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patapescripTor  assembly of the Populus nigra
NL-1976

Fenfen Liu%®, Chenggong Liu%, An Vanden Broeck?, Petra Stochlova(®?3, Xiaolong Jiang*,
Chengcheng Gao?, Xueli Zhang?, Ning Liu'* & Qinjun Huang'™

Poplar as a diploid and model plant, it possesses abundant genetic diversity and rapid growth
characteristics, making it an important species for artificial timber forests. Populus nigra is an important
parent in poplar hybrid breeding. With the rapid development of bioinformatics, higher standards
. of genome analysis are now required. Therefore, haplotype genome assembly of P. nigra is essential
: for accurately distinguishing homologous chromosomes and for identifying genes associated with
. significant traits. In this study, we successfully generated a haplotype-resolved near telomere-to-
© telomere (T2T) chromosome-scale genome and achieved gap-free level of P. nigra. The genome sizes of
. the two haploid assemblies were 385,184,975 bp and 390,479,648 bp with contig N50 of 22,312,907 bp
: and 22,054,730 bp, and both had 19 chromosomes. A total of 49,077 and 50,129 genes were annotated
: for nigraHap1 and nigraHap2. The high-quality assembly in this study not only provides a reference
. genome for poplar but also could be a foundational basis for research in tree systems biology.

Background & Summary
Poplar is one of the most widely distributed and cultivated tree species in the world'. They occupy highly diverse
ecological zones, ranging from arid deserts to humid tropical regions, and are classified into 5 to 8 intrageneric
. sections within the genusz. Populus nigra, from the sect. Aigeiros, is a dioecious, deciduous tree native to Europe,
. Western Asia, and North Africa®. It is known for its fast growth, stress resistance, low wood density, moderate
. strength, and attractive tree form*. P, nigra is one of the preferred species for shelterbelts, timber plantations,
. and pulpwood, playing a key-role in the sustainable development of softwood forests®. It is also considered a
* promising candidate and important feedstock for second-generation biofuels®.
: In addition, P. nigra is a vital parental species in hybrid poplar breeding programs”®. Its hybrid offspring
. with P, deltoides, known as P. x euramericana, has become an important cultivated poplar species worldwide'”.
However, traditional hybrid breeding and introduction efforts are labor-intensive, time-consuming, and ineffi-
cient, limiting the speed of cultivar upgrading'®. Unfortunately, although the national conservation programmes
of P. nigra exist in most European countries and include the protection of in situ populations in conservation
units''. However, as climate change intensifies, the P. nigra has become one of the most threatened tree species
in Europe, mainly because of the loss of its natural alluvial habitats especially sand and gravel banks that allow
for successful reproduction’?. Therefore, it is crucial to implement necessary measures to accurately reveal the
genetic characteristics of P. nigra. This will enable the exploration of its genetic potential, shorten the breeding
cycle, and accelerate the renewal of varieties. Such efforts are essential for the improvement of poplar species and
for ensuring timber security and ecological safety in the face of future global climate change.
: The development of molecular breeding technology has enabled the achievement of these objectives, with
. high-quality genome assembly and annotation serving as essential tools in conservation strategies'>'*. Genome
assemblies and annotations aid to identify adaptive traits crucial for survival such as drought tolerance in trees'.
Genome data can therefore help conservationists to identify distinct conservation units. By this way, functional
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Fig. 1 Information on the P. nigra ‘NL-1976’ germplasm in China. (a) Different provenance of P. nigra ‘NL-1976’
introduced to China. (b) Planting site of experimental sample P. nigra ‘NL-1976". (c) One-year-old plant of P. nigra
‘NL-1976’ from cutting.

genomics contributes to the understanding of a species’ adaptive potential and resilience to environmental
changes'®. For instance, with the rapid development of sequencing techniques, an increasing number of com-
plex genomes from both plants and animals have been successfully phased and constructed to the T2T level. The
release of these high-quality genomes has laid a basis for species evolution, genetic variation, hybrid vigor, and
more researches>!”~°. Extending the T2T method to a broader array of germplasm resources will help bridge
the gap between genomic data and phenotypic outcomes, providing researchers with a unique opportunity to
implement genome-wide haplotype-based plant improvement initiatives'.

