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Abstract

The genome of the hemlock woolly adelgid (Adelges tsugae) is presented in 10 chromosomal pseudomolecules along with 
132 unplaced scaffolds for a combined length of 216.56 Mb. The genome is highly contiguous with an N50 of 20.54 Mb and 
its longest scaffold 37.41 Mb in length. The assembly recovered 97.7% of benchmarked universal single-copy Hemiptera 
orthologs (BUSCO) with an overall completion score of 98.6%. On the basis of chromosomal synteny with other aphid gen
omes, the hemlock woolly adelgid’s genome is composed of eight autosomes and two sex (X) chromosomes. Annotation of 
the assembly identified 11,800 coding genes, 1,930 noncoding genes, and 20,403 mRNA transcripts. The mitogenome is 
also presented in a single, annotated, circular contig 25,980 bases in length.
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Significance
A chromosome-scale genome assembly is currently lacking for the hemlock woolly adelgid, Adelges tsugae, despite the 
fact that it is one of eastern North America’s most destructive and invasive forest pests. Here, we use a combination of 
sequencing technologies to assemble the first chromosome-length genome for this species and the Adelgidae. We also 
identify its sex determination system through comparisons of chromosomal synteny with other aphids and assemble its 
mitogenome, the largest among adelgids sequenced thus far. These important genomic resources will help to facilitate 
investigation of the genetic basis of life history traits that allows this species to exploit new areas.
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version/3/).

Genome Biol. Evol. 17(10) https://doi.org/10.1093/gbe/evaf170 Advance Access publication 22 October 2025 1

https://orcid.org/0000-0001-5083-9662
https://orcid.org/0000-0002-3141-5837
https://orcid.org/0000-0003-3472-0420
https://orcid.org/0000-0002-3961-251X
https://orcid.org/0009-0004-9287-2929
https://orcid.org/0009-0006-4812-1647
https://orcid.org/0000-0002-0053-7735
https://orcid.org/0000-0001-9475-3609
https://orcid.org/0000-0002-1672-050X
https://orcid.org/0000-0001-8843-3596
https://orcid.org/0000-0002-8326-1999
https://orcid.org/0000-0002-8515-0934
https://orcid.org/0000-0003-3394-2208
https://orcid.org/0000-0001-6957-2072
https://orcid.org/0000-0002-4004-8266
mailto:bryan.brunet@agr.gc.ca
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
https://doi.org/10.1093/gbe/evaf170


Introduction
Few adventive aphids (Hemiptera: Sternorrhyncha: 
Aphidomorpha) are as economically important to North 
American forests as the hemlock woolly adelgid (HWA), 
Adelges tsugae Annand, 1924. This species has devastating 
and disruptive effects on native eastern hemlock species 
and their biotic and abiotic associates, including the alter
ation of forest vegetation composition, declines in asso
ciated fauna, and ecosystem-level changes (Ellison et al. 
2018). HWA was introduced to North America near 
Richmond, Virginia, before 1951 from its native range in 
southern Japan (Havill et al. 2016) and has since spread at 
a rate of 2.5 to 37 km per year to cover most of the native 
hemlock forest in the eastern United States (McClure 2001; 
Evans and Gregoire 2007; Morin et al. 2009; McAvoy et al. 
2025). It is now also threatening hemlocks in eastern 
Canada, with recent detections in southern Ontario 
(Fidgen et al. 2021; Canadian Food Inspection Agency 
2024) and an established population in Nova Scotia 
(Emilson et al. 2018; Limbu et al. 2018). Moreover, species 
distribution models forecast that HWA will infest all but a 
narrow band of hemlock forest north of the 45th parallel 
by 2050 (Fitzpatrick et al. 2012; Ellison et al. 2018).

Unlike other significant insect forest pests in North 
America, robust genomic resources remain to be developed 
for HWA. In fact, among the Aphidomorpha, only the 
Aphididae and Phylloxeridae are represented among spe
cies with available chromosome-length genome assem
blies, and at present the only adelgid with an assembly, 
the Cooley spruce gall adelgid, Adelges cooleyi (Gillette, 
1907) (Dial et al. 2023), is in 840 scaffolds (270.2 Mb, 
N50 = 14.87 Mb). High-quality genome assemblies provide 
a foundation for understanding the genetic architecture of 
complex traits and are an important resource in the molecu
lar arsenal used in the development of management and 
biocontrol strategies (Li et al. 2019; Leung et al. 2020). 
Here, we present a chromosome-scale genome assembly 
for HWA, the first of this magnitude for the Adelgidae, to 
bolster resources available for future work on the compara
tive genomics of the Aphidomorpha and the genetic basis 
of life history traits that allow HWA to exploit new areas 
in its invasive range.

