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Abstract

Populus has a wide ecogeographical range spanning the Northern Hemisphere, and
interspecific hybrids are common. Populus tomentosa Carr. is widely distributed and
cultivated in the eastern region of Asia, where it plays multiple important roles in
forestry, agriculture, conservation, and urban horticulture. Reference genomes are
available for several Populus species, however, our goals were to produce a very high
quality de novo chromosome-level genome assembly in P. tomentosa genome that
could serve as a reference for evolutionary and ecological studies of hybrid specia-
tion throughout the genus. Here, combining long-read sequencing and Hi-C scaffold-
ing, we present a high-quality, haplotype-resolved genome assembly. The genome
size was 740.2 Mb, with a contig N50 size of 5.47 Mb and a scaffold N50 size of
46.68 Mb, consisting of 38 chromosomes, as expected with the known diploid chro-
mosome number (2n = 2x = 38). A total of 59,124 protein-coding genes were identi-
fied. Phylogenomic analyses revealed that P. tomentosa is comprised of two distinct
subgenomes, which we deomonstrate is likely to have resulted from hybridization
between Populus adenopoda as the female parent and Populus alba var. pyramidalis as

the male parent, with an origin of approximately 3.93 Ma. Although highly colinear,
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1 | INTRODUCTION

The genomics revolution has spurred unprecedented growth in
the sequencing and assembly of whole genomes in a wide variety
of model and non-model organisms (Ellegren, 2014). While this
has fueled the development of large genomic diversity panels for
studies into the genetic basis of adaptive traits, reliance on a single
well-assembled reference genome within a species or across a set of
closely related congeners poses significant limitations on genetic and
evolutionary inferences (Sherman & Salzberg, 2020). The challenge
is particularly acute when working with large, structurally diverse,
hybrid or heterozygous genomes, for which low coverage and biases
in variant calling may result when mapping short read sequences
against a divergent reference genome. Such complexity challenges
plant genome assembly, for which a homozygous line is desirable
(Daccord et al., 2017; Wu et al., 2018). However many plants, in-
cluding Populus, are outcrossing in nature and thus heterozygous ge-
nomic regions are ubiquitous and major contributors to phenotypic
variation (Schnable & Springer, 2013). Moreover, direct sequencing
of naturally heterozygous lines or artificially domesticated hybrid
lines can provide deep views on their genetic complexity and evolu-
tion history (Minio et al., 2019).

The genus Populus (poplars, cottonwoods, and aspens) has
emerged as the leading model in tree ecological genomics and bio-
technology, including development of the reference genome assem-
bly for Populus trichocarpa-the first tree to undergo whole genome
sequencing (Tuskan et al., 2006). In recent years, the whole genomes
of P. euphratica, P. tremula and tremuloides, P. alba var. pyramidalis
and P. alba have also been published (Lin et al., 2018; Liu et al., 2019;
Ma et al., 2019; 2013a; 2013b). However, high genetic heterozygos-
ity and limited application of the third generation sequencing tech-
nology has limited the quality of many of these genome assemblies,
which often remain highly fragmented into thousands of scaffolds
(Ambardar et al., 2016).

The availability of multiple highly contiguous, well-assembled
Populus reference genomes would greatly facilitate accurate infer-
ences of synteny, recombination, and chromosomal origins (Lin et al.,
2018). Diverse well-assembled reference genomes would also pro-
vide a fundamental tool for functional genomics, genetic engineer-
ing, and molecular breeding in this economically important genus
(Zhang et al., 2019). It would also improve phylogenomic analyses
of the Populus pan-genome (Pinosio et al., 2016; Zhang et al., 2019),
without the need for reliance on reference-guided mapping and
variant calling based solely on the P. trichocarpa reference. Recent

significant structural variation was found between the two subgenomes. Our study

provides a valuable resource for ecological genetics and forest biotechnology.

forest biotechnology, haplotype-resolved genome assembly, hybridization, PacBio long-read
sequencing, Populus tomentosa

advances in approaches to whole genome sequencing, including
chromosome conformation capture (Hi-C; van Berkum et al., 2010)
and long-read sequencing offer a means to go beyond fragmented
draft genomes and generate nearly comprehensive de novo assem-
blies (EI-Metwally et al., 2014).

Populus tomentosa, also known as Chinese white poplar, is in-
digenous and widely distributed across large areas of China (An
et al.,, 2011). Moreover, it is also the first tree species planted in
large-scale artificial plantations in China. Its characteristics in-
clude rapid growth, a thick and straight trunk, high environmental
stress tolerance, and a long lifespan (typically 100-200 years, but
sometimes over 500 years). These traits make P. tomentosa valu-
able from economic, ecological and evolutionary perspectives, with
applications that include timber, pulp and paper, veneer, plywood,
bioremediation, wind breaks, carbon capture, and prevention of soil
erosion. Like other white poplars, P. tomentosa has become an im-
portant model for genetic research on trees (An et al., 2011), but at
present no genome sequence is available and the origin, evolution
and genetic architecture of the P. tomentosa genome are unclear.
It has been proposed that P. tomentosa is a distinct species in the
Populus section (Dickmann & Isebrands, 2001). However, the origin
of P. tomentosa has remained controversial. Although P. tomentosa
was proposed to contain two genetic types with different mater-
nal parents (Wang et al., 2019), suggestions of a hybrid origin were
based on a limited set of molecular markers and an incomplete
collection of provenance materials. Thus, its ancestry and genome
structure remains unclear. Our study adds to knowledge of the spe-
cies by providing a much greater understanding of genomic archi-
tecture and structural composition following inferred interspecies
hybridization.

