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Abstract
Genome sequencing methods and assembly tools have improved dramatically since 
the 2013 publication of draft genome assemblies for the mountain pine beetle, 
Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae). We conducted prox-
imity ligation library sequencing and scaffolding to improve contiguity, and then used 
linkage mapping and recent bioinformatic tools for correction and further improve-
ment. The new assemblies have dramatically improved contiguity and gaps compared 
to the originals: N50 values increased 26- to 36-fold, and the number of gaps were 
reduced by half. Ninety per cent of the content of the assemblies is now contained in 
12 and 11 scaffolds for the female and male assemblies, respectively. Based on link-
age mapping information, the 12 largest scaffolds in both assemblies represent all 11 
autosomal chromosomes and the neo-X chromosome. These assemblies now have 
nearly chromosome-sized scaffolds and will be instrumental for studying genomic 
architecture, chromosome evolution, population genomics, functional genomics, and 
adaptation in this and other pest insects. We also identified regions in two chromo-
somes, including the ancestral-X portion of the neo-X chromosome, with elevated 
differentiation between northern and southern Canadian populations.
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1  |  INTRODUC TION

The availability of high-quality whole genomes facilitates an en-
hanced understanding of genomic organization, the mechanisms 
that lead to deviations from “common” architectural patterns, and 
the potential outcomes of such deviations. For example, a new, 
highly contiguous genome assembly for the honey bee, Apis mel-
lifera L. (Hymenoptera: Apidae), supported the detection of inver-
sions associated with local adaptation in high-altitude populations 
(Christmas et al., 2019). Comparative genomics has also contrib-
uted to a growing recognition of genomic islands of divergence and 
speciation (Gagnaire et al., 2013; Renaut et al., 2013). Numerous 
recent studies have highlighted the ecological roles that divergent 
regions within genomes may have and how they are formed (e.g., 
Bay & Ruegg, 2017; Ma et al., 2018; Renaut et al., 2013; Tavares 
et al., 2018).

Neo-sex chromosomes and the degeneration of male sex chro-
mosomes (e.g., Muller's ratchet) present other aspects of speciation 
genomics that can be explored using high-quality genome assem-
blies. For example, assessments of neo-sex chromosome forma-
tion and prevalence, and the subsequent deterioration of male 
sex chromosomes, can provide insight into the mechanisms and 
consequences of their evolution. High-quality insect genomes are 
increasingly valuable because they present numerous complex sex-
determination mechanisms that can affect their stability through 
recombination, mutation and drift (Blackmon et al., 2016). Recent 
research has highlighted the interaction between neo-sex chromo-
somes and reproductive isolation (Bracewell et al., 2017).

The genetics of the mountain pine beetle, Dendroctonus pon-
derosae Hopkins (Coleoptera: Curculionidae), has been studied for 
many years (e.g., Kelley & Farrell, 1998; Kelley et al., 2000; Mock 
et al., 2007; Samarasekera et al., 2012; Sturgeon & Mitton, 1986), 
but genomic resources have grown considerably in recent years 
(Cullingham et al., 2018; Keeling et al., 2012; Keeling, Yuen, et al., 
2013). Much of this data growth has been in response to ongoing 
massive population outbreaks in western North America driven by 
historical forest management practices and climate change, which 
have resulted in severe forest disturbances and losses (e.g., Raffa 
et al., 2008; Saab et al., 2014; Sambaraju & Goodsman, 2021). 
Genetics and genomics were quickly recognized as tools to help 
model and manage outbreaks by better understanding population 
dynamics (Goodsman et al., 2016; James et al., 2016); signatures of 
selection (Batista et al., 2016; Janes et al., 2014); the processes of ol-
faction (Andersson et al., 2013, 2019; Chiu et al., 2019), pheromone 
biosynthesis (Aw et al., 2010; Keeling, Chiu, et al., 2013; Keeling 
et al., 2016; Nadeau et al., 2017), host colonization (Robert et al., 
2013) and overwintering (Robert et al., 2016); genome evolution and 
speciation (Bracewell et al., 2011, 2017; Dowle et al., 2017); and the 
coevolution between the beetle, its hosts and its symbiotic microor-
ganisms (James et al., 2011).

While recent focus has been on applied pest management out-
comes for D. ponderosae, there are numerous theoretical benefits 
as well, and the two often complement each other. For example, 

the draft mountain pine beetle genome (Keeling, Yuen, et al., 2013) 
revealed considerable synteny with Tribolium castaneum (Herbst) 
(Coleoptera: Tenebrionidae), the most closely related genome as-
sembly at the time. That work highlighted the important roles that 
specific gene families and the neo-XY chromosomal system may 
have in contributing to the ecological success of the mountain pine 
beetle (Keeling, Yuen, et al., 2013). That study also noted the lack of 
linkage map data to further refine our knowledge of the location and 
formation of the neo-XY system. Traditionally, linkage maps have 
been used to quantify effect sizes that certain loci have on traits of 
interest (e.g., quantitative trait loci) (Berlin et al., 2017), which can 
greatly accelerate breeding programmes and our understanding of 
evolutionary processes and outcomes. However, linkage maps can 
also assist in genome assembly of nonmodel organisms (Bartholomé 
et al., 2014) and provide insight into comparative analyses of ge-
nomic architecture (i.e., synteny, collinearity, chromosomal rear-
rangements, etc.) (Barth et al., 2019; Butler et al., 2017).

The karyotype of Dendroctonus spp. (Coleoptera: Curculionidae) 
varies from five autosome pairs (AA)  +  neo-XY to 14 AA  +  Xyp 
(Zúñiga et al., 2002), with males being the heterogametic sex in all 
cases. In D. ponderosae and D. jeffreyi Hopkins, the karyotype is 11 
AA  +  neo-XY. Neo-sex chromosomes result from the fusion of a 
sex chromosome with an autosome. Three other Dendroctonus spp. 
have a neo-XY karyotype: D. adjunctus Blandford (6 AA + neo-XY), 
D. approximatus Dietz (5 AA + neo-XY) and D. brevicomis LeConte (5 
AA + neo-XY). It is not known whether the neo-XY chromosomes in 
these species are orthologous to those in D. ponderosae and D. jef-
feryi. In D. ponderosae, the neo-X is believed to have originated from 
an ancestral 12 AA + Xyp karyotype through the fusion of the ances-
tral-X chromosome with one copy of the largest autosome (Lanier, 
1981). The ancestral-Y (yp) chromosome was lost, to be replaced by 
the other copy of the fused autosome, becoming neo-Y (Lanier, 1981; 
Zúñiga et al., 2002). However, several species in this genus have the 
ancestral 14 AA + Xyp karyotype (Zúñiga et al., 2002), suggesting 
that the large autosome that became part of the neo-sex chromo-
somes in D. ponderosae may itself have been the fusion of three an-
cestral autosomes. Thus, a large portion of the genome content of 
D. ponderosae is in the sex chromosomes. Apart from understanding 
the genome architecture, delineating the sex chromosomes and the 
genes they contain will help us to understand how D. ponderosae has 
become one of the most important pest species in its genus, and a 
keystone species in western North American pine forests.