Results and Discussion
The genome of the HWA was assembled from multiple 
samples collected in Hamden Connecticut, USA (Table S1, 
Supplementary Material online), together representing 
the single multilocus lineage that predominates the north
east United States and Canada (Havill et al. 2016). Using a 
combination of newly generated PacBio continuous long- 
reads (101×  coverage), 10×  Chromium linked-reads 
(249×), and Hi-C data (24×), as well as existing Illumina 

short-reads (86×) from two previously published endosym
biont genomes (Weglarz et al. 2018), a preliminary assem
bly consisting of 145 scaffolds was generated. This was 
manually reordered to accommodate two sex chromo
somes and merge X1 with two smaller unplaced scaffolds 
through translocation corrections (Fig. 1a). A 5 Kb gap as
sociated with one of these corrections was also excised 
and subsequently removed from the assembly, along with 
one other scaffold that was <200 bp in length, leaving 
the final scaffold count at 142.

The final curated assembly has a total length of 
216.56 Mb with a scaffold N50 of 20.54 Mb (Fig. 1b; 
Table 1) and is about 75 Mb shorter than the flow cyto
metric estimate at 292.3 ± 1.1 Mb (n = 2). Over 99% of 
the genome is anchored to 10 chromosome-scale pseudo
molecules between 16 and 37 Mb in length (Table S2, 
Supplementary Material online). This is consistent with 
the haploid chromosome number of other adelgids 
(Gavrilov-Zimin et al. 2015). All scaffolds had significant 
blastn and diamond blastx hits (e-value < 1e-25) to insect 
homologs, with matches to Adelgidae and Aphididae ac
counting for 58 scaffolds and a combined length of 
216.03 Mb (Fig. S2, Supplementary Material online). 
BUSCO analysis of the final assembly yielded 98.6% com
plete BUSCO’s (97.7% single copy and 0.9% duplicated) 
(Table 1; Table S3, Supplementary Material online). 
Mapping rates, k-mer completeness, and assembly consen
sus quality (QV) all indicated a highly complete and error- 
free assembly (Table 1). Furthermore, a spectra-cn plot 
showed low k-mer duplication and a large diploid peak at 
a multiplicity of 140 with a nearly undetectable haploid 
peak at 75 (Fig. S3, Supplementary Material online). This 
suggests strong homozygosity, as would be expected for 
the invasive eastern North American A. tsugae lineage 
which reproduces only by parthenogenesis and experi
enced a strong genetic bottleneck when introduced 
(Havill et al. 2016).

Approximately 52.73% (114.19 Mb) of the genome was 
masked as repetitive (244,333 repeats). However, most re
peats were unclassifiable since only 48,617 repetitive ele
ments could be annotated. Most of these (91.6%) were 
classified as transposons or long terminal repeats 
(Table 1). Furthermore, our attempt to build a taxon- 
specific repeat model revealed that over 84% of 924 iden
tified repeat families could not be classified. Repeats con
taining the ancestral insect TTAGG telomere motif were 
observed in abundance across the genome, but only in ex
cess of 40 repeats/10 Kb near the ends of three chromo
somes (Fig. 1c). Nevertheless, loss of the ancestral 
telomere motif is well documented across the insecta, in
cluding the Hemiptera (Lukhtanov and Pazhenkova 
2023), and therefore its absence here should not discount 
the chromosomal nature of the HWA genome. The gen
ome is composed of 11,800 coding genes (120.29 Mb) 
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(a)

(c)

(b)