An examination of the history of poplar breeding and genetic improvement indicates that following the
release of the poplar genome through shotgun sequencing technology in 2006, genomes of various poplar spe-
cies have been published. Notably, both poplar ‘84K’ (P. alba x P. tomentosa) and P. trichocarpa have achieved
the T2T level>*-22. For the P. nigra, while its chromosome-scale genome has been reported, it has not yet reached
T2T level, with 277 gaps remaining®. The genome still exhibits relatively low continuity and quality, and many
challenges remain unresolved. Furthermore, plant genome assembly encounters distinct challenges. Polyploidy,
both ancient and recent, is prevalent in plants, and their genomes are characterized by an abundance of highly
similar long repetitive sequences'*. The high heterozygosity and the presence of these repetitive sequences in
the Populus genome result in genome assemblies that are often not highly contiguous, and the assemblies in
repetitive regions, centromeres, and telomeres tend to be incomplete?’. Thanks to advances in sequencing meth-
ods, Oxford Nanopore sequencing combined with the increasingly mature PacBio HiFi technology-offering has
become the primary data type for high-quality genome assembly. Moreover, the HiFi 4+ ONT + Hi-C methods,
which leverages longer reads to resolve complex chromosome structures and effectively assemble repetitive
areas, is currently the best assembly strategy available?.

In this study, the clonal variety P. nigra ‘NL-1976’, introduced from the Netherlands, was the material. Using
PacBio HiFi sequencing, Oxford Nanopore ultra-long sequencing, and Hi-C techniques, we first constructed
a high-fidelity T2T haplotype genome for P. nigra, filling the gap in the T2T haplotype genome of this spe-
cies. Through the analysis of Illumina RNA and ONT-RNA sequencing data, we conducted haplotype gene
annotation and functional prediction, resulting in the generation of two gapless haplotype genomes that anno-
tated 49,077 and 50,129 genes, respectively. Our results can provide some experience and basis for the systemic
genomics research of poplars and other forest trees.

Methods

Sample collection and DNA extraction. The P, nigra ‘NL-1976" (male) used in this study was originally
from the Netherlands and introduced to China in 2000 by the Chinese Academy of Forestry (CAF), where it was
planted in Ningyang, Shandong and Gaizhou, Liaoning (Fig. 1a). In March 2024, we collected one-year-old cut-
tings and expanding planted them in automatic artificial controlled greenhouse of CAF, Beijing (Fig. 1b). In July
2024, fresh young healthy leaves, stems, and roots were collected (Fig. 1¢), rapidly frozen in liquid nitrogen, and
then stored at —80 °C for subsequent genome sequencing. Genomic DNA was extracted from young leaves using
the modified CTAB method for genome sequencing.

Genome sequencing. Long-read library construction and sequencing. For HiFi sequencing, PacBio SMRT
sequencing was performed on the PacBio revio platform, with single-molecule real-time circular consensus

SCIENTIFIC DATA | (2026) 13:59 | https://doi.org/10.1038/s41597-025-06361-2 2


https://doi.org/10.1038/s41597-025-06361-2

www.nature.com/scientificdata/

Sequencing Reads number | Reads base (bp) Average reads length (bp) | Reads N50 (bp) | Depth ()
ONT 464,052 47,822,043,164 103,053.2 100,000 111.97
Hi-C 372,371,116 111,711,334,800 2 x150 2x 150 —

HiFi 2,852,700 53,139,588,030 18,641.5 18,836 124.42
RNA-seq 39,519,254 11,855,776,200 2 x 150 2x 150 —
ONT-RNA 9,120,715 9,478,694,728 1,039.25 1,144 22293