The exponential increase in the availability of whole genomes 
over the past decade has largely been derived from short-read se-
quences. However, while short reads can be assembled into larger 
contigs and scaffolds, sequencing gaps and repetitive regions often 
prevent full contiguous assembly and correct ordering (Fierst, 2015). 
Many genomes assembled from short reads remain highly frag-
mented and are best considered draft versions. Long-read sequenc-
ing technologies can overcome some issues associated with gaps 
and repetitive regions (Bleidorn, 2015; Rhoads & Au, 2015). These 
new technologies originally suffered from higher sequencing error 
rates but have been steadily improving. Chromosome conformation 
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capture sequencing, or Hi-C, is a method to study three-dimensional 
folding of chromosomes that offers an elegant solution to these 
challenges. Specifically, the Hi-C method detects closely linked sec-
tions (~10–100 kb) of DNA via chromatin contacts (van Berkum et al., 
2010), producing highly accurate information on chromosome-scale 
genomic position (Cairns et al., 2016). When the Hi-C approach is 
coupled with an existing short-read draft genome, scaffolding is 
dramatically improved by additional anchor points interspersed 
throughout the short-read assembly (Li et al., 2018).

Here we provide chromosome-level male and female genome as-
semblies based on new proximity ligation and linkage mapping data 
to further support research on mountain pine beetle, which contin-
ues to exert major ecological and economic effects on pine forests in 
Canada and the USA. We additionally use whole-genome pool-seq 
and single nucleotide polymorphism (SNP) data to assess signatures 
of natural selection and investigate genomic linkage in the context 
of rapid population, geographical and host range expansions, as well 
as neo-sex chromosome evolution. Our results broadly character-
ize the neo-sex chromosomes and indicate that local adaptation in 
Canadian mountain pine beetle populations appears to be largely 
mediated by one autosomal region and the ancestral-X portion of 
the neo-X chromosome.

2  |  MATERIAL S AND METHODS

2.1  |  Genome assembly and annotation

2.1.1  |  Insects for genome scaffolding

Female adult beetles were collected in August 2017 from a lodge-
pole pine forest ~60 km south of Grande Prairie, Alberta, Canada 
(54.6942°N, 118.6694°W). Specimens from this collection have 
been vouchered at the E. H. Strickland Entomological Museum at 
the University of Alberta with UASM nos. 391992–391994.

2.1.2  |  Chicago library preparation and sequencing

Dovetail Genomics LLC prepared a Chicago library as described 
previously (Putnam et al., 2016). Briefly, ~500 ng of high-molecular-
weight genomic DNA (gDNA) (mean fragment length = 80 kb) from 
an individual female beetle (NCBI BioSample: SAMN14918906) was 
reconstituted into chromatin in vitro and fixed with formaldehyde. 
Fixed chromatin was digested with DpnII, the 5′-overhangs filled in 
with biotinylated nucleotides, and then free blunt ends were ligated. 
After ligation, crosslinks were reversed, and the DNA was purified 
from associated protein. Purified DNA was treated to remove bio-
tin that was not internal to ligated fragments. The DNA was then 
sheared to ~350  bp mean fragment length and sequencing librar-
ies were generated using NEBNext Ultra enzymes and Illumina-
compatible adapters. Biotin-containing fragments were isolated 
using streptavidin beads before PCR enrichment of the library. The 

library was sequenced on an Illumina HiSeq X platform to produce 
510 million 2 × 150 bp paired-end reads (NCBI SRA: SRR11965410), 
which provided 735× physical coverage of the genome (1–100-kb 
pairs).

2.1.3  |  Hi-C library preparation and sequencing

Dovetail Genomics LLC prepared a Hi-C library in a manner similar 
to that described previously (Lieberman-Aiden et al., 2009). Briefly, 
chromatin from another individual female beetle (NCBI BioSample: 
SAMN14918916) was fixed in place with formaldehyde in the nu-
cleus and then extracted fixed chromatin was digested with DpnII. 
The 5′ overhangs were filled in with biotinylated nucleotides and 
then the free blunt ends were ligated. After ligation, crosslinks were 
reversed, the DNA was purified from protein, and a library was 
prepared as above and sequenced on an Illumina HiSeq X platform 
to produce 514  million 2  ×  150-bp paired-end reads (NCBI SRA: 
SRR11965415), which provided 742× physical coverage of the ge-
nome (10–10,000-kb pairs).

2.1.4  |  Scaffolding the assembly with HiRise

A schematic for the assembly process is shown in Figure 1. We used 
the pre-existing male (NCBI BioProject: PRJNA162621) and female 
(NCBI BioProject: PRJNA179493) genome assemblies (Keeling, 
Yuen, et al., 2013) as the input de novo assemblies for scaffolding, 
along with their underlying shotgun reads (NCBI SRA: SRR546181 
and SRR546185 for male assembly, and SRR546193 for female 
assembly).

Separately for each sex, the de novo assembly, shotgun reads, 
Chicago library reads and Dovetail Hi-C library reads were used as 
input data for hirise, Dovetail's proprietary software pipeline de-
signed specifically for using proximity ligation data to scaffold ge-
nome assemblies (Putnam et al., 2016). First, shotgun and Chicago 
library sequences were aligned to the draft input assembly using the 
snap version 1.0beta read mapper (Zaharia et al., 2011). Separations 
of Chicago read pairs mapped within draft scaffolds were analysed 
by hirise to produce a likelihood model for genomic distance between 
read pairs; the model was used to identify and break putative mis-
joins, to score prospective joins and make joins. Second, Hi-C library 
sequences were aligned and scaffolded following the same method. 
Third, shotgun sequences were used to close gaps between contigs.

2.1.5  |  Correction and improvement of 
hirise assemblies

We compared the male and female hirise assemblies to each other 
using nucmer (part of mummer version 3.23_3, Kurtz et al., 2004), and 
to linkage map information (described below) using allmaps version 
0.8.12 (Tang et al., 2015), to identify inconsistencies between the 
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two assemblies, and between the assemblies and the linkage map in-
formation. Aided by nucmer-based mummerplot comparisons of the 
relevant scaffolds, we resolved inconsistencies by manually flipping 
and/or shuffling the Chicago scaffolds that appeared to be misjoined 
in the final hirise step such that both assemblies were mutually con-
sistent and were also consistent with the linkage map information. 
When there were inconsistencies between the male and female as-
semblies, we deemed the assembly most consistent with the linkage 
map information to be correct. At this stage we also shortened to 
999 bp those gaps estimated during the original draft assembly to be 
greater than 1000 bp. We then scaffolded and gap-filled the assem-
blies with the corresponding assembly from the other sex using links 
version 1.8.7 (Warren et al., 2015) and rails version 1.4.1 (Warren, 
2016). We filled the remaining gaps in the scaffolds with abyss-sealer 
version 2.1.5_1 (Paulino et al., 2015) using shotgun sequence data 
from the original de novo assembly (NCBI SRA: SRR546193 for fe-
male assembly, and SRR546181 and SRR546185 for male assembly). 
We removed contaminant scaffolds identified by phyloligo version 
1.0 (Mallet et al., 2017). We used busco version 4.1.4 (Simao et al., 
2015) analysis with the insecta_odb10.2020-09-10 lineage data set 
(Kriventseva et al., 2019) to assess improvement of gene content 
on the final genome assemblies, and the input de novo assemblies. 
Assembly consistency plots were generated using jupiterplot version 
1.0 (Chu, 2020) with circos version 0.69-3 (Krzywinski et al., 2009).

