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Abstract: Willows, in the genus Salix, are widespread on the earth with significant ecological and
economic values for humans. Although about 500 Salix species have been estimated, the genomic
foundation of their adaptations to environments with diverse stresses has been underexplored. Here,
we applied a pan-transcriptome approach to investigate the phylogenetic relationships and genetic
variations among 16 willow species. A pan-transcriptome of 29,668 gene families was assembled,
69% of which exhibited presence/absence variation across the analyzed species. In comparison to
core genes present in all species, shell gene families absent in at least one species were enriched with
genes in pathways of signaling transduction and response to stimuli, suggesting their functions in
the interaction with diverse environmental factors. A phylogenetic tree of 16 willow species was
constructed with high confidence based on 870 single-copy orthologous genes, providing detailed
evolutionary relationships of willow sections. The willow species were further assigned into four
species clusters using the gene numbers in each family. The diversity of gene family size and gene
expression levels among the willow species are closely associated with their geographical distribu-
tions. The gene family members involved in DNA repair and cellular response to DNA damage
stimuli were expanded in willow species from high-altitude regions in southwestern China, which
may contribute to their tolerance to ultraviolet radiation stress. Our study generates a comprehensive
pan-transcriptome resource for a large set of Salix species and provides insights into the adaptations
of willows to diverse environments, which will be valuable for comparative analysis with other
related woody and herbaceous plants.
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1. Introduction

Willow is the common name for plants in the genus Salix of the family Salicaceae [1].
There are about 500 natural and 200 hybrid willow species on the earth, mostly distributed
in cold and temperate regions with moist soils [2,3]. Willow plants can be grouped into
diverse types or sections based on their sizes and growth habitats, ranging from tall trees
to shorter shrubs to low-growing and creeping cushion plants [4]. They have adapted to
different environmental conditions and have formed endemic distributions in some regions.
Willow plants play an important role in ecosystems as dominant species in many natural
habitats and as food sources for herbivorous insects and some mammals [5]. Moreover,
willow plants are of significant economic and social value, serving as industrial feedstock
and bioenergy resources, ornamental and forage plants, and materials for tannin and
salicylic acid [6-8].

The genetic polymorphism of willows is relatively high due to frequent hybridiza-
tion and diverse chromosomal ploidy levels [9,10]. Shrub willows in nature are primarily
diploid, while arbor willows are mostly allopolyploid [11]. The genomes of several diploid
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and tetraploid willows have been sequenced and assembled in past years [12-16]. Compre-
hensive analysis of genomes and transcriptomes of willow species would provide clues to
understanding their adaptations to diverse environments.

The pan-transcriptome is a recalling concept of the pan-genome, which reflects the
set of all transcripts of a species or an organism. For most species, the genome of only
a single individual has been sequenced, which only represents a portion of the genes in
the species gene pool [17]. To overcome this limit, the concept of a pan-genome has been
proposed, which is defined as all of the genes present in individuals or strains of a species,
mainly consisting of core genes, dispensable (shell) genes, and specific (cloud) genes [18].
Pan-genomic studies were originally initiated on microbes. The results of these studies
indicated that horizontal gene transfer and gene loss play important roles in shaping the
genomic diversity and adaptation of bacterial populations [19]. With the advance of modern
sequencing techniques, such as next-generation sequencing (NGS) and third-generation
sequencing (TGS), pan-genomic studies have been applied in plant research. More and
more plant species, such as tomatoes [20], cucumbers [21], rice [22], and sorghum [23], have
been investigated using pan-genomic approaches. These studies revealed novel genes and
structural variations that were absent in the reference genomes and which are responsible
for phenotypic variation in these crops. Furthermore, a pan-transcriptome constructed
from the RNA-seq data of different individuals or species can capture most of the genes
expressed in the genome, so the pan-transcriptome analysis can be a cost-effective approach
to explore the genetic variations in a species or an organism.

In the present study, we performed RNA-seq analyses on the leaf tissues of 16 willow
species to construct a high-quality pan-transcriptome and investigate their phylogenetic
relationships using single-copy genes. The diversities of gene family size and gene expres-
sion levels were explored in these willow species from diverse geographical distributions.
Our study provides valuable resources and insights for understanding the diversity and
adaptation of willow species.