Here, we present de novo assembles for P. tomentosa (clone
GM15) by the combined application of PacBio, Illumina and Hi-C
sequencing technologies. We herein provide two high-quality
haplotype-resolved assemblies for all chromosomes whose phy-
logenetic affinities demonstrate the hybrid origin of this species.
Combining phylogenetic analyses of chloroplast and mitochondrial
genomes in this study, we deduced that the progenitors of P. to-
mentosa are P. adenopoda (female parent) and P. alba var. pyramida-
lis (male parent). Furthermore, we uncovered extensive structural
variations across the genome. These findings help to elucidate the
mechanisms of speciation in Populus, and expand our understand-
ing of the genomic biology of Populus. Meanwhile, P. tomentosa,
as a stabilized interspecific hybrid species with many good traits,
it is widespread in Asia, unveiled parental origination and high



AN ET AL.

quality haplotype-resolved genome will be of interest to the wider

community.

2 | MATERIALS AND METHODS

2.1 | Invitro regeneration and validation

We collected the branches with floral buds from an elite male
P. tomentosa clone (LM50), and water-cultured in a greenhouse.
Subsequently, we performed anther-induced regeneration, and
measured the ploidy of regenerated anther plantlets (referencing a
previous study: [Li et al., 2013]). The nucleus DNA amount (C-value)
was detected using a Cell Laboratory Quanta SC (Beckman Coulter).
Chromosome counts were carried out on root-tip cells, and the mi-
crographs were taken with an FSX-100 microscope camera system
(Olympus). The leaves of P. tomentosa (Clone LM50) treated in the
same way was used as a diploid control. Furthermore, The genotype
of anther plantlets were identified using 19 allele-specific primer

pairs located on each of the 19 chromosomes (Table S1).

2.2 | Genomic DNA library
construction and sequencing

The plantlet GM15 generated by in vitro anther culture and regen-
eration system, was selected for genome sequencing. Genomic DNA
was extracted using the Qiagen DNeasy Plant Mini Kit. DNA qual-
ity was evaluated by agarose gel electrophoresis and its quantity
determined using a NanoDrop spectrophotometer (Thermo Fisher
Scientific). The short-insert PCR-free genomic DNA library (300-
500 bp) was constructed following the manufacturer's protocol
(Hlumina Inc.) for paired-end sequencing on the Illumina HiSeq X
Ten sequencer. For SMRT sequencing, the 20-kb genomic DNA li-
brary was costructed following the manufacturer's protocol (Pacific
Biosciences). Finally, 50 ug of high-quality genomic DNA was se-
quenced on the PacBio Sequel platform (Pacific Biosciences) to
generate 11 SMRT cells. To compare the kmer-based genomic char-
acteristics between GM15 and LM50, LM50 was also sequenced
on the lllumina platform with the same procedures, including DNA
extraction, library construction and sequencing.

2.3 | RNA-seq library construction and sequencing
Total RNA of roots, stems and leaves of the plantlet GM15 were ex-
tracted using the Qiagen RNeasy Plant Mini Kit (Qiagen). RNA qual-
ity was evaluated by agarose gel electrophoresis and its quantity
determined using a NanoDrop spectrophotometer (Thermo Fisher
Scientific). To assist gene annotation, 2 pg of total RNA from ex-
tracted tissues was used to construct the RNA-seq library and se-
quenced on the lllumina HiSeq X Ten platform following the protocol
of manufacturer (New England Biolabs).
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2.4 | Genome size estimation and assembly

Using the Genome Characteristic Estimation (GCE) program v1.0
(Liu et al., 2013), the genome sizes of GM15 and LM50 were esti-
mated by 17-mer analysis based on PCR-free Illumina short reads.
Based on the post-filtered PacBio reads (after filtering out reads
shorter than 1000 bp), de novo assembly was conducted using an
overlap-layout-consensus method in CANU v1.5 (Koren et al., 2017).
Subsequently, the primary draft assembly was polished using Arrow
(https://github.com/PacificBiosciences/GenomicConsensus) to im-

prove accuracies.

2.5 | Hi-Clibrary sequencing and
chromosome anchoring

The Hi-C library was prepared using standard procedures (NEBNext
Uitra'll DNA Library Prep Kit for Illumina) and sequenced on the
lllumina HiSeq X Ten platform. The Hi-C reads were first mapped to
the above draft genome using Juicer v1.5.6 (Durand, Shamim, et al.,
2016). To account for the high duplication level in Populus, only the
aligned reads with mapping quality >40 were used to conduct the
Hi-C association chromosome assembly with the 3D-DNA (v170123)
pipeline with parameters “-m haploid -t 5000 -s 2” (Dudchenko et al.,
2017). Visualization was carried out using Juicebox v1.6 (Durand,
Robinson, et al., 2016), This yielded a chromosomes-scale draft as-
semby containing 38 chromosomes. Subsequently, the assembly
was polished with Arrow over three iterations using PacBio reads
and finally polished using lllumina short reads with Pilon v1.22 over
five iterations. Finally, the assembly qualiy was comprehensively as-
sessed by mapping lllumina, PacBio and RNA-seq data using bowtie2
v2.3.4, BLASR v5.1 (Chaisson & Tesler, 2012) and Hisat2 v2.1.0 (Kim
et al., 2015), respectively. Simultaneously, the completeness of ge-
nome was also assessed using Benchmarking Universal Single-Copy
Orthologues (BUSCO, v2.0.1; Simao et al., 2015).

2.6 | Genome annotation

Repeat families were de novo identified and classified using the
RepeatModeler v1.0.8, subsequently genome was masked using
RepeatMasker v4.0.7, and protein-coding genes were annotated
using the MAKER2 (v2.31.9) annotation pipeline (Cantarel et al.,
2008). The single copy core genes identified by BUSCO (Simao
et al., 2015) were used to train the AUGUSTUS model v3.3.1, and
five rounds of optimization were carried out. MAKER2 pipeline was
carried out with combining ab initio prediction, EST sequence align-
ments and protein sequence alignments, and finally integrated these
data with annotation edit distance (AED) score calculated for quality
control. The completeness of the annotated proteome was assessed
using BUSCO. Protein sequences were aligned with transcripts using
BLAT v36 (Kent, 2002). Functional annotation was performed by
aligning protein sequences with the protein databases using BLAT
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v36 (Kent, 2002; identity > 30%, and the E < 1e-5). The tRNA and
rRNA were predicted using tRNAScan-SE v1.3.1 and RNAmmer
v1.2, respectively. Other non-coding RNAs were annotated using
RfamScan v1.0. Counts of transposable elements (TEs) per family
were tallied from the above RepeatModeler output, and subse-
quently tested for differences in frequencies between the two sub-
genomes. We first calculated a Chi-square test of independence for
the overall null hypothesis that the frequencies across the TE fami-
lies were proportional between two subgenomes. We then followed
up with individual tests for each TE category, testing the null hy-
pothesis that the frequences were equal between two subgenomes.