2.1.6  |  Gene prediction and annotation of 
genome assemblies

We modelled repetitive sequences with repeatmodeler version 2.0 
(part of dfam te tools version 1.0, Dfam Consortium, 2019) and then 
masked the assemblies with repeatmasker version 4.0.7_4 (Smit et al., 
2020) using these repetitive sequences and a set of transposable 
element proteins provided with maker. We then completed three 
rounds of maker version 2.31.10_2 (Holt & Yandell, 2011) gene 
prediction on scaffolds longer than 5  kb. For the first round, we 
used NCBI Coleopteran RefSeq proteins (downloaded December 
11, 2019) for protein homology evidence, and NCBI D. pondero-
sae expressed sequence tags (ESTs) (downloaded December 11, 
2019); D. ponderosae GenBank FLcDNAs: BT126413-BT128693 
and JQ855638-JQ855707; and NCBI Dendroctonus spp. TSA ac-
cessions: GABX00000000, GAFI00000000, GAFW00000000, 
GAFX00000000, GDAR00000000, and GGKQ00000000 for EST 
evidence. Alignments were completed using exonerate version 2.4.0 
(Slater & Birney, 2005) and blast+2.9.0 (Camacho et al., 2009). The 
results from the first round were used with busco version 3.0.2_2 to 
train augustus version 3.3.3 (Stanke et al., 2006). Round two used 
augustus, snap version 2013-11-29_1 (Korf, 2004), and genemark-es 

version 2019-05 (Lomsadze et al., 2005) for ab initio gene predic-
tion. We used the results from round two to directly train augustus 
for the final round of maker along with snap and genemark-es again. 
We then used interproscan version 5.40-77.0 (Jones et al., 2014) and 
blast+version 2.10.0 against the UniProtKB/Swiss-Prot 2020_01 
database to functionally annotate the predicted proteins from the 
gene predictions. busco version 4.1.4 analysis with the insecta_
odb10.2020-09-10 lineage data set was completed on the predicted 
proteins from the first transcript variant of each gene model. The 
annotated assemblies are available with the following NCBI ac-
cessions: BioProjects, PRJNA638274 (male) and PRJNA638278 
(female); genome accessions JAFETF000000000 (male) and 
JAFETG000000000 (female).

2.2  |  Linkage mapping

2.2.1  |  Controlled crosses

We collected mountain pine beetle larvae (F0 generation) from in-
fected lodgepole pine trees from Smokey River Lowlands near 
Grande Prairie (Alberta, Canada; 54.356267°N, 118.318533° W) and 
BURNCO Quarry near Canmore (Alberta, Canada; 51.067100°N, 
115.287283°W) in October 2014 (Figure S1). These sites represent 
the two genetically distinct subpopulations previously identified 
within Canada (Batista et al., 2016; Janes et al., 2014; Samarasekera 
et al., 2012) and are referred to in this study as North and South, 
respectively. Collected larvae continued development in their natal 
bolts at 4°C until spring 2015. Next, we placed bolts in opaque 
emergence boxes at room temperature (~22°C) and mature moun-
tain pine beetles were collected daily for a maximum of 15  days. 
Freshly emerged mountain pine beetles were sexed using the au-
ditory method described by Rosenberger et al. (2016) to minimize 
physical damage. We temporarily stored the emerged adults at 4°C 
until a sufficient number had been collected to begin crosses (maxi-
mum 5 days). Further details are provided in Trevoy et al. (2019).

We reared North × South crosses of the F0 generation in 55-cm 
bolts from three lodgepole pine, Pinus contorta Douglas ex Louden 
(Pinales: Pinaceae), trees felled in May 2015 at Nojack, Alberta 
(53.601717°N, 115.587317°W). Females were placed in 1.5-ml mi-
crocentrifuge tubes attached to bolts to encourage gallery construc-
tion within a specific bolt. Males from the opposite population were 
placed in the tube 48 hr later. Females or males that failed to enter 
the bolt within 24 hr were replaced with alternates from the same 
site of origin. We stored F0 crosses in a sealed room at ~22°C for 
6 weeks, at which point we transferred them to emergence boxes. F1 
progeny were collected over 15 days and physically sexed using the 
nondestructive auditory method. Mountain pine beetle adults have 

F I G U R E  1  Genome assembly pipeline. Each major step en route to the final annotated assemblies is shown in blue text. Sources of the 
input data (NCBI BioSample, assembly and SRA accessions) are indicated in parentheses. Dashed lines between the two assembly paths 
indicate sharing of scaffolding information only; solid lines indicate sharing of scaffolding and sequencing information. For annotation of 
the genomes with maker, empirical sequence sources and the ab initio gene predictors used are indicated
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been known to establish secondary galleries in different trees (Janes 
et al., 2016). To ensure that F1 beetles were assigned to the correct 
gallery, and therefore the correct cross, each bolt was stripped and 
visually inspected. Any progeny from a bolt containing multiple gal-
leries was discarded from further analysis.

We crossed F1 beetles with gallery siblings to produce highly re-
lated F2 individuals. Males tend to guard the entrance of a gallery 
and pack it with frass (Reid, 1962). Thus, after 7 days, we peeled back 
the wood around each gallery to a depth of 5 cm and the male was 
removed for genotyping. In accordance with Amman (1972), females 
were expected to complete gallery construction within 3  weeks. 
Thus, we extracted females at a later date in a similar fashion to 
males. Bolts were placed in emergence boxes at ~22°C until addi-
tional F2 progeny were no longer recovered. All F2 individuals were 
stored at −20°C prior to DNA extraction after physical sexing, using 
the dimorphic seventh tergite (Safranyik & Carroll, 2006). Sexing 
using the dimorphic seventh tergite was reserved for F2 individuals 
because, while more accurate than the auditory method, it typically 
causes damage to the specimen. The crossing design and family sum-
maries are illustrated in Figure S1. Specimens have been vouchered 
at the E. H. Strickland Entomological Museum at the University of 
Alberta with UASM nos. 391988–391991.

2.2.2  |  DNA extraction, sequencing and trimming of 
linkage mapping samples

We extracted DNA from 229 F1 and F2 individuals from the 
North × South crosses using the Qiagen DNeasy Blood and Tissue 
kit with optional RNase treatment. Samples underwent SNP library 
preparation following the ddRAD protocol of Peterson et al. (2012) 
using PstI and MspI restriction enzymes. Illumina 75-bp single-end 
sequences were produced on a NextSeq500 at the University of 
Alberta Molecular Biology Services Unit. We demultiplexed the re-
sulting sequence reads using the process_radtags module of stacks 
version 2.0 (Catchen et al., 2011; Rochette et al., 2019). Remnant 
Illumina adapters and the PstI cut site at the 5′ end of each read 
were trimmed using cutadapt version 1.10 (Martin, 2011). The 
trimmed length for each read was 62  bp. We have deposited the 
demultiplexed, trimmed reads for these samples (NCBI BioSamples 
SAMN17498181–SAMN17498396) into the NCBI Sequence Read 
Archive under accession PRJNA694171.

2.2.3  |  Data processing and linkage map 
construction in lep-map3

We used mpileup in samtools version 1.9 (Li et al., 2009), and the 
pileupParser2 and pileup2posterior scripts implemented in lep-map3 
(Rastas, 2017), to align trimmed reads to both the male and female 
Hi-C hirise genome assemblies separately. Resulting posterior files 
were used as input into lep-map3 to produce male- and female-
aligned linkage maps. We used identity-by-descent (IBD) scores to 

verify the assignment of individuals to discrete families by removing 
individuals with less than 25% IBD to at least half of the individu-
als within their respective families. The ParentCall2 module imputed 
missing genotypes in the F1 parents that were not recovered from 
the bolts. The Filtering2 module removed markers with high segre-
gation distortion or excessive missing data (data tolerance score of 
0.01, following lep-map3 recommendations).

Next, we used the SeparateChromosomes2 module of lep-map3 
to separate SNPs into distinct linkage groups representing putative 
chromosomes. We required retained linkage groups to contain at 
least 70 SNPs, and set the informativeMask parameter to 23, which 
excluded markers that were informative only for the fathers (i.e., we 
retained markers that were either informative for the mothers, or for 
both mothers and fathers). Including markers informative only for 
fathers substantially reduced the number of SNPs assigned to link-
age groups. We adjusted LOD scores until the number of retained 
linkage groups closely matched the known number of chromosomes 
(11 autosomes +2 neo-sex chromosomes) based on mountain pine 
beetle karyology (Lanier & Wood, 1968). In general, the appropriate 
LOD score should be similar to the number of chromosomes in the 
genome (Rastas, 2017).