Table 1. Summary of DNA sequencing data of P. nigra ‘NL-1976” genome.

sequencing (CCS) library preparation. High-quality genomic DNA was extracted from the leaves, sheared, and
purified. Sequencing libraries were prepared and subjected to fragment size selection prior to sequencing on the
PacBio Sequel II platform. The DNA libraries were sequenced on 2 SMRT cells. A total of 53.14 Gb HiFi reads
were generated, with approximately 124.42 x coverage of the haploid genome, an N50 of 18.84 kb, and 2,852,700
reads, the smallest fragment length being 17.62 kb (Table 1).

High-quality DNA were used for ONT PromethION library preparation and sequencing, following the man-
ufacturer’s guidelines (Oxford Nanopore Technologies). The final sequencing produced 47.82 Gb of data, with
464,052 reads, an average length of 103,053.2bp, an N50 of 100 kb, and an N90 of 78,120 bp (Table 1). For
ONT full-length RNA sequencing, after quality control, total RNA was reverse transcribed and labeled. The
resulting transcript was purified using magnetic beads. Sequencing adapters were then ligated to the purified
product using the SQK-PCS109 kit, and the cDNA library was precisely quantified with Qubit. The sequencing
was performed following the Nanopore library construction protocol described in Jain?*. The results generated
9.48 Gb of data, with a total of 9,120,715 reads. The longest sequence was 54,286 bp, with the average length of
1,039.25bp, an N50 of 1,144 bp, and an N90 of 626 bp (Table 1).

Hi-C sequencing. The Hi-C technique, developed by Lieberman et al. in 2009%, was used in this study. The
sample cells were fixed and biotinylated with the DPNII restriction enzyme. DNA fragments with interactions
were then ligated, purified, and fragmented. The 5’ ends were phosphorylated, and a dA tail was added to the 3’
ends before ligating adapters. The captured Hi-C DNA was PCR amplified, and the library concentration and
insert size were determined using a Qubit 3.0 and Agilent 2100. High-throughput sequencing was performed
on the MGI platform, with PE150 read length. Generated 372,371,116 reads and 111.71 Gb of data, with a GC
content of 38.98% and a Q30 value of 94.85% (Table 1).

Second generation transcriptome sequencing. RNA was extracted from roots, stems, and leaves. mRNA was
enriched using oligo dT magnetic beads, followed by fragmentation, cDNA synthesis, end repair, and dA-tailing.
The fragments were ligated, PCR amplified, denatured, and circularized. Finally, high-throughput sequencing
was performed on the DNBSEQ platform. Generated 11.86 Gb of data with 39,519,254 reads, a GC content
of 44.65%, and a Q30 value of 94.42% (Table 1). All the work of sequencing above relies on Wuhan Benagen
Technology Co., Ltd. (Wuhan, China).

Genome survey analysis. Before genome assembly, a genome survey was conducted to understand the
genome size, GC content, and heterozygosity to develop an appropriate sequencing strategy. After DNA extrac-
tion and library preparation, sequencing was performed on the BGI platform, generating a large amount of
short-read sequence data. Next, we used Fastp v0.21.0%® software to remove low-quality sequences and contam-
inants. Then, Jellyfish v2.3.026% was used to calculate the frequency distribution of the depth of clean data with
19-mer. with a K-mer depth of 129.6 x . Genome size was estimated to be 427.1 Mb with a heterozygosity of 1.05%
using GenomeScope v2.0% (Fig. 2).