2. Materials and Methods
2.1. Data Collection and Transcriptome Sequencing

Two sets of RNA-seq data from 16 species from 9 sections were used in our analysis.
In the first set, mature-leaf samples with comparative growth stages were collected from
seven willow species including hakuro-nishiki willow (Salix integra), corkscrew willow
(Salix matsudana var. tortuosa), weeping willow (Salix babylonica), swamp willow (Salix myr-
tilloides), Nanjing willow (Salix nankingensis), desert willow (Salix psammophila), and basket
willow (Salix viminalis), which are planted in Nanjing Forestry University (32°07' N and
118°81" E). Total RNA was extracted from leaves using the RNAprep pure plant Kit (TIAN-
GEN, Beijing, China) according to the manufacturer’s instructions. The samples were first
treated with DNase and applied for library construction using Truseq RNA library prep
kit v 2. Each sample was barcoded and sequenced as paired-end on the Illumina HiSeq
2500 instrument (Illumina, San Diego, CA, USA).

In the second set, a total of 13 RNA-seq libraries from nine willow species, including
wallich willow (Salix wallichiana), Indian willow (Salix tetrasperma), creeping Himalayan
willow (Salix souliei), cushion willow (Salix brachista), dustpan willow (Salix suchowensis),
deng willow (Salix dunnii), purple willow (Salix purpurea), Japanese fantail willow (Salix
udensis), and winnow willow (Salix koriyanagi), were downloaded from the Short Sequence
Read Archive (SRA) database. These sequences were derived from a wide range of stud-
ies [15,16,24-26], from which the samples from leaves in natural or normal conditions were
selected for further analysis.

2.2. Transcriptome Assembly and Completeness Assessment

In the quality-control stage, adaptors were trimmed, and low-quality reads were
filtered with Trimmomatic (version 0.39) [27]. The high-quality filtered reads of each
individual were assembled using Trinity (version 2.8.5) [28] with de novo mode. To obtain
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the representative assembly transcripts (RATs), the preliminary assembly transcripts (PATs)
were filtered and screened using the following strategies: (1) Bacterial, fungal, and human
genomes downloaded from NCBI were used to identify potential contamination sequences.
Transcripts with coverage and identity >70% were removed. (2) The longest transcript
within a locus was defined as the representative transcript. (3) Cd-hit-est (version 4.8.1) [29]
program was used to remove redundant transcripts with the parameters “-c 0.95 -n 10”.
(4) Transdecoder (version 5.5.0) (http:/ /transdecoder.github.io/, accessed on 5 September
2022) was used to predict the open reading frame (ORF) of the remaining transcripts, and
the transcripts with a coding length of less than 100 amino acids were removed. BUSCO
(version 3.0.2) [30] was applied for the assessment of transcriptome completeness.

2.3. Functional Annotation of Transcripts

For gene annotation, all RATs were performed by aligning them against seven public
protein databases, including NR, SwissProt, eggNOGS, Pfam, TAIR10, GO, and KEGG
databases using Diamond (version 2.0.13.151) [31] with the parameter “--evalue 1 x 10757,
Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were
used for an overview of gene functions. A gene-set enrichment test was performed by the
ClusterProfiler [32] package. GO or KEGG terms with an adjusted p value (p adjust) < 0.05
were considered significantly enriched.

2.4. SSR and TF Identification

The presumptive simple sequence repeats (SSRs) of Salix transcripts were identified
by Misa (https:/ /webblast.ipk-gatersleben.de /misa/, accessed on 23 September 2022) [33]
with default settings. The transcription factors (TFs) of willow transcripts were predicted
by the iTAK tool (version 1.7a) [34] with default parameters.

2.5. Gene Family Clustering and Evolutionary Analysis

OrthoFinder (version 2.5.4) [35] pipeline was used to identify orthologous groups
(OGs). Single-copy genes in 16 Salix species and 2 outgroups (Oryza sativa version IRGSP-1.0
and Populus trichocarpa version AMTR 1.0) were selected for the construction of phylogenetic
trees. Sequences of genes in each OG were aligned using MAFFT (version 7.490) [36] with
default parameters. The gaps in the alignments of each gene group were removed using
trimAL (version 1.4.1) [37], and then all sequences of each species were concatenated end-
to-end to form the supergene sequences. RAXML (version 8.2.12) [38] was used for the
construction of phylogenetic trees, followed by the estimation of the divergence time in
willow species using R8s [39]. CAFE (version 3.1, Chapel Hill, NC, USA) [40] software was
used to identify gene families with significant expansion or contraction.