We then ordered each linkage group in both maps five times 
using the OrderMarkers2  module of lep-map3 and selected the 
marker order for each group with the highest likelihood score. We 
checked each file for incorrect marker ordering by visualizing link-
age group graphs with xdot version 1.1 (Fonseca, 2019). If any of 
these graphs indicated improper marker ordering, we discarded 
that replicate, chose the replicate with the next-highest likelihood 
score, and checked it again. This produced separate SNP recombina-
tion distances for male and female specimens in each linkage group, 
which were used as input for allmaps (Tang et al., 2015). These link-
age maps were used to inform joining, ordering and orientation of 
scaffolds in the male and female Hi-C hirise genome assemblies (de-
scribed above). After these assembly modifications and subsequent 
steps were completed, we reproduced the male- and female-aligned 
linkage maps and allmaps figures using the final versions of the male 
and female genome assemblies and the same parameters described 
above. We then repeated the marker ordering step in lep-map3, this 
time outputting a single, sex-averaged distance for each SNP in the 
linkage groups in order to produce chromosome maps using the link-
agemapview package (Ouellette et al., 2018) in R version 3.6.1 (R Core 
Team, 2020). We visualized each chromosome as a density map to 
identify regions with strong genetic linkage, indicated by shorter 
per-locus centimorgan (cM) distances.

2.3  |  Assessment of local adaptation in Canadian 
mountain pine beetle populations

2.3.1  |  Mapping

Paired-end pool-seq reads described previously (Keeling, Yuen, 
et al., 2013) from unsexed pooled adults were obtained from the 
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NCBI SRA database (Fairview [FV]—SRR073440; Kananaskis 
[KA]—SRR086167; Terrace [TR]—SRR073431; Whitecourt [WC]—
SRR073441; Cypress Hills [CH]—SRR086168; Valhalla [VA]—
SRR086169; Houston [HO]—SRR086170). Paired-end reads were 
trimmed using bbduk version 37.25 (Bushnell, 2020) (trimq  = 20, 
minlength = 10) prior to mapping. Two data sets containing north-
ern (HO, TR, WC, FV) and southern (VA, KA, CH) Canadian popula-
tions were created and mapped to the final female genome assembly 
using the bbmap version 36.92 (Bushnell, 2020) plugin for geneious 
version 10.1.3 (Biomatters) with default settings.

2.3.2  |  Differentiation and selection

We used popoolation2 (Kofler et al., 2011) to evaluate nucleotide di-
versity (π), differentiation (FST) and Tajima's D between northern and 
southern pool-seq data sets. FST values were calculated using a non-
overlapping sliding window approach (min-count −2, min-coverage 4, 
max-coverage 70, min-covered-fraction 0.2, pool-size 30, window-
size 10,000, step-size 10,000). Tajima's D and nucleotide diversity 
values were calculated with npstat version 1 (Ferretti et al., 2013) 
using a sliding window approach (window_length 10 000).

2.3.3  |  Chromosome pathway analysis

In order to compare the gene composition in regions of interest, we 
performed statistical gene enrichment analysis using the online ver-
sion of g:profiler (version e102_eg49_p15_7a9b4d6) with the g:SCS 
multiple testing correction method applying a significance threshold 
of .05 (Raudvere et al., 2019). This tool includes a database of Gene 
Ontology (GO) (Ashburner et al., 2000; Gene Ontology Consortium, 
2021) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(Kanehisa & Goto, 2000) functional annotations based on the draft 
male mountain pine beetle genome (DendPond_male_1.0). We used 
blastn with the gene models identified in the final female assembly to 
identify the corresponding gene IDs in this draft genome for analysis.

2.4  |  Comparison of linkage groups to SNP cohorts 
identified in previous work

Trevoy et al. (2019) conducted principal component analyses with 
the draft female genome assembly to assess linkage disequilibrium 
in SNPs associated with Canadian population structure. They found 
that plateaus of high-loading SNPs in linkage disequilibrium (LD) 
from a number of scaffolds were driving clustering patterns on the 
first four principal component (PC) axes; plateaus in PCs 1 and 3 
were primarily related to geography, PC 2 was sex-linked, and PC 
4 was much smaller and not clearly attributed to geography or sex. 
Because these analyses were performed using the draft assembly, it 
was not possible at that time to determine whether the high-loading 
SNPs in each PC axis were linked, or whether they were located on 

multiple chromosomes and exhibited associations in allele frequency 
due to selection, drift or some factor other than physical proxim-
ity. To determine physical linkage and the chromosomal locations 
of these SNPs, we assessed the correspondence between the fe-
male draft assembly scaffolds containing high-loading SNPs with the 
highest loadings up to and including the plateaus in each PC shown 
in Trevoy et al. (2019) and the final female assembly using blast+ 
version 2.10.0 (Camacho et al., 2009). For PCs 1 and 2, we included 
draft scaffolds containing SNPs that had loadings equal to or greater 
than 0.05; for PC 3 this cut-off was 0.087, and for PC 4, it was 0.1. 
We created a custom blast database out of the final female assem-
bly, and then used blastn to query the draft scaffolds for each PC 
against the new assembly, specifying a minimum e-value of 10−5. For 
each PC, hits were sorted first based on e-value and then bitscore, 
outputting the single best match to the final assembly for each draft 
assembly scaffold.

2.5  |  Assessment of neo-sex chromosome 
architecture

Identification of the neo-Y and ancestral-X portions of the neo-sex 
chromosomes may clarify the process of sex chromosome evolu-
tion in mountain pine beetle. Previous work has identified prob-
able neo-Y scaffolds (Bracewell et al., 2017; Dowle et al., 2017) and 
ancestral-X scaffolds (Keeling, Yuen, et al., 2013) in the draft male 
genome assembly. We assessed the genomic locations of the puta-
tive neo-Y scaffolds in the final male genome assembly with blastn 
as described above, using the final male assembly to create a custom 
database and then blasting the draft scaffolds identified by Dowle 
et al. (2017) against it. We also used nucmer to identify the regions 
of the neo-X chromosome derived from the ancestral-X scaffolds of 
the draft male assembly predicted by Keeling, Yuen, et al. (2013).

3  |  RESULTS

3.1  |  Genome assembly and annotation

The original draft genomes used paired-end and mate-pair Illumina 
library sequencing (Keeling, Yuen, et al., 2013). We made substan-
tial improvements to these assemblies with proximity ligation-based 
scaffolding with hirise; linkage-map/allmaps-informed corrections and 
scaffolding; further improvements with links, rails and abyss-sealer; 
and phyloligo-based removal of contaminant scaffolds (Figure 1, 
Table 1). All of these tools were developed after the original draft 
assemblies were prepared. A comparison of scaffold sizes between 
draft and final genome assemblies is shown in Figure S2. The final 
female and male genome assembly sizes were 223.7 and 224.8 Mb, 
with N50s/L50s of 16.6 Mb/4 and 16.4 Mb/4, respectively. Gregory 
et al. (2013) used flow cytometry to estimate a 208-Mb genome size. 
The non-N portions of the genome assemblies were very similar to 
this value, 214.0 Mb for the female assembly and 210.5 Mb for the 
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male assembly. Compared to the draft assemblies, N50  values in-
creased by 26- and 36-fold, and the number of scaffolds decreased 
by 67% and 75%, respectively. Ninety per cent of each assembly was 
contained in the largest 12 (female) and 11 (male) scaffolds. Based 
on linkage mapping information, these 12 largest scaffolds in the fe-
male assembly represent the karyotype of this species (11 AA + neo-
XX). The male assembly did not contain a large scaffold representing 
the neo-Y chromosome.