Raw Data Filtering and Genome Assembly. We performed de novo genome assembly to obtain hap-
loid T2T genomes (Fig. 3). Before assembly, we first using Fastp and SeqKit v2.10.0%' software to retain HiFi
raw sequences longer than 10kb as clean reads. For ONT data, we retained sequences longer than 100 kb and
filtered adapter sequences based on Porechop v0.2.4%” to. Fastp was used to filter Hi-C data. Then, we performed
the primary assembly using Hifiasm v0.25.0°27*° to assemble three genome sets: pure HiFi, pure ONT, and
HiFi+ ONT + Hi-C. The pure HiFi and pure ONT genomes were later used to fill gaps and resolve telomeres. The
genome generated by the parameters “hifiasm-h1 hic_R1.fq.gz-h2 hic_R2.fq.gz -ul ont.fastq.gz hifi.fa” serves as
the backbone of the T2T genome, producing two haploid assemblies, representing the diploid genome’s parental
haplotypes. We used Purge_dups v1.2.5% to remove redundancy from all three genome sets.

Next, the Hi-C reads were mapped to the genome assembly using Juicer v1.7.6%”. We applied an automated
process to correct and order orientation errors through the 3D-DNA v1.03.73% scaffolding pipeline. Juicebox
v11.08% was used for manual adjustments of the assembled scaffolds in a graphical and interactive manner.
To further improve accuracy, each chromosome was individually re-scaffolded with 3D-DNA and manually
adjusted using Juicebox. Gaps were filled with ONT and HiFi contigs, and ONT ultra-long reads were further
utilized for gap filling using TGS-GapCloser v1.2.1%°. Telomere sequences were identified using the quarTeT
v1.1.6*' software with the “-c plant” parameter, and telomeres were filled using minimap2 v2.28*. Genome pol-
ishing was performed using NextPolish v1.4.1** with the task set as “rewrite = 1212,

We used Mummer v4.0.1* for synteny analysis of two haploid genomes with the P. trichocarpa®® reference
genome to validate the genome’s correctness. Genome continuity was evaluated using BUSCO v1.0.0 software
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Fig. 2 K-mer depth and K-mer individual frequency distribution plot at K-mer =19.
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Fig. 3 The workflow of the genome assembly (in blue), the genome annotation (in green) and the functional
annotation (in orange). The yellow filled box represents sequencing data. The software used are indicated in red.

with the specified “embryophyta_odb10” database**. Both PacBio long reads and Illumina reads were mapped
to the genome assembly using minimap2 and bwa v0.7.174, respectively.

The final assembled genome contained two fully separated haplotypes, named nigraHap1 and nigraHap2,
each with 19 chromosomes (2n = 38). Compared to other published poplar genomes (P. deltoides ‘I-69™, P. nigra
subsp. betulifolia L., 1753%, P. trichocarpa Nisqually-1??) as shown in Table 2, for the same Populus nigra, our
genome assembly has reached the near-T2T level and achieved a 0-gap status, with BUSCO assessment results
also being 0.3% and 0.4% higher. The genome sizes were 390.48 Mb and 385.14 Mb, respectively. The contig N50
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P. nigra ‘NL-1976’ | P. nigra ‘NL-1976" | P. nigra ‘NL- | P. deltoides | P. nigra betulifolia | P. trichocarpa P. trichocarpa
Species nigraHap1 nigraHap2 1976 T-69° L., 1753 Nisqually-1 Trahapl | Nisqually-1 Trahap2
Genome size (Mb) 385.18 390.48 389.43 424.59 414.18 391.76 397.43
GC content (%) 33.6 33.72 33.64 33.34 35 33.86 33.91
Number of Gap 0 0 0 0 277 6 2
N50 (Mb) 2231 22.05 22.04 21.51 22.49 21.8 20.9
Maximum scaffold 48,831,123 49,313,916 48,827,307 | 53,044917 | 50,570,738 52,164,823 52,084,038
sequence length (bp)
Minimum scaffold 12,830,606 13,255,773 6,224,961 15,239 55,380 15,726 10,965
sequence length (bp)
Average length (bp) 20,272,893.4 20,551,560.4 18,544,479 1,608,294.8 | 16,567,390 3,211,530.1 1,252,100
Complete BUSCOs (%) 98.7 98.8 98.7 98.6 98.4 98.5 98.2

Table 2. Four species of poplar statistics of the genome quality for the final assembly.