2.7 | Chromosome grouping and subgenome
recombination test

We first collected genome data of 4 poplars and Salix suchowensis
(Dai et al., 2014), and de novo transcriptomes assembly of other
white poplars (Table S2). Then we performed gene family cluster-
ing using OrthoMCL on protein sequences, and conducted further
collinearity analysis using MCScanX (Wang et al., 2012). We identi-
fied 1052 single copy and collinear orthologous genes to construct
gene trees. Subsequently, the total 38 chromosomes of P. tomentosa
were partitioned into two subgenomes (2 x 19 chromosomes) based
on phylogenic distance. As there is currently no chromosome-scale
assembly of P. alba var. pyramidalis and P. adenopoda, we instead
used a draft assembly of P. alba var. pyramidalis and transcriptome
of P. adenopoda. Further, we slected 5345 single copy orthologous
genes, which are collinear allele pairs between two subgenomes of
P. tomentosa and are homologus to those of P. alba var. pyramidalis
(PA) and P. adenopoda (PD), to measure their distances through Ks,
and reconfirm that P. tomentosa genome was composed of subge-
nome A (PtA) and subgenome D (PtD).

To investigate potential recombination between homologous
gene pairs of the subgenomes, we compared the synonymous sub-
stitution rates of parent and progeny alleles. Our hypothesis tests is
as follows: (1) if Ks (PD-PtD) is smaller than Ks (PD-PtA), and Ks (PA-
PtA) is smaller than Ks (PA-PtD), then it supports the expectation of
no recombination events between the orthologous genes. (2) if Ks
(PD-PtD) is larger than Ks (PD-PtA), and Ks (PA-PtA) is larger than Ks
(PA-PtD), it supports the expectation of recombination events be-
tween orthologous genes. If none of the above conditions are true,
it may be due to false positive homology, gene loss, imbalance of
evolution rate, or other causes and was excluded from recombinant

analysis.
2.8 | Molecular phylogenetic tree, whole-genome
duplication and divergence events

Based on collinear homologous gene pairs, including interspecific

orthologues and intraspecific paralogues with tandem repeats

excluded, we aligned protein sequences using MUSCLE v3.8 (Edgar,
2004), then used PAL2NAL v14 to carry out codon alignment
(Suyama et al., 2006). The YN model-based Ka and Ks calculation
was performed using KaKs_Calculator v2.0 (Zhang et al., 2006).
Finally, we constructed a molecular phylogenetic tree using RAXML
(Stamatakis, 2014) based on the GAMMA+GTR model. Assuming
the divergence time of Populus and Salix-48 Ma (Manchester et al.,
1986) as fossil calibration, we estimated dates for divergent events
of poplar species using r8s (Sanderson, 2003). We also contructed
two phylogenetic trees of the chloroplast and mitochondrial ge-
nomes derived from 15 and eight white poplars, respectively.

2.9 | Chromosomal structure variations and GO
enrichment analysis

We conducted genome-wide synteny analysis between P. tomen-
tosa and P. trichocarpa, and subgenome synteny analysis between
subgenomes A and D in P. tomentosa using MCScanX (Wang et al.,
2012). Genome-wide structural variations (insertion, INS; deletion,
DEL; inversion, INV; translocation, TRANS; copy number varia-
tion, CNV) between homologous chromosome pairs were identified
using MUMmer v3.1 and SVMU (Structural Variants from MUMmer)
v0.3 (Chakraborty et al., 2019). We extracted GO annotation data
of genes mapping to the SV regions, and performed futher GO en-
richment analysis. Annotation results were summarized through the

mapping to the Plant GOSlim.

3 | RESULTS

3.1 | Ploidy determination, genotype identification
and genome size estimation

To create a plant that was suitable for genome sequencing, and also
was more juvenile to promote transformability and regenerability
when making transgenic plants, we regenerated plantlets from an-
ther callus of P. tomentosa (using a male elite clone LM50, that oth-
erwise shows low transformation efficiency). Although from anther
culture, the conservation of ploidy level of the regenerated plantlet
(GM15; Figure 1a) was determined by a number of approaches as
follows. Flow cytometry showed that both GM15 and LM50 were
diploids (Figure 1b). It was further confirmed by chromosome counts
(Figure 1c), and their genotypes appeared to be identical and het-
erozygous based on 19 allele-specific primers (Table S1; Figure 1d).
In addtion, the k-mer frequency distributions of both GM15 and
LM50 are almost the same, suggesting a genome size of approxi-
mately 800 Mb, as expected for a diploid poplar (Figure 1le). We
therefore conclude that the anther regenerated clone GM15 used
for seqeuencing developed from somatic cells in the anther, not from
gametes; it is thus a legitimate representative of its parent P. tomen-

tosa genotype, LM50.
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FIGURE 1 Ploidy and genotype identification of parent LM50 and its anther plant GM15. (a) The regenerated individual (GM15) from
anther of P. tomentosa male clone LM50. (b) Ploidy detection of LM50 and GM15 by flow cytometry. (c) Chromosome counting of LM50
and GM15. (d) Genotype identification of LM50 and GM15 by PCR using allele-specific primers derived from 19 chromosomes. (M) marker
DL2000, (P) Parent (male clone LM50), (A1) Anther plant GM15. (e) Normalized k-mer frequency distributions of LM50 and GM15

3.2 | Genome assembly and
chromosome anchoring

To obtain a high-quality reference genome for P. tomentosa, we se-
quenced and assembled the genome of GM15 employing a combina-
tion of PacBio, Hi-C and lllumina methods. Its size was estimated
to be ~800 Mb by K-mer analysis (Figure 1e, Table S3). A total of
post-filtered ~54 Gb (6.24 million subreads, ~70x coverage) PacBio
data was assembled to generate a primary draft assembly. To ob-
tain a chromosome-scale assembly, Hi-C reads (430 million reads,
65 Gb, - 80x coverage) were sequenced and finally a total of 38
chromosome-scale pseudomolecules were successfully anchored
(Figure 2, Table S4), generating a diploid genome size of 740.2 Mb.