Each step in the assembly process contributed to the improved 
assemblies, and incremental assembly statistics at each step are 
shown in Table S1. Chicago hirise scaffolding dramatically increased 
contiguity, reducing the number of scaffolds by 56%–66%. Hi-C 
hirise scaffolding reduced the number of scaffolds by an additional 
21%. The linkage map information allowed us to correct misjoins 
in the hirise assemblies and join additional scaffolds. Visualization 
of the linkage map information with allmaps allowed us to identify 
several instances where scaffolds from the Chicago hirise step were 
flipped and/or out-of-order with adjacent scaffolds compared to 

the linkage map information and the assembly from the other sex 
when they were scaffolded at the Hi-C hirise step, even though both 
assemblies were based upon the same scaffolding information. An 
example is shown in Figure 2. In total, nine of the 12 largest scaffolds 
were modified (Figure S3). Hi-C heatmaps for the final assemblies, as 
well as after the Hi-C hirise scaffolding step, are shown in Figure S4.

In one case only, a scaffold from the draft male assembly was 
flipped and misplaced during the earlier Chicago hirise step. Based on 
linkage map information, allmaps joined three scaffolds to make the 
neo-X in the female assembly, and four scaffolds to make the neo-X 
in the male assembly. This made the neo-X scaffold the largest scaf-
fold in both final assemblies, and more than three times larger than 
the next largest scaffold. The links scaffolding step made only two 
and six joins, the rails step made eight and 11 joins while also filling 
in 18% and 9% of the existing gaps within scaffolds, and abyss-sealer 
filled in 38% and 47% of the remaining gaps of the female and male 
genomes, respectively. We then identified and removed contami-
nant scaffolds with phyloligo, encompassing 1.8% and 0.3% of the 
female and male assemblies, respectively. Most of these contami-
nant scaffolds from the female and male assemblies matched most 
similarly to Serratia spp. and Acinetobacter spp., respectively. Both 
of these genera in the Gammaproteobacteria have been found in 
the bark beetle gut bacteriome (Hernández-García et al., 2017). The 
final assemblies showed good consistency between sexes in both 
shared synteny and chromosomal arrangement (Figure S5), and also 
contained 95% of the 1367 Insecta orthologous gene set (insecta_
odb10.2020-09-10, Figure S6).

To annotate the genome, we used evidence from coleopteran 
proteins and Dendroctonus spp. transcripts, with ab initio methods 
for gene prediction with three rounds of maker3. We identified 
13,393 and 13,601 gene models in the female and male genomes, 
respectively. This represents an ~4% increase from the original draft 
genome annotations. These gene models contained 91% of the 
Insecta orthologous gene set (Figure S6), and 74% shared significant 
homology to proteins in the UniProtKB/Swiss-Prot 2020_01 data-
base. Repetitive elements occupied ~23% and 20% of the female 
and male genome assemblies, respectively (Table S2). Genome-wide 
gene content, GC content and repetitive regions are shown in Figure 
S7.

3.2  |  Linkage mapping

3.2.1  |  Controlled crosses

From the wild-collected larvae, 74 females and 69 males (F0 gen-
eration) were used to establish 66 North × South crosses, produc-
ing the F1 generation (Figure S1). A total of 92 female and 69 male 
F1 beetles were used to establish 66 full-sibling crosses, produc-
ing the F2 generation (Figure S1). Of these full-sibling crosses, 22 
(33%) failed to produce offspring and 10 (15%) produced three or 
fewer offspring. A further 20 (30%) of these F1 families were dis-
carded due to insufficient brood size (<10 individuals) or evidence 

TA B L E  1  Summary statistics for the genome assemblies

Draft Final

Female

Total size (Mb) 261.3 223.7

Non-N length (Mb) 212.8 214.0

Scaffolds

Number 6520 2136

Longest (Mb) 7.21 63.6

N50 (Mb)/L50 0.466/137 16.6/4

N90 (Mb)/L90 0.0271/943 3.22/12

Average length 40,082 104,747

Number >10 kb 1 696 554

% of genome >10 kb 94.8 97.9

Gene models 12,873 13,393

Transcripts 13,066 16,041

Male

Total size (Mb) 252.8 224.8

Non-N length (Mb) 201.8 210.5

Scaffolds

Number 8188 2084

Longest (Mb) 4.26 70.7

N50 (Mb)/L50 0.629/87 16.4/4

N90 (Mb)/L90 0.0150/1422 7.29/11

Average length 30,880 107,864

Number >10 kb 1 928 213

% of genome >10 kb 92.5 97.7

Gene models 13,088 13,601

Transcripts 13,587 16,299

Note: Summary statistics for the starting draft assemblies and the 
final assemblies. Incremental summary statistics for each step in the 
assembly process are shown in Table S1.
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of gallery mixing (i.e., clear family units could not be identified). 
Thus, 14 (21%) F1 broods remained for producing an F2 generation. 
A total of 17 F1 and 212 F2 individuals were genotyped (N = 229), 
while 10 F1 specimens (nine males and one female) that were par-
ents of the F2 broods were not recovered from their bolts (Table 
S3).

3.2.2  |  Genotyping and linkage mapping

Genotyping 229 mountain pine beetles produced 414 million reads 
and 22,242 SNPs after alignment of samples to the final female ge-
nome and 22,087 SNPs after alignment to the final male genome. 
Thirteen individuals failed IBD testing in lep-map3, including one en-
tire family and three singletons from different families (Table S3). 
After removing these individuals and imputing genotype information 
for the 10 missing F1 specimens, a total of 115 males and 111 females 
(N = 226) in 13 families were used for linkage map construction.

A LOD score of 12 recovered all 11 autosomes and the neo-X 
chromosome in each linkage map (Figure S3; Figure 3). Increasing the 
LOD score to values much higher than 12 in the male-aligned link-
age maps and/or adjusting the minimum number of SNPs required to 
form linkage groups failed to recover a putative neo-Y chromosome, 
but did result in the splitting of other autosomal linkage groups 
formed from single genomic scaffolds. We were therefore unable to 
recover a neo-Y linkage group in the male-aligned linkage map. Final 
female and male linkage maps constructed from the final genome 
assemblies contained 2795 and 2910 SNPs, respectively. Linkage 
mapping results are shown in Tables S4–S6.