Chromosome nigraHap1 nigraHap2
chr01 48,831,123 49,313,916
chr02 24,687,210 24,637,615
chr03 20,438,832 21,377,002
chr04 21,719,839 22,054,730
chr05 23,107,642 22,762,548
chr06 25,552,461 26,084,403
chr07 14,470,518 14,648,781
chr08 24,560,674 25,781,307
chr09 12,830,606 13,255,773
chr10 22,312,907 22,126,957
chrll 17,371,465 17,510,466
chri2 15,794,386 15,961,851
chr13 15,120,485 15,196,773
chr14 23,581,014 23,839,270
chr15 14,006,661 14,330,654
chr16 14,065,549 13,996,680
chr17 15,317,265 15,587,876
chr18 14,270,132 14,569,084
chr19 17,146,206 17,443,962

Table 3. Chromosome length statistics of the P. nigra ‘NL-1976 haploid genomes.

lengths for the two haplotypes were 22.31 Mb and 22.05 Mb, with no gaps in either genome. The chromosome
lengths are listed in Table 3.

Genome annotation. The annotation process for the final T2T haploid genome follows the workflow
(Fig. 3), which includes repetitive sequence annotation, gene structure annotation, and non-coding RNA anno-
tation. LTRs were identified using LTR_HARVEST _parallel*® and LTR_FINDER_parallel* with the parame-
ter settings: -size 5000000 -threads 60 -finder_para -w 2 -C -D 15000 -d 1000 -L 7000 -1 100 -p 20 -M 0.85.
For repetitive sequence annotation, we used LTR_retriever v3.0.1°* to annotate long terminal repeats (LTRs).
Homology-based prediction was carried out using RepeatMasker v4.18°! and RepeatModeler v2.0.6° for de novo
prediction of repetitive sequences (Fig. 4). The lengths of the repetitive sequences in nigraHap1 and nigraHap2
were 178,528,825 bp and 184,871,473 bp, respectively, accounting for 46.35% and 47.35% of the total genome
size. Among the interspersed repeats, five types of transposable elements (TEs) were identified, including long
terminal repeats (LTRs), Long interspersed nuclear elements (LINEs), DNA elements (DNA), short interspersed
nuclear elements (SINEs), and unclassified elements. The quantities and sizes of these elements are shown in
Table 4. Among these, the unclassified regions were the most abundant, followed by LTR repeats, and the least
abundant were SINE repeats.

The structural annotation consists of three parts: homology prediction, de novo prediction, and transcript
prediction, with the results of the three methods combined at the end. First is homology prediction, where
data including Arabidopsis®, P. trichocarpa®, and P. alba x P. glandulosa (84 K)*'. Homology prediction was
performed using Miniport v0.14%. For transcript prediction, data from both third-generation full-length tran-
scriptomes and second-generation transcriptomes were combined. Hisat2 v2.2.1% and Stringtie v.3.0.0°%” were
used for second-generation transcript prediction. Third-generation ONT data were filtered using NanoComp
v2.0°® and Chopper v2.7.10% to remove fragments with a quality lower than 7 and a length shorter than 50 bp.
The command used was “chopper -q 7 -1 507, resulting in a sequence of 14,138,072,330 bp. These sequences were

SCIENTIFIC DATA | (2026) 13:59 | https://doi.org/10.1038/s41597-025-06361-2 5


https://doi.org/10.1038/s41597-025-06361-2

www.nature.com/scientificdata/

038 b GC content
036

034
0.32
0.30
0.28

L = =P N = —

ztx ¢ GC skew
18.00

15.00

12.00

9.00

6.00

3.00

0.00

0.06
0.04
0.02
0.00
-0.02

d Gene density

e Repeats density

g/ 1,
lhqll-l,a; oﬁo, ﬁx oot W0 a ‘\,wc.
8L qgLayo verawd IS

Fig. 4 Circos plot of P. nigra ‘NL-1976 haploid. The genomic overview is presented from outer to inner circles
as follows. (a) Synteny between nigraHap1 and nigraHap2. (b) GC content in non-overlapping 1 Mb windows.
(c) GC skew in non-overlapping 1 Mb windows. (d) Gene density in non-overlapping 1 Mb windows.