2.6. Identification of One-to-One Orthologous Genes and Expression Analysis

Genes of one-to-one patterns in all 16 Salix species were obtained using Blast (ver-
sion 2.12.0+) [41]. The transcripts of each willow species were compared with transcripts of
all other willow species by using Blastn with “-evalue 1 x 10~>”. Reciprocal best hits were
identified and clustered into a one-to-one gene list for the 16 Salix species.

To quantify the expression levels of genes, filtered high-quality reads were mapped
to the RATs of the same species using Rsem (version 1.3.3) [42]. Read counts obtained
by Rsem were applied for differential expression analysis using a DEseq2 [43] R package.
Genes were defined as differentially expressed using the cutoff p adjust < 0.05 and |log?2
Fold Changel >1.

3. Results
3.1. De Novo Assembly and Annotation of Willow Transcriptomes
The willow species used in our analysis can be classified into six groups based on their

geographic distributions (Table S1). S. wallichiana, S. tetrasperma, S. Souliei, and S. brachista
grow mainly in the mountainous areas of southwestern China, such as Tibet, Sichuan, and
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Yunnan. S. wallichiana and S. tetrasperma are plants of low mountains, at an altitude of
about 1800 m, while S. Souliei and S. brachista are alpine cushion plants, at an altitude of
more than 4000 m. S. matsudana var. tortuosa, S. babylonica, S. nankingensis, and S. dunni
are common willow tree species in the central, eastern, and southern plains of China.
S. integra, S. myrtilloides, and S. viminalis are three willow species distributed in the Jilin,
Liaoning, and Heilongjiang provinces in northeastern China. They grow in lowland swamp
areas, which belong to a temperate monsoon climate with long and cold winters and an
average temperature of —20 °C. S. psammophila, S. koriyanagi, S. udensis, S. suchowensis, and
S. purpurea are common plain shrubs that can be used for windbreaks, sand fixation, and
basket weaving. Among them, S. purpurea is native to Europe, while the other four willow
species are widely distributed in the northern and sometimes southern regions of China.

We collected RNA-seq data from the 16 willow species to assemble the transcriptome
of each one. In total, 204 Gb clean bases and 1.36 billion clean reads were collected, with
an average of 0.85 billion reads per species (Table S2). Next, we assembled the reads into
1,952,512 preliminarily transcript assemblies (PTAs) with an average length and average
N50 of 1208 bp and 1924 bp, respectively (Figure 1a, Table S3). A series of screenings (see
Materials and Methods for details) were applied on the PTAs. Finally, 402,284 representative
transcript assemblies (RTAs) were generated (Table 1), of which the average length and
N50 were significantly increased (Figure 1b, Table S3). We assessed the completeness of the
RTAs using BUSCO, and the results showed that a mean of 93.59% of universal single-copy
genes was present in the RTAs (Figure 1c, Table S4).

Table 1. Summary statistics of the 16 assembled Salix transcripts.

Number of Assembled Number of Average

Species Section Reads Transcript Base (bp) Transcripts Length (bp) N50 (bp)
S. integra @ Caesiae 90,289,300 38,665,408 22,693 1704 2131
S. matsudana @ Salix 78,431,900 41,673,650 29,192 1428 2003
S. babylonica ? Salix 80,092,914 41,933,688 30,278 1385 1966
S. myrtilloides @ Myrtilloides 77,083,220 39,406,201 23,055 1709 2102
S. nankingensis @ Wilsonianae 76,977 414 40,332,554 21,839 1847 2333
S. psammophila 2 Helix 79,908,594 40,737,203 24,351 1673 2208
S. viminalis @ Vimen 79,311,062 38,145,278 22,829 1671 2054
S. wallichiana Vetrix 53,957,578 31,552,157 23,622 1336 1799
S. tetrasperma Tetraspermae 53,257,842 34,366,064 26,654 1289 1751
S. souliei Lindleyanae 52,893,684 31,923,835 23,807 1341 1806
S. brachista Lindleyanae 122,921,910 48,523,659 29,540 1643 2421
S. suchowensis Helix 96,017,502 40,259,406 22,317 1804 2357
S. dunnii Wilsonianae 89,665,696 42,538,906 22,000 1934 2576
S. purpurea Helix 157,916,440 60,455,260 33,295 1816 2499
S. udensis Vimen 88,904,158 39,661,865 23,004 1724 2242
S. koriyanagi Helix 88,098,190 39,836,066 23,808 1673 2223

@ Sequenced in this study.