The recovered linkage groups in the female-aligned linkage map 
were consistent with those in the male map except for female chro-
mosome 10, which was equivalent to male chromosome 11 and vice 
versa (Figure 3). Genomic scaffold numbering in this study reflects 
assembled chromosome size (with chromosome 1 being the larg-
est scaffold) and is therefore not necessarily consistent between 
the male and female assemblies. In this instance, although male 

F I G U R E  2  Example of manual scaffold editing based on linkage map information. Example of manual repositioning of regions of the 
scaffolds from the Hi-C step using information from the linkage map and male vs. female dot-plots. (a) allmaps graphs for a male Hi-C scaffold 
showing position of markers derived from male (orange) and female (green) mapping population samples. Sections with crossing marker 
positions (left subgraph) and negative slope (right subgraph) indicate regions in the scaffold with orientation inconsistent with the linkage 
map. Sections in right subgraph that are parallel but not collinear with the trend of the curve indicate regions in the scaffold with ordering 
inconsistent with the linkage map. (b) allmaps graphs for a female Hi-C scaffold showing position of markers derived from male and female 
mapping population samples. (c) Dot-plot (mummerplot with data generated by nucmer) of the male and female Hi-C scaffolds. Blue arrows 
indicate the position and orientation of the Chicago scaffolds that were inconsistent with linkage map information. Black arrows indicate 
positional reordering of these scaffolds, and red arrows indicate a flip of the scaffold. (d) allmaps graphs for the same male Hi-C scaffold 
after manual repositioning showing consistency with the linkage map information. (e) allmaps graphs for the same female Hi-C scaffold after 
manual repositioning, showing consistency with the linkage map information. (f) Dot-plot of the male and female Hi-C scaffolds after manual 
repositioning, showing consistency between sexes. Blue arrows demark the position and orientation of the Chicago hirise scaffolds after 
the manual repositioning. For (c) and (f), purple dots indicate forward matches between scaffolds, and cyan dots indicate reverse matches 
between scaffolds
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chromosome 11 and female chromosome 10 were syntenous, the 
assembled size in base pairs of the male scaffold was smaller than 
the female scaffold. The female-aligned linkage groups ranged from 
~50 to 90 cM in size, and the equivalent male-aligned linkage map 
ranged from 50 to 70  cM. This size difference can be attributed 
to the male and female neo-X linkage groups; the female neo-X 
was ~20 cM larger than the male copy. Chromosome 4 in both the 

male- and female-aligned linkage maps contained a region ~30 cM 
in size with strong genetic linkage (~0.1 cM per locus), although the 
exact size and chromosomal location of this region differed slightly 
between the maps (Figure 3).

3.3  |  Assessment of local adaptation 
in northern and southern Canadian mountain pine 
beetle populations

3.3.1  |  Population differentiation and Tajima's D

We estimated genome-wide patterns of diversity (π), differen-
tiation (FST) and Tajima's D of the pool-seq data using nonover-
lapping 10-kb sliding windows for northern and southern beetle 
populations. Average pairwise FST across the female genome was 
low at FST = 0.063 (SD = 0.038), with averages for individual chro-
mosomes ranging from 0.053 (SD = 0.042) to 0.092 (SD = 0.062) 
(Figure 4a, Table 2). Average Tajima's D was negative for both 
northern (−0.859) and southern (−0.808) populations (Figure 4b). 
Two regions exhibited elevated genetic differentiation. The first 
region was located at the terminal end of the neo-X chromosome 
between 47 and 64  Mb (Figure 4c). FST for this region was sig-
nificantly higher than the rest of the chromosome (average FST = 
0.096 vs. 0.038, unpaired t test: t = 42.497, p = 5 × 10−276). Average 
Tajima's D in this genomic region was also significantly lower in 
the northern population compared to the rest of the chromosome 
(−1.294 vs. −0.913, unpaired t test: t = 20.771, p = 5.3 × 10−88). 
This difference in Tajima's D was not present in the southern 
population.

The second region of elevated genetic differentiation was on 
chromosome 4 between 2.7 and 6.7 Mb (average FST = 0.193 vs. 
0.061, unpaired t test: t = 64.535, p = 5.1 × 10−239) (Figure 4d). This 
second region exhibited a significant difference in Tajima's D be-
tween northern and southern populations (Tajima's D = −0.615 vs. 
0.109, unpaired t test: t = 27.756, p = 7.5 × 10−118) and was located 
within the region of strong genetic linkage in female-aligned link-
age group 4 (Figure 3a). In the linkage map, this region was roughly 
23–30  cM in size and contained 147 of the 515 SNPs (~29%) in 
this linkage group. Upstream of this second region (start of chro-
mosome to 2.7 Mb) we detected significantly lower levels of FST 
compared to the rest of the chromosome located downstream of 
this region (6.7 Mb to end of chromosome) (average FST = 0.045 
vs. 0.065, unpaired t test: t = 19.043, p = 2.1 × 10−68). Tajima's D in 
this upstream region also showed a significant difference between 
northern and southern populations (Tajima's D = 0.076 vs. −0.155, 
unpaired t test: t  =  5.841, p  =  8.76  ×  10−9). No differences be-
tween populations in Tajima's D were apparent in the downstream 
region.

We characterized the gene composition of these two chromo-
somes using GO annotation and KEGG pathway enrichment anal-
ysis. Overall, the neo-X chromosome contained genes significantly 
enriched in the Cellular Component GO terms: cell periphery 

F I G U R E  3  Linkage groups representing putative chromosomes 
for the female-aligned (a) and male-aligned (b) linkage maps. The 
vertical axis on the left-hand side of the figure indicates the size 
of each linkage group (cM), and the black horizontal lines in each 
linkage group depict the positions of SNPs used to construct 
the maps. The background colour of each linkage group shows 
recombination density; regions of higher density (exhibiting greater 
linkage) are indicated by warm colours, and regions with lower 
density are represented by cooler colours. Note that the female-
aligned linkage groups 10 and 11 are labelled in reverse order 
from the equivalent male-aligned linkage groups, indicated by the 
arrows. Chromosomes in the genome assemblies are numbered 
from largest to smallest, and the assembled size of chromosomes 
10 and 11 differ between the sexes
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(GO:0071944), plasma membrane (GO:0005886) and SWI/SNF 
complex (GO:0016514) (File S1). The 18-Mb region at the terminal 
end of the neo-X chromosome, containing 880 genes, was signifi-
cantly enriched in genes with the Molecular Function GO term: cat-
alytic activity, acting on a protein (GO:0140096); Biological Process 
GO terms: transport (GO:0006810) and establishment of localiza-
tion (GO:0051234); and the Cellular Component GO terms: SWI/
SNF complex (GO:0016514) and gap junction (GO:0005921). No 
KEGG pathway was significantly enriched in this region, or the neo-X 
chromosome overall.

On chromosome 4, neither the region of elevated differentiation 
between 2.7 and 6.7 Mb, nor the region downstream had any signifi-
cantly enriched GO terms. However, the region upstream contained 
genes significantly enriched in the Molecular Function GO terms: 
alcohol-forming fatty acyl-CoA reductase activity (GO:0102965), 
fatty-acyl-CoA reductase (alcohol-forming) activity (GO:0080019), 
oxidoreductase activity, acting on the aldehyde or oxo group of 
donors, NAD or NADP as acceptor (GO:0016620), and oxidore-
ductase activity, acting on the aldehyde or oxo group of donors 
(GO:0016903). No KEGG pathways were significantly enriched for 
chromosome 4.

3.4  |  Comparison of linkage groups to SNP cohorts 
identified in previous work

Janes et al. (2014) identified 208 of 1536 SNPs that appeared as 
unique outliers over 27  sampling sites in British Columbia and 
Alberta, Canada. We found that 99% of the 1536 SNPs could be 
found in the female assembly, and 98% were found in the larg-
est 11 scaffolds (Figure S7). No SNPs were found on scaffold 12. 
Ninety-eight per cent of the 208 outlier SNPs were found in the 
largest 11 scaffolds and did not appear clustered. Scaffolds 1 and 
4  had proportionally fewer outlier SNPs compared to the other 
scaffolds.