(e) Percentage of interspersed repeats in non-overlapping 1 Mb windows. (f) LTR content in non-overlapping
1 Mb windows. (g) LINE content in non-overlapping 1 Mb windows. (h) Chromosome length (Mb).

nigraHapl nigraHap2

Type Number | Length (bp) | Percentage | Number | Length (bp) | Percentage (%)
LTR 68,118 57,036,655 14.81 71,134 60,326,817 15.45

LINEs 5,802 4,131,930 1.07 6,112 4,312,031 1.10

DNA transposons | 19,768 13,999,522 3.63 20,422 13,467,978 345

SINEs 4,402 802,120 0.21 3,457 575,447 0.15
Unclassified 371,412 91,171,807 23.67 302,784 94,326,075 24.16

Total 469,502 178,528,825 | 46.35 403,909 184,871,473 | 47.35

Table 4. Statistics of repeat sequence annotation.

then mapped to the genome using minimap, with stringtie predicting the transcripts, and gffcompare v0.12.6%
merging the results of the second and third-generation predictions.

Finally, TransDecoder v5.7.1%! was used for coding prediction, and the results were concatenated. For de
novo prediction, the second-generation RNA was first assembled using Trinity v.2.15.2°* and PASA v.2.53%, fol-
lowed by redundancy removal with cd-hit v4.8.1%. Third-generation ONT full-length RNA was used to train the
model “etraining-species = populus-nigra”. Augustus v3.5.0% and GeneMark-ES v2.0% were used for gene pre-
diction. Finally, we used EvidenceModeler v2.1.0% to combine the three types of evidence. Predictions encoding
fewer than 50 amino acids were discarded. A total of 49,077 and 50,129 protein-coding genes were predicted for
both nigraHap1 and nigraHap2. The total lengths of the protein-coding genes were 145.54 Mb and 146.79 Mb,
with a total of 285,417 and 206,628 exons for nigraHap1 and nigraHap2, respectively. The structural prediction
GFF files were evaluated using BUSCO, yielding a result of 97.6% (Table 5).

Non-coding RNA prediction included rRNA, tRNA, and ncRNA predictions. Rnammer v1.2%® was used
for rRNA prediction, tRNAscan-SE v2.0.12%° was used for tRNA prediction, and Infernal v1.1.57° was used for
ncRNA prediction. The identification of transfer RNAs (tRNAs) was performed using tRNAscan-SE. Other
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Assembly nigraHap1 nigraHap2
Total number of gene 49,077 50,129
Total length of gene (bp) 145,536,768 146,785,024
Average length of mRNA (bp) | 2,965.5 2,928.15
Total number of exons 285,417 279,775
mRNAs per gene 1 1

Average length of exon (bp) 216.1 223.47
Average exon number per gene | 5.8 5.4

Table 5. Statistics of predicted protein-coding genes.

nigraHapl1 nigraHap2
Type Cope number | Average length (bp) | Total length (bp) | Cope number | Average length (bp) | Total length (bp)
miRNA 630 140.20 88,324 231 125.02 28,879
tRNA 114 74.11 8,448 487 77 70,827
total 10 509.2 5,092 14 470.64 6,589
LSU rRNA 5 671.6 3,358 6 768.5 4,611
rRNA
SSU rRNA 4 406 1,624 7 266 1,862
5S 1 110 110 1 116 116
total 80 101.19 8,095 364 104.71 38,114
CD-box 69 95.36 6,580 254 91.67 23,285
snRNA
HACA-box 3 134.33 403 72 124.54 9,111
Splicing 8 139 1,112 38 150.47 5,718