Multiple databases were used to annotate the functions of the RTAs of all willow
species. On average, 24,099 (95.85%) transcripts of each species of willow were retrieved in
these databases, and 17,895 (58.73%) transcripts were annotated with unknown functions
(Figure 1d, Table S5). Simple sequence repeat (SSR) markers are important resources for
genetic diversity assessment. In our analysis, a total of 86,581 SSRs were identified in
all of the willows’ transcripts (Table S6), of which dinucleotide (50.9%) and trinucleotide
repeats (45.34%) were the most significant proportion, followed by tetranucleotide repeats
(2.32%), and the lowest were hexanucleotide (0.79%) and pentanucleotide repeats (0.65%)
(Figure 1e). Transcripts encoding transcription factors (TFs) were further annotated. A total
of 20,830 TF-encoding transcripts from 68 TF families were identified, with a mean of 333 per
willow species (Table S7). The MYB/MYB-related (2089), C2H2 (1502), AP2/ERF-ER (1478),
bHLH (1329), and NAC (1118) were the top 5 TF families in the willow transcriptomes
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(Figure 1f). The high-quality willow pan-transcriptome and the derived SSRs and TFs
provide essential resources for genetic studies of willows.
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Figure 1. Transcriptome assembly and annotation for 16 willow species. (a,b) Comparison of
average length (a) and N50 (b) between preliminarily transcript assemblies (PTAs) and representative
transcript assemblies (RTAs). (c) BUSCO evaluation showing the completeness of transcript assembly.
The ratios of three categories, complete (Comp), fragmented (Frag), and missing (Miss), are shown
using a bar plot. (d) Annotation of willow transcriptome using seven public protein databases.
(e) SSRs identified in the transcriptome of the 16 willow species. The pie chart shows the proportion of
different SSRs, including dinucleotide (DI), trinucleotide (Tri), tetranucleotide (Tetra), pentanucleotide
(Penta), and hexanucleotide (Hexa). (f) Transcription factors (TFs) identified in willow transcriptome.
Boxplot shows the distribution of gene numbers in each TF family across the 16 species. The red
dashed line represents the average value (50) of all TF families.

3.2. Characterization of Willow Pan-Transcriptome

All of the transcripts were grouped into 29,668 gene families according to sequence sim-
ilarity (Table S8). All of the gene families were categorized based on their presence/absence
frequencies. A total of 9015 (30.4%) gene families present in all species were defined as core,
19,533 (65.8%) gene families present in 2-15 species were defined as shell, and 1120 (30.8%)
gene families uniquely present in a single species were defined as cloud sets (Figure 2a).
The core, shell, and cloud transcripts were also summarized according to each willow
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species (Figure 2c, Table S9). On average, each species consisted of 53.51% core, 41.92%
shell, and 4.57% cloud transcripts/genes. During the construction of the pan-transcriptome,
we assessed the size of the pan-transcriptome by iteratively increasing the number of
species through random sampling (Figure Sla). When more species were included, the
number of core families decreased and the number of Pan gene families increased, which is
consistent with the observations of other plants [44,45].
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Figure 2. Characterization of the pan-transcriptome. (a) Composition of gene families in pan-
transcriptome. The histogram shows the number of gene families with different frequencies in the
16 species. The pie chart shows the proportion of core, shell, and cloud gene families. (b) The top
10 GO terms in the biological process of the core, shell, and cloud gene families. (c) The proportion
of core, shell, and cloud transcripts/genes in each willow species. (d) Comparison of nucleotide
diversity between core and shell gene families (p value = 0.0001273, Wilcoxon Signed Rank Test).
The black dot represents the average value. (e) Comparison of dN/dS between core and shell
gene families (p value < 2.2 x 1071%, Wilcoxon Signed Rank Test). The black dot represents the
average value.
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Gene ontology (GO) enrichment analysis revealed significant functional differences
between the core and shell gene families. The genes of the core set were enriched in basic
biological functions. By contrast, the shell genes were enriched in signal transduction,
reproductive processes, cell recognition, and organic substance transport (Figure 2b). In
addition, the shell family showed higher nucleotide diversity () and non-synonymous-
to-synonymous substitutions ratios (dN/dS) than the core family (Figure 2d,e). Taken
together, the shell gene family may make more contributions to adaptations to diverse
environments than the core gene family.