Using the PC loading plateaus described above and in Trevoy 
et al. (2019), we identified and extracted scaffolds from the draft 
female assembly (Keeling, Yuen, et al., 2013) that had the highest 
loadings for each of the first four axes (Table S7). The 48 draft scaf-
folds identified from PC 1, which Trevoy et al. (2019) found to be 
related to geography, contained 101 SNPs and had top blast hits to 
16 scaffolds in the final female assembly. Chromosome 4 contained 
66 of these SNPs. PC 2 contained 214 SNPs on 60 draft scaffolds. 
With only one exception, all of these draft scaffolds had top blast 

F I G U R E  4  Patterns of genome-wide differentiation and Tajima's D of the female mountain pine beetle genome. (a) Manhattan plot for 
FST was calculated in 10-kb nonoverlapping sliding windows with each point representing a single estimate of FST ordered at the relative 
genomic position and coloured according to chromosome number. (b) Line graph of Tajima's D calculated in 10-kb nonoverlapping sliding 
windows for northern (red) and southern (blue) pool-seq populations of mountain pine beetle. (c) Manhattan plot for FST and line graph of 
Tajima's D for neo-X. (d) Manhattan plot for FST and line graph of Tajima's D for chromosome 4. Regions of elevated FST and Tajima's D are 
highlighted in grey
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hits to the neo-X chromosome in the female assembly. This is consis-
tent with the sex-based clustering along PC 2 found in Trevoy et al. 
(2019). PC 3 contained 50 SNPs on 11 draft scaffolds. These draft 
scaffolds aligned to chromosome 4, and nine of them were also found 
in PC 1. Of the 68 unique SNPs from PCs 1 and 3 that corresponded 
to female chromosome 4, 13 were located within the region of ele-
vated FST and Tajima's D on that chromosome, as described above 
(Table S8). Finally, two draft scaffolds containing 25 SNPs from PC 
4 matched to chromosome 9 in the final female assembly.

3.5  |  Assessment of neo-sex chromosome 
architecture

We previously identified six large scaffolds in the draft male as-
sembly with low nucleotide variation that we predicted constituted 
the ancestral-X portion of the neo-X chromosome (Keeling, Yuen, 
et al., 2013). In the new assemblies, these scaffolds were found at 
the terminal end of the neo-X scaffold in the same orientation and 
almost the same order as previously predicted, starting at ~58.3 
and 51.1 Mb for the male and female neo-X scaffolds, respectively 
(Figure S8).

As the neo-Y did not assemble to the chromosome level, to de-
termine the position of the ancestral X, we used blastn to determine 
where 800 putative neo-Y scaffolds in the draft assembly found 
by Dowle et al. (2017) were located in the new male assembly. Of 
these draft scaffolds, 454 matched to the male neo-X chromosome, 
and the remaining 346 draft scaffolds corresponded to 202 other 

TA B L E  2  Canadian mountain pine beetle average nucleotide diversity (π), Tajima's D and FST estimates

Partition
Diversity (π)
North (%)

Diversity (π)
South (%)

Tajima's D
North

Tajima's D
South

FST
(North vs. South)

Ancestral-autosomal region of neo-X 1.267 1.265 −0.965 −1.050 0.038

Ancestral-X region of neo-X 0.431 0.569 −1.214 −0.913 0.096

Autosomes 1.016 1.194 −0.790 −0.813 0.067

Chromosome 2 0.741 0.859 −0.880 −0.950 0.063

Chromosome 3 0.996 1.195 −0.793 −0.805 0.068

Chromosome 4 1.301 1.587 −0.599 −0.496 0.092

Chromosome 5 0.986 1.197 −0.824 −0.838 0.068

Chromosome 6 0.926 1.117 −0.791 −0.895 0.064

Chromosome 7 0.949 1.096 −0.738 −0.784 0.062

Chromosome 8 0.838 1.021 −0.804 −0.789 0.068

Chromosome 9 1.077 1.203 −0.846 −0.916 0.055

Chromosome 10 1.191 1.431 −0.867 −0.879 0.059

Chromosome 11 1.256 1.547 −0.840 −0.873 0.062

Chromosome 12 1.723 2.079 −0.749 −0.868 0.058

Note: We used popoolation2 (Kofler et al., 2011) and the final female genome assembly to evaluate nucleotide diversity (π), differentiation (FST) 
and Tajima's D between northern and southern pool-seq data sets. Nucleotide diversity graphs with a nonoverlapping sliding window across the 
12 largest scaffolds are shown in Figure S9.

F I G U R E  5  A schematic of the male neo-X chromosome. (a) 
Schematic of the neo-sex chromosomes. The neo-X chromosome 
originates from the fusion of an ancestral autosome (shown in 
dark grey) and the ancestral-X chromosome (shown in orange). 
The neo-Y chromosome (shown in cyan) originates from the 
other copy of the ancestral autosome found in the neo-X. (b) 
Schematic of the male neo-X chromosome. Regions of cyan 
indicate where neo-Y scaffolds identified from the draft male 
assembly by Dowle et al. (2017) mapped on to the male neo-X 
chromosome in the new genome assembly. The inset image at 
the top of the figure illustrates that these scaffolds are short and 
not contiguous along the chromosome, but rather interspersed 
among neo-X regions. These regions indicate enduring similarity 
of the neo-sex chromosomes in the regions originating from the 
ancestral autosome. The dark grey region on the far-right portion 
of the chromosome indicates a large region where putative neo-Y 
scaffolds failed to map, and probably represents the ancestral-X 
portion of the chromosome

neo-X

neo-Y

Ancestral-autosomal region Ancestral-X region(a)

(b)
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scaffolds in the final genome (Table S9). The male neo-X chromo-
some spans 70,670,744 bp in length, and the 454 draft scaffolds cor-
responding to the neo-X chromosome were located between base 
pairs 1,440,820 and 59,293,732 (Table S10). These draft scaffolds 
were not contiguous but were instead interspersed along this region 
of the neo-X chromosome (Figure 5). The remaining portion of the 
final neo-X chromosome downstream of base pair 59,293,732 lacked 
any putative neo-Y scaffolds and also broadly overlapped with the 
region of elevated FST and Tajima's D on the final female neo-X chro-
mosome, described above. All these data consistently support the 
same location of the ancestral-X at the terminal end of the neo-X 
chromosome.

4  |  DISCUSSION

4.1  |  Genome assembly

The draft mountain pine beetle genomes were assembled a dec-
ade ago from paired-end and mate-pair Illumina sequences dur-
ing the early development of long-read sequencing and proximity 
ligation sequencing technologies. Since then, analytical tools have 
improved and new assembly tools have been developed to incor-
porate long-read and proximity ligation sequencing technologies 
(Amarasinghe et al., 2020). An upsurge of chromosome-level as-
semblies is currently being published using these new approaches 
and tools, including for many insects. We used proximity ligation 
sequencing and the improved analytical tools, along with linkage 
map information, to enhance the draft mountain pine beetle ge-
nome assemblies. Most of the assembly content was present in 
chromosome-sized scaffolds. Linkage map information provided 
critical complementary information that highlighted inconsisten-
cies in the proximity ligation-based assemblies. Although we saw 
no evidence of draft scaffolds being incorrectly associated with 
each other, we found several instances of incorrect local order-
ing and orientation (Figure S3). These inconsistencies encompass 
(i) assembly artefacts, (ii) any conflicts between the two females 
used for Chicago and HiC hirise scaffolding, and (iii) any conflicts 
between male and female draft assemblies. In almost all cases, the 
inconsistencies resulted from orientation and ordering errors of 
specific Chicago assembly scaffolds during the HiC hirise step. This 
suggests that assembly artefacts were the major contributor to 
the observed inconsistencies between the male and female HiC 
assemblies. In the neo-X chromosome, the final Hi-C interaction 
heatmaps show a possible remaining inverted region that was not 
supported by the linkage map information (Figure S4). This typifies 
the recurring challenges of this approach. However, long-read se-
quencing and bioinformatic tools to reduce these errors continue 
to develop and improve (e.g., Nakabayashi & Morishita, 2020) and 
should resolve these issues in the future.