Table 6. Classification of repetitive sequences and ncRNAs of the P, nigra ‘NL-1976'genome.

non-coding RNAs (ncRNAs), such as microRNAs (miRNAs), ribosomal RNAs (rRNAs), and small nuclear
RNAs (snRNAs), were identified using Infernal by searching against the Rfam v.14.1477! database. Finally, the
number of miRNAs, tRNAs, rRNAs, and snRNAs predicted from the nigraHap1 and nigraHap2 genomes were
630 and 231, 114 and 487, 10 and 14, and 80 and 364, respectively (Table 6).

Protein function prediction. For functional annotation of protein-coding genes, the gene function anno-
tation is based on the previously predicted gene structure results. The gff3_file_to_proteins.pl script was used
to extract protein sequences from the gene structure gff3 results. The functional predictions for GO, KEGG,
and Pfam were performed using the online version of eggnog-mapper (http://eggnog-mapper.embl.de/), while
UniProt (EBI)7? was used for SWISS-PROT database functional predictions. The InterProScan v5.607* software
was used for domain prediction. InterProScan database predicted the highest number of genes, with 42,965
(87.55%) and 43,683 (87.14%) for the two groups, respectively (Fig. 5).

Identification of centromeres and telomeres.  Using the quarTeT software with the “-c plant” program
to identify telomeric sequences. The T2Tvalidator plugin in TBtools v2.1547* automatically identifies and visu-
alizes the centromere and telomere regions of the T2T genome based on the sequences. No telomeric sequences
were found at the right ends of chr08 and chr14 (Table 7 and Fig. 6).

Data Records
The raw data of PacBio HiFi sequencing reads, Hi-C sequencing reads, ONT sequencing reads and RNA-seq
sequencing data described in this study have been deposited at the National Genomics Data Center (NGDC)”®
in GSA database under BioProject accession number PRJCA040372, title is “Populus nigra Raw sequence
reads’, all are “gz” compressed files, and all raw sequencing data are publicly accessible. The accession numbers
of PacBio HiFi reads, Hi-C sequencing reads, ONT sequencing data are CRX17307967¢, CRX173079777 and
CRX17307987, they are publicly available. The Illumina RNA-seq and full-length RNA-seq data are available in
the GSA database with the accession number CRX17307997° and CRX1730800%.

The genome assembly, annotation sequences and protein sequence are available at Figshare®!. The genome
assembly has also been deposited in NCBI GenBank with accession number JBQZWZ000000000%2 for nigra-
Hap1 and JBQZWY000000000% for nigraHap2, respectively, all data are publicly available.

Technical Validation

To ensure the completeness and accuracy of the two haplotype-resolved genomes of P. nigra ‘NL-1976’, The
assembly and annotation’s completeness of the set of highly conserved single-copy orthologous genes in the
genome was assessed using BUSCO (within the embryophyta_odb10 database). The genome assembly com-
pleteness results showed that the two haplotypes covered 98.7% (1,593) and 98.8% (1,595) of complete BUSCOs,
with single-copy genes accounting for 82.3% and 82.0%, respectively, and duplicated genes numbering 265 and
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a Functional annotation of nigraHap1 b Functional annotation of nigraHap2

eggnog eggnog

InterProscan \ InterProscan

25 31

Swissport
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GO GO

Fig.5 Venn diagram of the functionally annotated protein-coding genes based on different databases. (a) Venn
diagrams for functional annotation of nigraHap1. (b) Venn diagrams for functional annotation of nigraHap2.

