds.cbi.pku.edu.cn/), we obtained the gene structure diagrams [40].

To characterize the SmAP2 protein structure, the online tool MEME (http://meme-suite.org/tools/meme)
was used to search for conserved motifs [41]. The optimized parameters were employed as follows: any
number of repetitions, maximum number of motifs = 10, and the optimum width of each motif was 6–50
residues. The search result �le meme.xml was downloaded from the website and opened by TBtools
v0.66831 to obtain the gene structure diagram [42].

Gene position on chromosomes, and gene tandem and segmental duplication analysis

Using the “Amazing Gene Location From GFF3/GTF File” tool of TBtools, the SmAP2 genes were mapped
on 38 chromosomes of Salix matsudana. Because some scaffolds were not assembled onto the
chromosomes, not all SmAP2 genes mapped onto the chromosomes.
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Salix matsudana is a tetraploid willow. Gene duplication events are a common phenomenon in the
genome. There are two kinds of gene duplications in the genome: tandem duplication events (TDs) and
segmental duplication events (SDs). TDs refer to two or more adjacent homologous genes located within
200 Kb on a single chromosome; SDs refer to homologous gene pairs between different chromosomes
[43]. The gene duplication pairs were identi�ed in TBtools by the “Blast compare 2 Seq [sets] < Big File>”
and “Quick McscanX Wrapper” tools. The candidate duplicated genes should have ≥ 80% coverage and
≥ 65% similarity. The TDs of SmAP2 genes were revealed on a chromosome using the “Amazing Gene
Location From GFF3/GTF File” tool of TBtools. The SDs of SmAP2 genes were visualized by the
“Amazing Super Circos” tool of TBtools.

Divergence Time Calculation Of Duplicated Genes

After BLASTn analysis of Coding sequences and obtaining duplicated gene pairs, the nonsynonymous
(Ka) and synonymous (Ks) pairs were calculated by the “Simple Ka/Ks calculator (NG)” tool of TBtools.
The divergence time was estimated with the formula: T = Ks/2λ. The clock-like rate λ value (9.1 × 10− 9)
from Populus was used in the calculation. [44]

Collinearity analysis between Salix matsudana and the representative species

To demonstrate the syntenic relationships of the orthologous AP2 genes obtained from Salix matsudana
and other two selected plants (Populus trichocarpa, and Salix purpurea,), the syntenic analysis maps
were constructed using the “Amazing Super Circos” tool of TBtools.

RNA sequencing and a heat map generated by hierarchical clustering

Transcriptome sequencing data of 12 samples were obtained by Illumina HiSeq sequencing. The
expression levels of genes in different samples were calculated using FPKM values. Using the “Amazing
HeatMap” tool of TBtools, a graph of the expression level of AP2 family genes with hierarchical clustering
was generated.

RNA Isolation And qRT-PCR Analysis

Total RNA was extracted using TaKaRa MiniBEST Plant RNA Extraction Kit (Takara, Dalian, China) from
roots according to the manufacturer’s instruction. For each sample, 3 µg of total RNA was used to
synthesize �rst-strand cDNA with SuperScriptII reverse transcriptase (Takara, Dalian, China). For qRT-PCR,
the reaction preparation, application parameter settings and quantitative analysis were performed as
previously described [45]. The reactions were performed using the ABI Prism 7000 Real-time PCR system
(Applied Biosystems, USA). The Salix purpurea Actin1 gene (SapurV1A.0655s0050.1) were used as
reference genes. The gene-speci�c primers for the 13 selected genes are listed in Table S7.

Abbreviations
AP2/ERF
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AP2-like ethylene-responsive transcription factor
FPKM
Fragments Per Kilobase of transcript per Million fragments mapped
qRT-PCR
Real-time Quantitative PCR
Mya
million years ago
HMM
Hidden Markov Model
TDs
tandem duplication events
SDs
segmental duplication events
TFs
transcription factors
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Figure 1

Unrooted phylogenetic tree and classi�cation of 364 SmAP2/ERF genes and their representative
orthologs from Arabidopsis and Populus. The amino acid sequences of AP2 domains from 364
SmAP2/ERF proteins and 48 orthologs from Arabidopsis and Populus were aligned by ClustalW, and the
neighbor-joining tree was constructed using MEGA 7.0 with 1000 bootstrap replicates. The evolutionary
distances were computed using the p-distance method. In total, 364 SmAP2/ERF members were
classi�ed into 15 smaller subgroups, and their names are labeled beside the tree.

Figure 2

Classification and subgroup proportions of SmAP2/ERF family genes. The size of each piece is
proportional to the relative abundance to the SmAP2/ERF genes assigned to this group.
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Figure 3

Phylogenetic relationships, gene structure, and architecture of conserved protein motifs in SmAP2/ERF
superfamily memebers. a, The phylogenetic tree was constructed based on the amino acid sequences of
the AP2 domain from 364 SmAP2/ERF proteins using MEGA7.0. b, Motif composition of tartary
buckwheat AP2/ERF proteins. Motifs 1–10 are displayed in different colored boxes. The sequence
information for each motif is provided in Figure S2. c, Exon/intron structure of SmAP2/ERF genes. Yellow
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boxes indicate untranslated 5′- and 3′-regions; green boxes indicate exons; black lines indicate introns.
The protein length can be estimated using the scale at the bottom.

Figure 4

Schematic representations for the chromosomal distribution and tandem duplication of SmAP2/ERF
genes. The red lines indicate tandem duplicated AP2/ERF gene pairs, which are indicated in green. The
SmERF-B3 subgroup members labeled with blue clustered on the same chromosome. The chromosome
number is indicated to the left of each chromosome.
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Figure 5

Schematic representations of the segmental duplication and interchromosomal relationships of
SmAP2/ERF genes. Grey lines indicate all syntenic gene pairs in the Salix matsudana genome, red lines
indicate syntenic relationships between SmAP2/ERF genes. The orange color columes outside of the
circle indicated the gene density on each 38 chromosomes. The deeper color means the higher density of
genes.
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Figure 6

Synteny analysis of AP2/ERF genes between Salix matsudana and two related Salicaceae species,
Populus trichocarpa and Salix purpurea. a, Synteny analysis of AP2 genes between Salix matsudana and
Populus trichocarpa. b. Synteny analysis of AP2 genes between Salix matsudana and Salix purpurea
Gray lines in the background indicate the collinear blocks within Salix matsudana and other plant
genomes, whereas red lines highlight syntenic AP2/ERF gene pairs.
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Figure 7

Hierarchical clustering of AP2 genes and heatmap that demonstrates the differential expression patterns
of SmAP2/ERF genes in roots before and after salt stress. a, Heatmap and hierarchical clustering
representation of 48 AP2 members. b, Heatmap and hierarchical clustering representation of 108 DREB
members. c, Heatmap and hierarchical clustering representation of 130 ERF members.
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Figure 8

Veri�cation of the SmAP2/ERF genes with differentially expressed patterns under salt stress by
quantitative real-time PCR For salt stress, ‘Yanjiang’ and ‘9901’ roots that were subjected to 20 days of
hydroponic culture and then treated with 150 mM sodium chloride for 4 h. The control was an untreated
Yanjiang sample. Three biological replicates for each sample were performed, and bars represent the
standard deviations of the mean. Asterisks on top of the bars indicate statistically significant differences
between stress treatment and the control (*0.01 < P < 0.05; **p<0.01, Student’s t-test). Gene expression
profiles were evaluated using the 2−∆∆Ct method, and the control value was normalized to 1.
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