The 38 chromosome-scale pseudomolecules covered 92.1% of the
estimated 800 Mb genome (Table 1). The sizes of contig N50 and
scaffold N50 reached 0.96 and 17.13 Mb, with the longest contig and
scaffold being 5.47, and 46.68 Mb, respectively (Table 1).

3.3 | Genome quality assessment,
assortment and annotation

A number of other indices showed that the genome was of high
quality. The lllumina and PacBio data covered 99.45 and 99.76% of
the whole genomes, repectively. The mapping rate of RNA-seq data
was 97.8%. In total, 96.5% of BUSCO genes were represented as
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from the 3D-DNA pipelines

complete. The coverage depth of duplicated and single-copy BUSCO
core genes was identical, showing an expected Poisson distribution
(Figure S1), suggesting that the duplicated genes were not derived
from assembling redundancy. In addtion, no large-scale switch er-
rors were observed in the Hi-C heatmap, suggesting it is a well
haplotype-resolved assembly.

Based on the phylogenies with other poplars, the P. tomentosa
genome was successfully partitioned into two subgenomes (2 x 19
choromosomes), with sizes of 336.7 and 344.4 Mb, respectively
(Tables 1 and S5a,b). Mapping of syntenic regions within the as-
sembly showed clear synteny between homologous chromosome
pairs and also extensive synteny among different chromosomes,
as expected for the highly duplicated Populus genome (Figure 3).
Furthermore, the coverage depth of the two subgenomes by both
the PacBio and lllumina reads was also uniform, suggesting an accu-
rate haplotype-resolved assembly (Figure S2). Compared with pre-
vious poplar genome assemblies (Ma et al., 2013a; 2013b; Tuskan
et al., 2006; Yang et al., 2017), the result of comprehensive assess-
ments showed that the P. tomentosa assembly quality in the present
study was substantially improved (Table Sé).

In total, 1,001,718 repeats were identified, and these repeats
were 307.6 Mb in size and comprised ~41.6% of the genome
(Figure 3a). Long-terminal repeats (LTR) were the most abundant,
making up 17.5% of the genome. 13.3% of these were LTR/Gypsy el-
ements, and 4.0% were LTR/Copia repeats. Second to LTR were un-
known elements, making up 9.8% of the genome. This was followed
by 5.6% of Helitron repeats and 5.4% of DNA elements (Figure 3b;
details in Table S7). There were only slight differences in repeat

size between two subgenomes; total repeats sizes were 133.7 and
137.9 Mb in subgenomes A and D (discussed further below), respec-
tively, and the sizes of LTRs were 54.9 and 58.3 Mb, respectively
(Table 1).

Transposable element (TE) abundance and distribution varied
significantly between the subgenomes (Figure S3). All categories
of the TEs were widely distributed on the two subgenomes (Figure
S3 (D-(?)). For example, a total 109,542 and 114,615 TEs of Class |
were found in subgenome A and subgenome D, respectively (4.6%
increase), and a total 101,190 and 97,478 TEs of Class Il were found
in the two subgenomes (3.6% decrease), respectively (Figure S4).
Further Pearson's Chi-square test showed that all TE categories but
the LINE’s were significant differences after Bonferonni correction
(e« =0.0071; Table S8).

Based on the repeat-masked P. tomentosa genome, we first an-
notated the protein-coding genes by incorporating evidences of
73,919 homologous protein sequences and 137,918 transcripts
assembled from P. tomentosa RNA-seq data. A total of 59,124
protein-coding gene models were annotated, with an average
coding-sequence length of 1.31 kb, 6.04 exons per gene, and 430
amino acids (aa) per protein. The gene regions covered 28.5% of
the genome with a total length of 210.8 Mb (Tables 1, S9, S10). A
BUSCO assessment to the proteome showed 95.8% completeness,
and about 90% of the protein sequences were full-length supported
by known proteins and transcripts, suggesting the high quality of
the gene annotations. The annotated genes were then associated
with the three onotological classes: biological process, cellular com-
ponents, and molecular functions, all leading GO terms at level 2 can
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TABLE 1 Statistics for the P. tomentosa draft genome

Assembly feature

Estimated genome size by K-mer
Number of contigs
Contig N50 (bp)
Longest contig (bp)
Contig N90 (bp)
Number of scaffolds
Scaffold N50 (bp)
Longest scaffold (bp)
Scaffold N90 (bp)
Assembly length (bp)
GC content (% of genome)
Gap number
Assembly (% of genome)
Repeat annotation (bp/% of assembly)
LTR
Caulimovirus
Copia
Gypsy
LINE
SINE
DNA
RC/Helitron
Unknown
Satellite
Simple repeat
Low complexity
Total repeats
Gene annotation(counts)
Coding gene
Coding gene number
Coding gene number (AED < 0.5)
Average gene region length (bp)
Average transcript length (bp)
Average CDS length (bp)
Average exons per transcript
Average exon length (bp)
Average intron length (bp)
Non-coding gene
tRNA number
rRNA number
Other non-coding gene number

Total gene number

Subgenome A (P. alba var.
pyramidalis)