3.3. Phylogenetic Analysis of Willow Species

The phylogenetic tree of the 16 Salix species was constructed using 870 single-copy
homologous genes (Figure 3). The high bootstrap values indicated the reliability of the
phylogenetic tree. The tree was divided into six clades, and each clade consisted of
Sect. Tetraspermae and Sect. Wilsonianae as an early diverging branch. S. myrtilloides
(Sect. Muyrtilloides) and S. wallichiana (Sect. Vetrix) were grouped into the same clade,
indicating the close relationship between the two species. S. integra was in a sister position
to the three willow species of the clade consisting of Sect. Helix and Sect. Caesiae.
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Figure 3. The Phylogenetic tree of the 16 willow species. Significantly (p value < 0.05) expanded and
contracted gene families are indicated in red and black numbers, respectively. The species of same
sections are shown in same colors. The branches with different bootstrap values are marked with
circles, triangles, or stars to show the confidence level. Numbers in brackets indicate the number of
species in each section.

We further analyzed gene family expansion and contraction in the willow species
using the existing evolutionary framework. A total of 1668 gene families significantly
expanded or contracted in the clade of Sect. Salix, whose prominent members were
allopolyploids [14,46].

The divergence time of the Salix species was estimated based on the phylogenetic
tree (Figure S2). The results show that the Salix genus diverged from Populus 33.3 million
years ago (Mya), and willow species of Sect. Tetraspermae and Sect. Wilsonianae diverged
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from other species at about 24.88 Mya, and the genus of Salix was estimated to originate in
the Oligocene.

3.4. Variation in Gene Family Size among Willow Species

The increment of gene numbers in gene families could result in complicated regulation
in response to diverse stresses. The Coefficients of Variation (CVs) of gene numbers in each
gene family across all the willow species were calculated to evaluate the diversity of the
gene families. The gene families were first categorized into 29 groups based on the total
number of genes (Figure 4a). In each group, the gene families with greater CV values than
the 85th quantile were defined as high-variant gene families. Meanwhile, those with CV
values lower than the 15th quantile were defined as low-variant families, and the other gene
families were named as median-variant families. In total, 2966 (11.24%), 22,216 (84.23%),
and 1195 (4.53%) gene families were grouped as high-, medium-, and low-variant families,
respectively (Figure 4b, Table S10).
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Figure 4. The characteristics of variations in gene family size. (a) Distribution of the CVs (Coefficients
of Variation) of gene family size in 29 bins. The bins were determined by the total gene family size
of all 16 species. Red and blue points represent the 15th (P15) and 85th (P85) percentiles of each
bin. The pink shade represents the region between the 15th and 85th percentile. The empty dots
indicates outlier values. (b) The proportion of high (CV > P85), medium (P15 < CV < P85), and low
(CV < P15th) variation gene families. (c) Significantly enriched GO terms of gene families with high
variability in family size.
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GO enrichment analysis was performed for the gene families of three categories with
different variant levels in gene numbers. The results indicated that members of the low-
and medium-variability gene families were enriched with housekeeping genes involved in
basic activities and the primary metabolism pathways (Table S11). In contrast, the gene
families with high variability were significantly enriched in GO terms related to stress
responses, such as response to abiotic stress, signal transduction, O-methyltransferase
activity, and DNA repair (Figure 4c).