Fig. 1. Genome assembly of Adelges tsugae, ihAdeTsug: metrics and chromosome synteny. a) Hi-C contact map of A. tsugae assembly visualized using 
JuiceBox Assembly Tools. Autosomes are shown in order of size from top-left to bottom-right. Sex chromosomes X1 and X2 are shown in reverse order 
due to unresolved linkages between X1 and unplaced scaffolds visible at the lower right. b) BlobToolKit snail plot showing A. tsugae assembly composition. 
The main plot is divided into 1,000 size-ordered bins around the circumference, with each bin representing 0.1% of the 216,556,762 bp assembly. The dis
tribution of chromosome lengths is shown in dark gray, and the plot radius scaled to the longest chromosome present in the assembly (37,413,131 bp) is 
shown in red. Orange and pale-orange arcs show the N50 and N90 chromosome lengths (20,533,966 and 16,550,355 bp, respectively). The pale gray spiral 
shows the cumulative chromosome count on a log scale with white scale lines showing successive orders of magnitude. The blue and pale-blue area around 
the outside of the plot displays the distribution of GC (blue), AT (pale blue), and N (white) percentages, using the same bins as the inner plot. c) Three-way 
ChromSyn plot showing connections between syntenic regions greater than 50 Kb between the chromosomes of Adelges tsugae (Atsug), Schlechtendalia 
chinensis (Schin), and Rhopalosiphum maidis (Rmaid). Showing only 13 (of 208) scaffolds of the S. chinensis genome (280.43 Mb, N50 = 20.58 Mb) and 4 (of 
220) scaffolds of the R. maidis genome (326.0 Mb, N50 = 93.3 Mb). Red lines are inverted regions. Plus symbols within chromosomes denote assembly gaps. 
Yellow triangles are predicted positions of BUSCO orthologs that were not found in each assembly assuming conserved synteny. Blue dots are locations of 
telomeric repeat regions (TTAGG) with greater than 40 repeats/10 Kb window. The location of triangles and dots above or below the chromosome center line 
indicates the strand. Reversed chromosomes are labeled with an “R” suffix. Chromosomes 7, 8, and 12 and chromosome 3 are the sex chromosomes of 
S. chinensis and R. maidis, respectively.
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with an average length 10,195.15 bp, 1930 noncoding 
genes, and 20,403 mRNA transcripts (Table 1). BUSCO ana
lysis of the proteome identified 98.6% Hemiptera ortho
logs as complete (97.6% single copy and 1.0% 
duplicated) (Table 1).

Synteny analysis revealed strong conservation of sex 
chromosome composition and structure between HWA, 
Schlechtendalia chinensis (Bell, 1851) (Aphididae: 
Eriosomatinae) and Rhopalosiphum maidis (Fitch, 1856) 
(Aphididae: Aphidinae) (Fig. 1c). This was previously de
monstrated for the Aphidomorpha, but without compari
sons that included a chromosome-scale adelgid assembly 
(Wei et al. 2022; Mathers et al. 202l; Li et al. 2023; 
Huang et al. 2025). Two scaffolds (X1 and X2) were synten
ic with the sex chromosome(s) of the two other species (Wei 
et al. 2022), providing confirmation of a 2(X1X2)/X1X20 
(♀/♂) sex determination system for HWA. Strong concord
ance between the eight remaining autosomes and those
of S. chinensis was also revealed, suggesting that elevated
autosomal rearrangement within the Aphididae (Li et al.
2023) may be limited to aphid subfamilies that have under
gone more recent diversification.

The mitochondrial genome was also assembled into a 
completely circular contig 25,980 bp in length (Fig. S4, 
Supplementary Material online). The arrangement of 
protein-coding genes (PCGs), transfer RNAs (tRNAs), and 
ribosomal RNAs (rRNAs) agrees with the existing HWA 

mitogenome reference (MT263947) (Yeh et al. 2020). 
The mitogenome consists of 13 PCGs, 22 tRNAs, 2 
rRNAs, and large control (4655 bp) and repeat (5755 bp) 
regions characterized by AT-rich tandem repeats. The con
trol region contains an imperfect compound repeat of 232 
bases (2.9 copies) plus 23 bases (2 copies) with a 3 bp over
lap repeated four times between tRNA-Ile and rRNA-S. The 
repeat region is composed of an imperfect repeat of 207 
bases with 24.9 copies between nucleotide positions 420 
and 6175. The two HWA mitogenomes have approximately 
94% pairwise sequence identity among all PCGs and both 
rRNAs, as expected based on prior characterizations of this 
species’ global genetic diversity (Havill et al. 2016).