802
994,455
3,787,650
251,218

19
18,914,766
46,677,810
12,249,758
336,656,027
33.42

783

54,889,361/16.30
300,287/0.09
13,528,294/4.02
40,866,300/12.14
3,312,508/0.98
1,979,481/0.59
18,854,707/5.60
18,559,627/5.51
30,157,396/8.96
319,555/0.09
4,442,224/1.32
1,092,089/0.32
133,6683,317/39.70

28,512
27,532
3,429.49
1,609.1
1,322.74
5.83
276.11
75.90
1345
308

64

973
29,857

be categorized into 24 groups (Figure 3c). The maximum function an-
notation ratio with protein databases is 98.6% (Table S11). We pre-
dicted 662 tRNAs with a total length of 49,659 bp (average length

Subgenome D (P. adenopoda)

845
968,830
5,467,932
233,161

19
18,843,764
45,691,089
12,631,484
344,390,102
33.17

826

58,264,760/16.92
469786/0.14
13,431,562/3.90
44,086,909/12.80
2,828,020/0.82
1,814,936/0.53
19,016,245 /5.52
19,083,511/5.54
30,468,761/8.85
481,846/0.14
4,738,265/1.38
1,136,945/0.33
137,952,318/40.06

28,605
27,604
3,417.22
1,602.21
1,313.56
5.84
274.54
78.32
1331
308

61

962
29,936
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Genome of
P. tomentosa

800 Mb
4,025
964,137
5,467,932 bp
82,943

2407
17,128,596
46,677,810
11,723,923
740,184,868
33.60

1618

9211

129,608,743/17.51
849,811/0.11
29,658,574/4.00
98,553,170/13.31
7,766,907/1.05
3,925,279/0.53
40,009,905/5.41
41,759,263/5.64
72,521,254/9.80
1,632,425/0.22
9,640,201/1.30
2,331,509/0.31
310,333,451/41.93

59,124
57,015
3,398.78
1,596.97
1,313.07
5.79
275.86
83.89
3170
662

436
2072
62,294

per tRNA: 75 bp), and 436 rRNAs (106 28S rRNAs, 106 18S rRNAs,
and 224 5S rRNAs) with a length of 610,293 bp. We also annotated
2,072 other non-coding RNAs with a total length of 218,117 bp.
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FIGURE 3 Characterization of the Populus tomentosa genome. (a) Populus tomentosa genome overview. Genome features in 200 kb
intervals across the 38 chromosomes. Units on the circumference show megabase values and chromosomes. (1) Choromosome
karyotype. (2) GC content (33.6%. red line 50%, green line 30%). (3) Repeat coverage (45-1,937 repeats). (4) Gene density (3-164 genes).
(5) Homologous syntenic blocks. (b) Distribution of repeat classes in the P. tomentosa genome. (c) Distribution of predicted genes among

different high-level gene ontology (GO) biological process terms

3.4 | Comparative genomics and evolution

We compared 19,594 gene families, cointaining 59,124 genes, in the
P. tomentosa genome with those of other three sequenced poplar ge-
nomes including P. trichocarpa, P. euphratica, and P. pruinosa. A total
of 22,386 gene families (142,738 genes) were identified. In addition,
14,738 gene families (119,375 genes) were shared by all four pop-
lar species, and 1,154 gene families consisting of 2,038 genes were
found to be unique to P. tomentosa based on OrthoMCL “mutual op-
timization.” Similarly, 646/1,349, 179/261, and 399/1,041 gene fami-
lies/genes were found to be unique to P. trichocarpa, P. euphratica
and P. pruinosa, respectively (Figure 4a, Table $12).

To phase the chromosome pairs and study the parental origin of
P. tomentosa, we selected 1,052 orthologous genes that appear to
be allelic between each P. tomentosa chromosme pair and are single-
copy genes in poplars of other sections, and then constructed gene
trees to assess phylogenetic distances. The allelic gene-pairs of each
P. tomentosa chromsosme pair were observed to be clearly closest to
either P. alba var. pyramidalis (PA) or P. adenopoda (PD), respectively,
on most gene trees. Thus, it sucessfully divided a total of 38 chromo-
somes of P. tomentosa into two subgenomes (2 x 19 chromosomes)
based on phylogenetic distances. To confirm the results, we mea-
sured Ks distances among two subgenomes of P. tomentosa, P. alba
var. pyramidalis (PA) and P. adenopoda (PD) using 5345 single-copy
orthologous genes. The results were also consistent; we refer to the
genome of P. tomentosa as comprised of subgenome A (putatively
derived from P. alba var. pyramidalis) and subgenome D (putatively
derived from P. adenopoda).

To investigate potential recombination events between the two
subgenomes, the synonymous (Ks) distance between 5345 single
copy orthologus genes of P. tomentosa, P. alba var. pyramidalis and
P. adenopoda was estimated. We found that there was limited ap-
parent recombination events within the large majority of gene loci
(4309: 80.62%), though a low level of recombination appeared to
occur (38 loci, 0.87%); and 998 loci (18.7%) did not meet either of
above two hypotheses and thus were uninformative (Table S13,
Figure S5). This suggests that the two parental subgenomes may
be largely still intact in P. tomentosa, at least with respect to genic
composition.

We reconstructed phylogenetic trees of subgenome A, subge-
nome D and of other poplars (Figure S6), as well as for each of the
corresponding 19 pairs of chromosomes (Figure S7). All of these
analyses supported the hypothesis that the P. tomentosa genome
originated from hybridization between P. adenopoda and P. alba var.
pyramidalis. Based on the fact that the P. alba var. pyramidalis is a
male clone, and no female clone are found, together with phyloge-
netic analyses of both chloroplast and mitochondrial genomes from

section Populus (Figures S8-S9), which indicated that P. adenopoda
is the maternal parent of P. tomentosa, we deduce that P. alba var.
pyramidalis and P. adenopoda were the male and female parents, re-
spectively, in the hybrid formation of P. tomentosa.