3.5. Clustering of Gene Families Based on Family Size

Hierarchical clustering was performed for 2966 high-variability families. The 16 willow
species except for S. purpurea were grouped into 4 clusters (Figure S3a). The clusters of
willow species agreed well with their geographical distribution (Table S12). Members
of cluster A were mainly distributed in Tibet, Sichuan, Yunnan, and other southwestern
regions of China; members of cluster B were mainly distributed in Central, East, and
South China; members of cluster C were primarily distributed in the northeast of China;
and members of cluster D were mainly distributed in Northwest, North, and part of
Northeast China.

ANOVA was performed to detect gene families with significant differences in gene
numbers among the four clusters of willow species. The 220 identified gene families
(p value < 0.05) were then clustered into four groups based on gene family size (Figure 5a).
Within the four groups, 99, 38, 52, and 31 genes were detected in groups 1 to 4, respectively.
The gene families in the four groups also exhibited distinct expansion patterns into four
species clusters (Figure 5a). GO enrichment and KEGG pathway enrichment analysis
were performed for the four gene family groups (Table S513). GO terms related to DNA
damage repair, such as “DNA polymerase activity”, “DNA repair”, “DNA recombination”,
and “cellular response to DNA damage stimulus”, were enriched in gene family group 1
(Figure 5b). As shown in Figure 5a, the family sizes of gene families in group 1 were larger
in species cluster A, which are mostly from southwest regions of China with high altitudes.
The gene families in group 4 were mainly involved in pressure stimuli and protein modifica-
tion, such as “response to stimulus”, “response to stress”, “protein deubiquitination”, and
“protein modification by small protein removal” (Figure 5c). The family sizes of group 4
were large in species clusters B and C, of which the species of cluster C were mostly from
drought regions.

3.6. Expression Patterns of Orthologous Genes in Willow Species

All RAT sequences from the willow transcriptome were aligned with each other to
identify orthologous genes. A total of 9016 genes with a 1:1 relationship between any two
species were identified, which is much larger than the previous analysis of 10 Salicaceae
species (238) [47]. Among these orthologous genes, 644 genes were detected to be differen-
tially expressed in the 16 willow species. The hierarchical clustering of all DEGs grouped
these genes into four sets (Figure 6a, Table S14). GO and KEGG pathway enrichment
analyses of DEG sets indicated that genes involved in pollination and reproduction were
enriched in Set4 genes, which were highly expressed in the willows of cluster A. Genes
in the citrate cycle and glycine, the serine and threonine metabolism, and the cutin and
wax biosynthesis pathways were enriched in Setl genes, which were highly expressed in
willows of cluster C. Further studies of the physiological functions of these differentially
expressed genes would provide clues to understanding the mechanisms of environmental
adaptations of willow species.



Forests 2023, 14,1182 10 of 16

' (bLGroupl GO enrichment
’_‘]:lF‘—y ,_I,__._\—?_’_I_’ 5 DNA polymerase activity
l 5 RNA polymerase activity
B B - on DNA
0 MF -y, acting on RNA
ll'1’1i.1(::lejo,t’fidylﬁﬁﬁsferase activity

i2 hydrolase activity

(@

L

IIIIlJ
|

galactosidase activity

o

CC  beta-galactosidase complex

fira

DNA recombination

cellular response to DNA damage stimulus

— BP: DNA repair

i
[o NN

IIIWI V :

cellular response to stress

—
8 5 -
—_— £ 0 5
i)

—log(P. adjust)

W

‘ 15
Gene err(l)uber
— " Group4 GO enrichment

response to stimulus

. I

protein modification by small protein removal

protein deubiquitination

it i G i
mIHIFI
IIFI“FIII | ‘I"

= == .
15
I ..g
— -P . N .
m— = antiporter activity
T 8 T & 5 & 3 O 3T ¥ 5§ s z3¥mw &
§ 3 S g* £ § 8 ‘§~ £ 8 §« § g' S ri‘ omega peptidase activit B po
s §F§F§ FEzyr T 22y s e 5035
F¥ 8 T8 g 28 F 8§ OE G =
g 3 g < LR 2 ® 3 S & 34
§ B S =8 I <403 7 >
] = 3 B g 2 . . o 33
@ 3 & ndopeptidase activity 7%5 .
2 S 3.2
I ) . . ! I
Cluster A Cluster B Cluster C Cluster D 0 1 2 3 4
Gene Number
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gene families. (b,c) GO terms significantly enriched in gene family groups 1 (b) and 4 (c).
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Figure 6. Clustering of orthologous genes based on gene expression levels. (a) The heat map was
generated using the 644 orthologous genes of Salix species. Columns represent different willow
species, and rows represent orthologous genes. (b) GO and KEGG enrichment analyses of orthologous
genes in four sets. The GO terms of biological processes are labeled with B, and the KEGG pathways
are labeled with K.