Materials and Methods

Sample Collection and Extraction

Whole adults, nymphs, and eggs of HWA were collected by 
hand on five occasions between 2013 and 2021. Samples 
were reared for up to 1 week at room temperature to accu
mulate specimens before transferring to 95% ethanol and 
storing at −80 °C until further use. Four samples were ta
ken from previously identified HWA-infested eastern hem
lock (Tsuga canadensis) at the USDA Forest Service 
Northern Research Station in Hamden, New Haven 
County, Connecticut, and one from another location 

Table 1 Summary of genome assembly and annotation statistics for A. tsugae (ihAdeTsug)

Elements Value

Genome assembly
Assembly size (Mb) 216.56
Number of scaffolds/contigs 142/528
Longest scaffold/contig (Mb) 37.41/35.00
N50 scaffold/contig length (Mb) 20.54/0.900
GC (%) 30.93
Gaps (%) 1.849
% chromosomal 99.31
Short-/linked-read mapping rates (%) 93.3/78.2
k-mer completeness (%) 87.23
Assembly consensus quality (QV) 44.1
BUSCO completeness (%)a C:98.6% [S:97.7%, D:0.9%], F:0.6%, M:0.8%, n:2510 (Hemiptera_odb10)

Repeat annotations
Type I transposons/SINE 124 (8629 bp)
Type I transposons/LINE 11,927 (2,599,150 bp)
Type II transposons/DNA 28,460 (2,806,703 bp)
LTR 4,793 (529,289 bp)
Other 3,313 (547,264 bp)

Gene annotations
Protein-coding/noncoding genes 11,800 (120,290,929 bp)/1,930 (7,508,078 bp)
mRNA transcripts 20,403 (211,610,416 bp)
5′ UTR/3′ UTR 21,514 (3,163,593 bp)/15,757 (7,426,794 bp)
Small/long noncoding genes 424 (36,336 bp)/1,667 (9,025,655 bp)
BUSCO completeness (%) C:98.6% [S:97.6%, D:1.0%], F:0.7%, M:0.7%, n:2510, E:2.6% (Hemiptera_odb10)

aMetaeuk as gene predictor.
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4 km away (Table S1, Supplementary Material online). A 
slide-mounted adult voucher specimen of sample 
ihAdeTsug4 was retained and deposited in the Yale 
Peabody Museum (YPM; Connecticut, USA) with accession 
number YPM#ENT595371. Isolation of DNA from each 
sample was performed on pooled specimens using com
mercially available kits, including the Roche Diagnostics 
High Pure PCR template kit (ihAdeTsug1; Weglarz et al. 
2018), Qiagen Blood and Cell Culture DNA Mini kit 
(ihAdeTsug2), and MagAttract HMW DNA kit 
(ihAdeTsug3 and ihAdeTsug4).

Library Construction and Sequencing

A Pacific Biosciences long-insert library was prepared by 
combining high molecular DNA for samples ihAdeTsug3 
and ihAdeTsug4 and selecting for fragments of 15 Kb in 
size without shearing at the University of Maryland 
School of Medicine’s Institute for Genome Sciences, 
Genome Resource Centre (Maryland, USA). Continuous 
long-read sequencing was performed in a single SMRT 
Cell 8 M run on a PacBio Sequel II over a 15 h movie collec
tion time. A 10×  Genomics Chromium linked-read library 
(2 × 150 bp) was prepared using sample ihAdeTsug2 and 
subsequently sequenced on an Illumina HiSeqX at the 
McGill University and Génome Québec Innovation Centre 
(Québec, Canada). Sample ihAdeTsug5 was used to pre
pare a single Arima Hi-C sequencing library (2 × 150 bp), 
which was then sequenced in two runs on an Illumina 
MiSeq v2 at the McGill Genome Centre (Québec, 
Canada). The Illumina libraries (2 × 150 bp with 500 bp in
serts) for sample ihAdeTsug1 noted above were sequenced 
on a HiSeq2500 at the Yale Centre for Genome Analysis 
(Connecticut, USA) (Weglarz et al. 2018).

The genome size was determined through flow cyto
metric estimation using genomic DNA isolated from two 
adult females following standard protocols for insects 
(Johnston et al. 2019). Drosophila virilis (1C = 328 Mb) 
was used as the standard.

Genome Assembly

Raw PacBio subreads were input to Falcon-Unzip (Chin 
et al. 2016) using the PacBio Assembly Tool Suite 
(pb-assembly) (Table S2, Supplementary Material online). 
Longstitch (Coombe et al. 2021) was used to correct misas
sembled contigs and then scaffold and gap-fill using preas
sembly reads (preads) from the Falcon output. ARCS (Yeo 
et al. 2018) was used to identify and correct misassembled 
scaffolds using 10×  Chromium linked-reads. Linked-reads 
were first barcode-processed using Long Ranger (Marks 
et al. 2019) “basic.”