To address dates of divergence and duplication events in pop-
lars, we conducted collinearity analysis of homologous gene pairs
derived from Populus species vs. Salix suchowensis using MCScanX
(Wang et al.,, 2012). From the Ks (synonymous substitution rate)
distribution, we inferred a whole genome duplication event (WGD;
based on paralogous pairs) and a species divergence event (based
on orthologous pairs). The Ks distribution among syntenic genes
of the four poplar species and S. suchowensis contained two peaks.
One peak indicated that both poplar and Salix species underwent a
common WGD event (Ks = 0.25). Such WGD events are known to
have occurred frequently in the evolution of angiosperms (Jiao et al.,
2011; Myburg et al., 2014; Otto, 2007; Van de Peer et al., 2017).
This result is also consistent with a previous study on Salix suchow-
ensis (Dai et al., 2014). Another peak that represents divergence be-
tween Populus and Salix is also visible (Ks = 0.12; Figure 4b). Further
analysis showed that section Populus and P. trichocarpa have a di-
vergence at Ks = 0.035, and P. adenopoda and P. alba at Ks = 0.025.
Subsequently, as a variant, P. alba var. pyramidalis is separated from
P. alba at Ks = 0.008. The hybridization event between P. adenopoda
and P. alba var. pyramidalis subsequently occurred, followed by the
emergence of P. tomentosa (Ks = 0.005; Figure 4c).

To study the parental origin of P. tomentosa, we constructed phy-
logenetic trees using Salix suchowensis as an outgroup. Phylogenetic
analysis indicated that the divergence event between section
Populus and section Tacamahaca (P. trichocarpa) occurred at ap-
proximately 13.4 Ma. P. adenopoda, an ancestor of P. tomentosa,
was the first to separate from the Populus family as an independent
clade at approximately 9.3 Ma. Subsequently, the aspen group and
white poplars group underwent a divergence event (approximately
8.4 Ma). Another ancestor of P. tomentosa, P. alba var. pyramida-
lis, gave rise to an independent variant of P. alba at approximately
4.8 Ma. Approximately 3.9 Ma, P. tomentosa was created by hybrid-
ization between P. adenopoda (female) and P. alba var. Pyramidalis
(male; Figure 4d). Further phylogenetic trees constructed using both
chloroplast and mitochondria genomes of white poplar species and
P. trichocapa supported that the most probable female parent of
P. tomentosa is P. adenopoda (Figure S8 and S9).

Whole-genome synteny analysis revealed pairs of P. trichocarpa
-homologous regions shared between chromosomes corresponding
to the two subgenomes of P. tomentosa. A dot plot (Figure 4e) in-
dicated that most of the common linear segments of homologous
chromosomes were shared between P. trichocarpa, subgenome A and
subgenome D. The diagonal distribution (“/”) indicated orthologous
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collinear genes in P. tomentosa and P. trichocarpa, and other dis-
persed distribution-blocks in the dot plot, suggested the collinearity
of paralogous genes on nonhomologous chromosomes between the
two poplars (Figure 4e). These findings show that both of the P. to-
mentosa subgenomes are highly syntenic with P. trichocarpa.

3.5 | Chromosome structural variation and
GO analysis

To investigate the differences between subgenome A and subge-
nome D, we performed synteny analysis between paralogs in the
P. tomentosa genome. This revealed collinear in-paralogous gene
pairs, and suggested general collinearity at the subgenome level,
with dispersed collinear blocks among homologous and nonhomolo-
gous chromosomes (Figure 5, center). We found 65,864 paralogous
gene-pairs, 1,434 collinear blocks, and 65,444 collinear gene-pairs
between the two subgenomes (Table S14). We infer that these may
have arisen from duplication events that occurred in Populus prior to
its divergence as a section of Populus.

Genome-wide structural variation (SV), including copy number
variation (CNV), deletions (DEL), insertions (INS), inversions (INV),
and translocations (TRANS) among chromosome pairs (Figure 5,
rings 1-5 referred to as circled numbers such as “(1)” hereafter), in-
dicated that there were abundant chromosome structural variations
in the P. tomentosa genome. Across the whole genome we detected
15,480 structural variations in total, of which INS (6654) and DEL
(6231) accounted for the majority (83%). The other variant numbers
were 1602 and 694, and 299 for INV, TRANS and CNV, respectively,
which together accounted for 27% of the total number of SVs ob-
served (Table S15). The vast majority of INS, DEL, and CNV variations
occurred between homologous chromosome pairs, whereas TRANS
were generally seen between nonhomologous pairs (Table S15,
Figure S10). We also found that SVs impacted gene structure and
amino acid sequences. For example, allele pair Potom02G0005700
and Potom02G0411400 with indel caused changes of nucleic acid
and amino acid sequences (Figure S11).

We observed that a total of 299 CNVs had an irregular and spo-
radic distribution across the whole genome (Figure 5). Relatively,
high-density CNVs were seen on Chr17A and Chr17D (0.54/Mb),
Chr09A and Chr09D (0.47/Mb), whereas comparably low-density
CNVs distributed on ChrO6A and Chr06D (0.13/Mb), Chr13A and
Chr13D (0.15/Mb), ChrO7A and ChrO7D (0.18/Mb; Figure 5 (2)).
We also noticed that most of DELs were almost evenly distributed
through the whole genome, showing a slight preference for the telo-
mere regions of Chr12A, Chr12D, Chr17A, Chr17D, Chr18A and
Chr18D (Figure 5 (3). Similarly, INSs were present at high-density
and showed a slight preference for telomere regions of ChrO7A,
Chr07D, Chr15A, Chr15D, Chr18A and Chr18D (Figure 5 (®). In
contrast, INVs had a more uneven distribution across the genome
(Figure 5 (5)). INVs were more abundant on ChrO1A and Chr01D,
whereas their distribution was limited on other chromosomes.
TRANS were very sparsely distributed on chromosomes, with only
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a few detected on Chr02D, ChrO7D, ChrO8D, Chr13D and Chr14D
(Figure 5 (8)).