4. Discussion
4.1. High-Quality Willow Pan-Transcriptome

The pan-transcriptome facilitates understanding of the genetic variation in complex
organisms at the transcriptional level [48]. Although transcriptional studies of many Salix
species have been reported [49-52], most of them focused on a single or a few species. In
the present study, we constructed a high-quality willow pan-transcriptome consisting of
402,284 RATs using de novo assembly of RNA-seq data from 16 Salix species. The pan-
transcriptome showed extensive presence/absence variation, with 69.6% of gene families
being variable in willows. This number is similar to the report in a pan-genomic study of
16 sorghum cultivars (64%) [23] but smaller than the pan-transcriptome study of 116 Camel-
lia plants (93%) [53]. As reported in the literature, hybridization and polyploidization are
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quite common in willow species [9,10], which may cause challenges for pan-genome and
pan-transcriptome analysis. In our study, the longest transcript within a locus was selected,
and redundant transcripts were further clustered and removed. These approaches kept
the major information of the transcriptome from a haplotype genome. Haplotype-aware
genome assembly will provide more information about the genomic variations and chromo-
somal arrangement of the willow pan-genome. As one of the pan-genome/transcriptome
features, the differences in structure and function between the genes of core and shell
families were evident [54]. Genes of the shell families were enriched in processes of signal
transduction and response to stimuli, indicating their significant roles in the adaptation of
willow species to environments with diverse stresses.

4.2. Systematic and Taxonomic Significance of Salix

The classification of species in the genus Salix has been considered a systematic
and taxonomic difficulty due to a large number of intraspecific variations and the high
frequency of hybridization among natural species [1,5]. Previous studies mostly focused
on the phylogenetic study of Salix using chloroplast and ribosome sequences [55-57]. In
the present study, we used single-copy orthologs to construct a phylogenetic tree. The
tree consisted of six clades: Sect. Tetraspermae and Sect. Wilsonianae, Sect. Salix, Sect.
Lindleyanae, Sect. Myrtilloides and Sect. Vetrix, Sect. Vimen, and Sect. Helix and Sect.
Caesiae. The relationship of Salix sections is consistent with Wang’s taxonomical system [58].
Furthermore, our study showed that the divergence of genus Salix from genus Populus
occurred about 33 Mya (Figure S2) during the period of the early Oligocene, which is
consistent with the results based on the plastid sequence (34 Mya) [59], but later than a
parallel study that also used a single-copy ortholog (48 Mya) [47]. In addition, the estimated
time for the occurrence of Salix species diversity (24.88-10.79 Mya) was earlier than the
study of Zhao et al. (17.6-4.6 Mya) [47], which may be due to the number of species and the
high quality of the transcripts in our study. Our results support the increment of species
diversity of willow in the Miocene Epoch.

4.3. Potential Role of Gene Family Expansion in Environmental Adaptation of Willows

Gene family size variation is an important source of genetic variation in organ-
isms [60,61]. Gene families with high turnover rates often participate in the adaptive
evolution of species [62,63]. Based on the gene families with high variability in family size,
the willow species were assigned into four species clusters with different geographical
distributions (Figure 5a). Meanwhile, the gene families were assigned into four groups
(Figure 5a). Further analysis indicates that the patterns of gene expansion agree well with
the geographical distributions.

The Salix species in cluster A were mainly distributed in Southwest China, which
has a complex topography with a wide range of plateau and mountainous areas. Among
the species in cluster A, Salix souliei grows on alpine meadows or bare rocks at altitudes
of 42004800 m [58]. Salix brachista, an endemic species of the Tibeto-Himalayan region,
is mainly distributed at altitudes above 4000 m [16]. Ultraviolet (UV) radiation is one of
the major abiotic stress factors in high-altitude regions. The enhancement of DNA repair-
related functions is a key genetic characteristic of plants with resistance to UV stress [64-66].
Gene family expansions associated with DNA repair have emerged as a universal survival
mechanism for high-altitude plants [67]. In our analysis, genes in processes of DNA repair,
cellular response to DNA damage stimuli, and DNA recombination were enriched in the
genes of group 1, which are expanded in willow species from southwestern China.