Short-read polishing and gap-filling were completed 
using the ntEdit + Sealer Assembly Finishing Protocol (Li 
et al. 2022). Illumina short-reads and 10×  linked-reads 

were trimmed and filtered of low-quality and contaminant 
sequences using RQCFilter2 in BBmap (Bushnell 2014) and 
then error-corrected using Lighter (Song et al. 2014) before 
being input into ntEdit + Sealer. Lighter was run with auto
mated estimation of alpha using a k-mer length of 17 and 
an approximated genome size of 300 Mb. Prior to trimming 
and filtering, the 10×  linked-reads were first barcode- 
processed using process_10xReads.py of proc10xG 
(https://github.com/ucdavis-bioinformatics/proc10xG). The 
Bloom filter size used in ntEdit + Sealer was estimated at 
20 GB using ntCard (Mohamadi et al. 2017).

Redundant and junk scaffolds were then identified and 
removed from the assembly using Purge Haplotigs (Roach 
et al. 2018) following alignment of the raw PacBio subreads 
to the assembly. Arima Hi-C reads were mapped to the 
purged assembly and filtered on the basis of chimerism 
and mapping quality using the Arima mapping pipeline 
(https://github.com/ArimaGenomics/mapping_pipeline). 
Technical replicates were also merged before removal of 
duplicate reads. Hi-C scaffolding was performed with 
YaHS (Zhou et al. 2023). Juicer Tools (Durand et al. 2016) 
was used to generate a Hi-C contact matrix for visualization 
in Juicebox. Manual curation of the assembly was per
formed using Juicebox Assembly Tools (Dudchenko et al. 
2018).

The curated assembly was checked for contamination 
using Blobtools2 from the Blobtoolkit (Challis et al. 2020). 
First, each scaffold was partitioned into 100 Kb sequences 
with 500 bp overlap using the shred.sh script from BBmap, 
and then each partition was queried against the NCBI nt 
database (released 05-July-2024) using blastn (Altschul 
et al. 1990). Similarly, Diamond blastx (Buchfink et al. 
2021) searches were performed against the UniProt refer
ence proteomes (release 2024_06) database (Bateman 
et al. 2023). Coverage of the raw PacBio subreads was 
then assessed by mapping them to the genome assembly 
using minimap2 (Li 2021). BUSCO (Manni et al. 2021) 
was used to assess the completeness of the assembly itera
tively after each step using the Hemiptera_odb10 dataset. 
The assembly was also assessed by calculating mapping 
rates of the error-corrected short- and 10×  linked-reads 
using minimap2, as well as k-mer completeness and QV 
with Merqury (Rhie et al. 2020) using the 10×  linked-reads 
following preparation of a meryl k-mer database (k = 19).

Structural Annotation and Synteny Analysis

Annotation was completed by the European Bioinformatics 
Institute. Masking of repeats was performed using 
REpeatDetector (REd) (Girgis 2015). Repetitive DNA ele
ments were annotated using RepeatMasker (Smit et al. 
2015) and RepBase (release 20170127) (Bao et al. 2015). 
A de novo transposable element reference library was 
also generated using RepeatModeller2 (Flynn et al. 2020) 
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but was ultimately not used for repeat annotation. Gene 
annotation was performed using the Ensembl Gene 
Annotation system (Aken et al. 2016; https://beta. 
ensembl.org/help/articles/non-vertebrate-genome- 
annotation) and publicly available RNA-seq data on NCBI 
(PRJNA242203). ChromSyn (Edwards et al. 2022) was 
used to examine chromosome synteny between HWA, S. 
chinensis (GCA_019022885.1) (Wei et al. 2022) and R. 
maidis (GCF_003676215.2) (Chen et al. 2019), by identify
ing syntenic regions that share complete single-copy ortho
logs from the BUSCO Hemiptera_odb10 dataset.

Mitogenome Assembly and Annotation

The mitogenome was assembled separately using the 
Falcon preassembly reads noted above. These were 
mapped to a publicly available mitogenome reference of 
HWA collected in Taiwan (MT263947) (Yeh et al. 2020) 
using minimap2. Mapped reads were assembled into con
tigs using Flye (Kolmogorov et al. 2019), and then contigs 
were used as input for MitoHiFi (Uliano-Silva et al. 2023) 
where they were circularized and annotated. Tandem 
Repeats Finder (Benson 1999) was used to identify tandem 
repeats signaling the putative control and repeat regions in 
noncoding locations of the mitogenome. The mitogenome 
was then visualized using MITOZ (Meng et al. 2019).

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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