We performed GO enrichment analysis for the genes located in the
total 15,480 SVs region and detected 23 GO categories significantly
overrepresented with respect to the whole set of genes (Figure 6).
Ten of them (“motor activity,” “transporter activity,” “DNA binding,"

» »

“transport,” “metabolic process,” “lysosome,” “nuclear envelope,” “per-

»

oxisome,” “cell wall” and “extracellular region”) were overrepresented

»

in genes affected by INS, three (“chromatin binding,” “translation” and

“ribosome”) were overrepresented in genes affected by CNV, three

»

(“hydrolase activity,” “response to biotic stimulus” and “lipid metabolic
process”) were overrepresented also in genes affected by both INS
and TRANS, two (“cell differentiation” and “growth”) were overrep-
resented also in genes affected by INV, two (“vacuole” and “circadian
rhythm”) were overrepresented also in genes affected by TRANS, one
(“endosome”) was overrepresented also in genes affected by both
DEL and CNV, one (“carbohydrate binding”) was overrepresented also
in genes affected by DEL, CNV and TRANS, and one (“plasma mem-
brane”) was overrepresented also in genes affected by both CNV and
TRANS. Overall, functional annotation showed enrichments associ-
ated with all of the major GO categories (Figure 6a).

To explore the biological importance of the SVs, we further anno-
tated genes which were highly enriched in above GO categories. We
found that many genes with CNV, INS and DEL regions are involved
in disease-resistance and sugar metabolism pathways (Figure 6b). For
examples, Potom05G0191000 and Potom05G0207500 with CNV,
Potom06G0303900 and Potom01G0355800 genes with DEL, all
of which encode LRR receptor-like serine/threonine-protein kinase
FLS2, which may be important for disease resistance. The disease-
resistant genes in INS region are mainly annotated as nitro oxide syn-
thase, enhanced disease susceptibility 1 protein and pathogenesis
related protein 1, which are involved in plant hormone signal trans-
duction and plant-pathogen interaction. More interestingly, we found
3 copies of both Potom05G0191000 and Potom05G0207500 in
subgenome P. adenopoda, and 11 copies of both Potom05G0191000
and Potom05G0207500 in subgenome P. alba var. pyramidalis.
Previous studies in, Glycine max (McHale et al., 2012) also indicated
that structural variations such as CNV are common in genes related
to disease resistance and biological stress. More copy numbers of
both Potom05G0191000 and Potom05G0207500 may help explain
why the elite individual LM50 shows strong disease resistance—a
trait that is known for among forest growers. Of course, this hypoth-
esis needs functional validation.

We also found many genes involved in carbohydrate metab-
olism had structural variations including CNV, DEL and INS. They
were, for example, as UDP-glucuronate 4-epimerase, alpha-1,4-
galacturonosyltransferase, and beta-galactosidase (Figure 6b). In
addition, Potom03G0262900 and Potom01G0217800 that showed
INS variation were annotated as ADP sugar diphosphatase and
pectinesterase, and involved ribose phosphorylation and pentose
and glucuronate interconversions, respectively; they may be im-
portant for energy and growth. Finally, it well known that the ex-
istence of centromere and telomere plays an important role in
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orthologous genes identified in OrthoMCL analysis

maintaining chromosome stability. Interestingly, we also found
that the three genes Potom01G0282700, Potom12G0168500 and
Potom12G0040500 showed INS variation, and are involved in
meiotic DNA break processing and repairing, chromatin silencing
at rDNA, and histone methylation. These genes may play a role in
maintaining chromosome structure or reducing the rate of meiotic
recombination that we observed.

4 | DISCUSSION

Although haploid induction was not successful, we obtained a more
juvenile, easily regenerable and transformable individual GM15,
which appears to be extremely similar to its parent tree LM50
based on ploidy, genotype and genome size evidences, and thus was
considered suitable for sequencing. Here, we integrated advanced
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FIGURE 6 Functional classification of GO annotations of genes associated with chromosome structural variations. (a) Frequencies of the
GO terms for which an overrepresentation has been observed when comparing the subsets of genes included in copy number variations
(CNV), deletions (DEL), insertions (INS), inversions (INV), and translocations (TRANS) with respect to the complete data set of P. trichocarpa
annotated genes (ALL). *p-value <.05, **p-value <.01. (b) Structural variations, and involved pathways and important genes

SMRT sequencing technology (PacBio), lllumina correction and

chromosome conformation capture (Hi-C) to assemble a high qual-

ity haplotype-resolved genome. In comparion to several published

poplar genomes, including P. trichocarpa (Tuskan et al., 2006), P. eu-

phratica (Ma et al., 2013a; 2013b), P. pruinosa (Yang et al., 2017),
and P. alba var. pyramidalis (Ma et al., 2019), the assembly quality
of P. tomentosa was of higher or comparable quality. Only for the
P. alba genome was the contig N50 longer than for P. tomentosa (1.18
vs. 0.96 Mb); however, its contigs have not been associated with
specific chromosomes yet (Liu et al., 2019; Table S7). The whole ge-
nome size of P. tomentosa is 740.2 Mb, which is comprised of the sum
of subgenome A (P. alba var. pyramidalis) and subgenome D (P. ad-
enopoda). It obviously differs with those of P. trichocarpa (422.9 Mb),
P. euphratica (497.0 Mb), and P. pruinosa (479.3 Mb), P. alba var. py-
ramidalis (464.0 Mb) and P. alba (416.0 Mb), which respectively

consist of 19 chromosomes as the allelic diversity in these diploids
were subsumed into a single haploid genome rather than into two
diploid subgenomes (Liu et al., 2019; Ma et al., 2013a; 2013b; Tuskan
et al., 2006; Yang et al., 2017). However, this case is very similar to
the genome of a hybrid poplar (84 K) recently published, which was
subdivided into two subgenomes (P. alba and P. tremula var. glandu-
losa) with a total genome size of 747.5 Mb (Qiu et al., 2019; Table S7).
We presented evidence for divergence and duplication events