nigraHap1 nigraHap2
Right

Chromosome Status Left number | number Status Left number | Right number
chr01 both 419 837 both 163 661
chr02 both 1,008 396 both 921 170
chr03 both 373 506 both 602 172
chr04 both 284 500 both 123 1,573
chr05 both 627 655 both 1257 671
chr06 both 476 606 both 479 654
chr07 both 689 174 both 947 479
chr08 left 170 0 left 546 0
chr09 both 253 519 both 315 506
chr10 both 761 1041 both 191 525
chrll both 293 692 both 654 294
chr12 both 486 1100 both 376 319
chr13 both 285 1134 both 736 662
chr14 left 352 0 left 568 0
chr15 both 678 286 both 734 527
chrl6 both 1,495 403 both 754 1,387
chr17 both 1,834 147 both 391 326
chr18 both 300 407 both 401 471
chr19 both 862 121 both 255 710

Table 7. The number of telomere sequences.

270. Additionally, 0.7% and 0.6% of genes were fragmented, while 0.6% were missing (Table 8). When com-
pared to other poplar species (Fig. 7), the assembly quality is comparable to that of the P. trichocarpa haplotype
genomes. The BUSCOs completeness assessment using annotated sequences showed that nigraHap1 and nigra-
Hap2 genome annotation covered 97.6% and 98.0% of complete BUSCOs, with single-copy genes accounting
for 82.3%, duplicated genes for 15.4% and 15.6%, fragmented genes numbering 14 and 11, and missing genes
numbering 24 and 21, respectively, it indicates that almost all core functional genes have been completely cap-
tured, with very few key genes missing or fragmented, demonstrating high coverage and structural integrity of
the genome assembly (Table 8).

To assess the reliability of the two haplotype-resolved genomes of P. nigra ‘NL-1976’, we used Merqury v1.368
with meryl v1.3% (under 19-mer) to evaluate the consensus quality value (QV). The QVs for nigraHap1 and
nigraHap2, based on comparisons with second-generation sequencing data, were 41.57% and 40.70%, with com-
pleteness of 84.86% and 85.18%, respectively. When compared with HiFi data, the QV's were 41.41% and 40.53%,
with completeness of 84.85% and 85.16% it indicates that no more than 1 error per 10,000 bases.
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Fig. 6 Distribution of telomeres and centromeres in two haplotypes. (a) Telomeres and centromeres nigraHap1.
(b) Telomeres and centromeres nigraHap?2.

Haploid genomes Protein-coding genes
Statistic nigraHap1 nigraHap2 nigraHap1 nigraHap2
Total BUSCO groups searched 1,614 1,614

Complete BUSCOs (%)

1,593 (98.7%)

1,595 (98.8%)

1,576 (97.6%)

1,575 (98%)

Complete and single-copy BUSCOs (%)

1,328 (82.3%)

1,323 (82%)

1,328 (82.3%)

1,329 (82.3%)

Complete and duplicated BUSCOs (%) 265 (16.4%) 270 (16.7%) 248 (15.4%) 252 (15.6%)
Fragmented BUSCOs (%) 11 (0.7%) 10 (0.6%) 14 (0.9%) 11 (0.7%)
Missing BUSCOs (%) 10 (0.6%) 10 (0.6%) 24 (1.5%) 21 (1.4%)

Table 8. BUSCO results of the haploid genome and protein-coding genes.

Data availability

All raw sequencing data (PacBio HiFi, Hi-C, ONT, RNA-seq) about this study are available in the NGDC GSA
database under BioProject PRJCA040372%, The accession numbers of PacBio HiFi reads, Hi-C sequencing
reads, ONT sequencing data are CRX17307967°, CRX173079777 and CRX17307987%, the Illumina RNA-seq
and full-length RNA-seq data are available in the GSA database with the accession number CRX17307997 and

CRX1730800%.
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Fig. 7 Detailed BUSCO results of five poplar species.

Code availability

No specific code was developed in this study. The software and their versions used in this study are described in
the Methods section. Any modified parameters are also specified therein, and unless otherwise stated, the default
parameters of the software were used.
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