4.4. Relationship between Geographical Characteristics and Expression Patterns of Orthologs

Plants respond to changes in the external environment by activating molecular path-
ways. To compare gene expressions in Salix species from different geographical regions,
we identified differentially expressed genes among them using transcriptome analysis
based on orthologous genes. Our analysis indicated that genes involved in pollination and
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reproduction were enriched in gene sets that were highly expressed in cluster A, and genes
in the citrate cycle and glycine, the serine and threonine metabolism, and the cutin and wax
biosynthesis pathways were enriched in gene sets that were highly expressed in cluster
C. The high-altitude environment could affect the reproduction processes of plants [66,68].
The highly expressed genes in pollination and reproduction would contribute to adaptation
in regions with a short time window for growth and reproduction, such as the original
growth environments of the willows in cluster A.

Increased metabolic capacity can help plants survive under cold stress, and transcrip-
tome analysis showed that the metabolic levels of carbohydrates in plants under chilling
stress were significantly induced [69]. Differential expression of genes involved in the
glycine, serine, and threonine metabolic pathways under chilling stress were also observed
in winter rapeseed [70] and cucumbers [71]. Wax on the surface of leaves can reduce cold
damage in chilling environments [72]. Genes that were highly expressed in willow species
from Northeast China could improve the adaptation of trees through adjustments of diverse
metabolic pathways.

5. Conclusions

The pan-transcriptome analysis provides an excellent opportunity to investigate the
phylogeny and genetic diversity of willow species. In our study, the transcriptomes of
16 willow species were assembled, followed by the identification of core, shell, and cloud
genes among these species. The phylogenetic tree constructed using all single-copy genes
exhibits the evolutionary relationship of willow species from diverse sections. The diversity
of gene family size and gene expression levels among the studied species are closely
associated with their geographical distributions. Our analyses provide insights into the
adaptations of willow species to diverse environments and genetic resources to improve the
tolerance of trees, including willows, through tree breeding and other biological techniques,
such as genome editing.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/f14061182/s1: Figure S1: Gene family numbers of pan-transcriptome
and functional enrichment analysis. (a) Numbers of gene families in the pan- and core transcriptomes
with increasing species numbers. (b) The top six enriched KEGG pathways of the core, shell, and
cloud gene families. (c, d) The top six enriched molecular function (c) and cellular component
(d) terms of the core, shell, and cloud gene families from GO enrichment analysis; Figure S2: Phyloge-
netic tree with estimated divergence times (million years ago). Three node calibrations (red number)
were defined by the TimeTree database (http://www.timetree.org/, accessed on 2 October 2022);
Figure S3: Clustering analysis of willow species. (a) Hierarchical clustering of 16 Salix species using
2966 high-variability gene families. (B) KEGG pathways significantly enriched in different groups
of gene families. (c,d) GO terms significantly enriched in gene family group2 (c) and group3 (d);
Table S1: Summary of the RNA-seq data of 16 Salix species; Table S2: Quality control of the 16 Salix
species’ RNA-seq data; Table S3: Transcriptome assembly of 16 Salix species; Table S4: Completeness
evaluation of the 16 Salix species’ transcriptomes; Table S5: Transcriptome annotation of 16 Salix
species; Table S6: Presumptive SSRs among 16 Salix species transcriptomes using MISA; Table S7: TFs
among the 16 Salix species’ transcriptomes by using iTAK; Table S8: Summary of the gene families of
16 Salix species identified; Table S9: The proportion of core, disposable, and specific transcripts/genes
in each Salix species; Table S10: Classification of gene families into high-, medium-, and low-variability
categories; Table S11: Significantly enriched GO items in high-, medium-, and low-variability families;
Table S12: The main geographic distribution of the 16 Salix species; Table S13: Gene families with
significant size variation (ANOVA: p value < 0.05) and their annotation; Table S14: Orthologous genes
with differential expressions (p adjust < 0.05) and their annotation.
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