in Populus, as well as within the P. tomentosa lineage. Like other
many flowering plants (Otto, 2007), Salicaceae species underwent
a common palaeohexaploidy event, followed by a palaeotetraploidy
event before the divergence of Salix and Populus (Lin et al., 2018; Liu
et al., 2019; Tuskan et al., 2006). Subsequently, poplar speciation oc-
curred gradually. The progenitors of P. tomentosa, P. adenopoda and
P. alba var. pyramidalis, successively diverged from section Populus
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approximately 9.3 Ma and 4.8 Ma. Populus tomentosa emerged from
a hybridization event approximately 3.9 Ma. This finding differs from
previous proposals on the origin of P. tomentosa (Wang et al., 2014).
Unlike most other sequenced poplars (Ma et al., 2013a; 2013b;
Tuskan et al., 2006; Yang et al., 2017), the P. tomentosa genome
consists of subgenome A (P. alba var. pramidalis) and subgenome D
(P. adenopoda; Figure 3 and Table 1). There also appears to be vari-
ation within P. tomentosa with respect to its hybrid origin. Based
on a small number of marker genes, Wang et al. (2019) suggested
that P. alba acted as the male parental species, but that the maternal
parent could be either P. adenopoda or P. davidiana (for P. tomentosa
types mb1 and mb2, respectively; Wang et al., 2019). However, P. to-
mentosa of Shandong provenance had not been collected in their
experimental materials, quite coincidentally, the elite P. tomentosa
clone LM50 in our study was from Shandong provenance, is differ-
ent with P. tomentosa types mb1 and mb2. Thus, P. tomentosa may
have a more complex evolutionary history than is fully understood,
including possibly multiple independent origins.

Our analysis of recombination events within genes showed that
the P. tomentosa subgenomes have largely remained independent,
despite sharing the same nucleus for approximately 3.93 million
years. To assess if this low rate of recombination would be expected
given the time since the species’ origin, we used recombination data
from a recent study in the closely related European aspen (P. tremula;
to generate an expected rate of recombination, assuming this non-
hybrid species shows normal recombination rates for Populus). They
estimated the recombination rate to be 15.6-16.1 cM/Mbp/genera-
tion (Apuli et al., 2020). In general, P. tomentosa has a long life cycle,
the seedlings begin flowering after at least 7-8 years and thereafter
annual flowering occurs during the reproductive phase (Zhu, 1992).
Assuming a generation time of about 20 years, 31 recombinations
per 1 kb gene would be expected—several orders of magnitude
below our observation. This suggests that the two subgenomes of
P. tomentosa have been maintained largely intact over many thou-
sands of genertions, despite ample opportunity for recombination
events to have occurred within the studied genes. The subgenome
integrity of P. tomentosa, where there appears to be a low rate of
normal meiotic products, is congruent with observations of very low
fertility in the species. In a study of elite tree resourse of P. tomen-
tosa, most of them showed weak fertility, a low rate of seed setting,
germination and seedling surviving (Bai, 2015). Such characteristics
and recent genetic analysis of P. tomentosa (Wang et al., 2019) sug-
gest that P. tomentosa acts like the F, generation of a wide cross,
with quite limited but not zero fertility.

SVs are increasingly being recognized as major factors underying
phenotypic variation in eukaryotic organisms (Gabur et al., 2019).
In plants, SVs have been proved to be closely related to many phe-
notypic variations such as of plant height (Zhou et al., 2015), and
biotic stress resistance (Cook et al., 2012). In our study, we detected
15,480 SVs across the genome of GM15 of which 12,885 were
INDELS and accounted for the majority of SVs (83%). GO analysis
indicated INDELS are highly represented within genes with roles
in plant-pathogen interaction and carbohydrate metabolism. They

may therefore contribute to characteristics such as disease resis-
tance and fast growth, for which P. tomentosa is well known. A few
INDELS are also enriched in genes associated with meiotic DNA
double-strand break processing and repair, as well as inactivation
of chromation and histone methylation in telomeres. Perhaps such
SVs contribute to retaining independence of the two subgenomes
and maintaining karyotype stability in P. tomentosa —thus play a
role in maintaining its putative “fixed heterosis,” as discussed fur-
ther below. We also found 299 CNVs, and GO analysis suggested an
association with plant hormone signal transduction, plant-pathogen
interaction, and sugar metablism. In sum, the many identified SVs
in P. tomentosa provide logical focal points for study of their biolog-
ical roles and phenotypic effects in relation to heterosis, evolution,
breeding and biotechnology.

The mechanisms for the low recombination among subgenomes
are unknown. P. tomentosa is well known for having low sexual
fertility (Ma et al., 2013a; 2013b), probably a reflection of meiotic
difficulties that give rise to abnormal gametes. As suggested for
Cucurbita subgenomes (Sun et al., 2017), the low recombination rate
in P. tomentosa genome could be due to the rapid divergence be-
tween the two parental species in their repetitive DNA composition,
which may have inhibited meiotic pairing of homologous chromo-
somes and subsequent exchanges; as shown above, the transposon
compositions of the two genomes differ significantly. In addition, TE
activity can cause CNVs, INSs, TRANSs and DELs due to their capac-
ity to mobilize and recombine gene sequences within and between
chromosomes (Morgante et al., 2007), both in the wild and in breed-
ing processes (Lisch, 2013). These SVs may further inhibit normal
meiosis. Karyotype stability and rare recombination among subge-
nomes has been observed in paleo-allotetraploid Cucurbita genomes
(Sun et al., 2017), and in newly synthesized allotetraploid wheat
genome (Zhang et al., 2013). However, their functional connection
to recombination rate suppression is unclear. The maintenance of
subgenomes that we found in P. tomentosa may be advantageous
in providing a degree of “fixed heterosis”. This may help to explain
P. tomentosa's high productivity and wide distribution in spite of its

low sexual fertility.
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