At present, genomes have been published for only two other 
bark beetle species (Curculionidae: Scolytinae): the coffee borer 
beetle, Hypothenemus hampei (Ferrari) (Vega et al., 2015), and 

the European spruce bark beetle, Ips typographus L. (Powell et al., 
2020). Although the latter was completed with long-read PacBio 
sequences, our use of the complementary approaches of proximity 
ligation sequencing and linkage map data for scaffolding existing 
draft genomes resulted in more contiguous assemblies. However, 
gene content was similarly complete between assemblies (95.6% for 
I. typographus vs. 95.2% and 94.8%, for the female and male moun-
tain pine beetle assemblies, respectively, based upon busco version 
4.1.4 with insecta_odb10.2020-09-10). These percentages suggest 
that the draft assemblies used for our scaffolding were missing some 
gene content. Future long-read sequencing data, such as PacBio or 
Nanopore, could improve this gene content and potentially resolve 
the neo-XY chromosomes fully.

4.2  |  Genomic architecture reflects geographical 
divergence and adaptation

Divergence between northern and southern Canadian populations 
of mountain pine beetle has been shown in several population ge-
netic studies (Batista et al., 2016; Janes et al., 2014; Samarasekera 
et al., 2012). Using available genome-wide pool-seq data (Keeling, 
Yuen, et al., 2013) and our newly assembled genomes, we evaluated 
this genetic differentiation at the chromosome level. The moun-
tain pine beetle genome displayed two notable regions of elevated 
genetic divergence. The first divergent region is on the terminal 
end of the neo-X chromosome (Figures 4c and 5a). This 18-Mb re-
gion represents the ancestral-X portion of the neo-X chromosome. 
Genes in this region were significantly enriched in GO terms as-
sociated with transport, chromatin remodelling, gap junctions and 
catalytic activity (File S1). This finding is consistent with other work 
that has identified a similar pattern of increased divergence and/or 
population differentiation on sex chromosomes, particularly the X 
chromosome (summarized in Presgraves, 2018). Also of note, the 
region of increased genetic differentiation in the mountain pine 
beetle occurred on the ancestral-X portion of the neo-X chromo-
some and not the neo portion, a former autosome. Beaudry et al. 
(2020) recovered a similar pattern in plant neo-sex chromosomes. 
They suggested that a reduction in gene flow on the neo-sex chro-
mosomes probably coincided with the X-autosomal fusion event, 
and that higher genetic differentiation in this region may be the 
result of local adaptation, or the unmasking and/or overall higher 
rate of recessive or deleterious alleles on the neo-X chromosome 
relative to autosomes.

Previous work by Bracewell et al. (2017) on mountain pine bee-
tle populations in the northern USA contrasts with our findings on 
genetic divergence in Canadian populations, as they did not identify 
differences in genetic divergence between the ancestral-autosomal 
and ancestral-X regions of the neo-X chromosome. However, that 
study reported higher genetic diversity in the ancestral-autosomal 
region. This differs from our findings where the ancestral-X region 
had the lowest levels of nucleotide diversity (Table 2). We also found 
the ancestral-autosomal region of neo-X had relatively similar levels 
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of diversity to those of the other autosomes, but also showed the 
lowest levels of differentiation. In each chromosome and subregion, 
we saw a higher level of genetic diversity compared to Bracewell 
et al. (2017), which may be explained by the recent population ex-
pansion in Canadian populations (Table 2; Figure S9).

The second region with substantially increased divergence in-
volves 4 Mb near the beginning of chromosome 4 (Figure 4d). This 
region shows a north–south difference in Tajima's D, with the south-
ern population having positive Tajima's D values compared to the 
negative-shifted values in the northern population that are typical of 
most of the rest of chromosome 4 and other chromosomes. Positive 
Tajima's D values in the southern population suggest that genes 
within this region are undergoing balancing selection, while negative 
Tajima's D values in the north highlight an excess of rare alleles in 
this region. It remains unknown if these polymorphisms play a role in 
population expansion or local adaptation of mountain pine beetles 
in northern British Columbia and Alberta. It is possible that this pat-
tern of differentiation indicates a chromosomal inversion between 
the northern and southern populations, with both inversion variants 
being present in the southern population. This could alter the selec-
tion occurring on genes within this genomic region and could also 
alter patterns of gene expression near the inversion breakpoints 
(Durmaz et al., 2021). However, our linkage mapping results did not 
indicate patterns of recombination on chromosome 4 that were con-
sistent with an inversion, and so the differentiated FST and Tajima's 
D in this region may instead reflect the recent expansion and es-
tablishment of mountain pine beetle populations north and east of 
their historical Canadian range. Given the size of this differentiated 
region and the biological importance of the genes involved in protein 
synthesis and gene regulation found to be enriched in this part of 
the chromosome, it presents an interesting target for investigating 
differences in local adaptation between populations of the mountain 
pine beetle.

4.3  |  Neo-sex chromosome characterization and its 
applications to studies of chromosomal evolution

Alignment of the draft neo-Y scaffolds to the neo-X revealed the 
approximate boundary between the ancestral-autosomal and ances-
tral-X portions of the neo-X chromosome. Our data suggest that the 
ancestral-X region may be slightly larger than 10 Mb (Figure 5), or 
~14% of the total length of the neo-X chromosome.

Using linkage mapping and genome assemblies, we were also 
able to confirm that the markers in each of the first four princi-
pal components (PCs) identified in Trevoy et al. (2019) were phys-
ically linked to three chromosomes, suggesting that LD in these 
SNPs is due to physical linkage rather than drift or similar selective 
pressures on several independently segregating markers. Results 
from the Tajima's D and FST analyses further suggest that some of 
these linked markers were located in chromosomal regions found 
to be undergoing genetic differentiation within Canadian popu-
lations. Trevoy et al. (2019) also showed that high PC 2  loadings 

distinguished SNPs in beetles that were almost entirely heterozy-
gous in males and homozygous in females. They hypothesized that 
this reflects sex-specific nucleotide changes in paralogous neo-X 
linked vs. neo-Y linked genes. If true, the male-specific heterozy-
gosity found by Trevoy et al. (2019) actually resulted from errone-
ous alignment of neo-Y reads to the ancestral-autosomal region of 
the neo-X. Support for this conclusion comes from neo-Y scaffold 
locations on the draft genome, as identified by Dowle et al. (2017), 
mapping to our neo-X chromosome (Figure 5). Furthermore, if any 
of the draft genome scaffolds containing high-loading SNPs on the 
PC 2 axis identified by Trevoy et al. (2019) truly represented the 
male copy of the neo-X, we would expect some of them to align to 
the ancestral-X region as well, but this was not the case. Rather, we 
identify a mosaic-like pattern across neo-Y scaffolds that is consis-
tent with both the recent origin of mountain pine beetle neo-sex 
chromosomes and the gradual accumulation of chromosome-
specific mutations.

Karyotype varies across Dendroctonus and includes both typi-
cal Xyp sex chromosomes (as found for the majority of beetles) and 
neo-sex chromosomes (Zúñiga et al., 2002), as in mountain pine 
beetle. We have generated the first chromosome-level assembly in 
this genus, and others are forthcoming (Casola et al., 2020; Keeling 
et al., 2020). The mountain pine beetle neo-sex chromosomes rep-
resent ~30% of its genome content. Genome assemblies from the 
other Dendroctonus spp. should identify which ancestral autosomes 
became part of the neo-sex chromosomes in mountain pine beetle, 
and the consequences of such large sex chromosomes for mountain 
pine beetle physiology and ecology.

This improved mountain pine beetle genome may provide 
another window for studying chromosome evolution relating to 
neo-XY development and Y chromosome degeneration. Currently, 
much of our understanding of neo-XY systems comes from stud-
ies of Drosophila spp. (Wei & Bachtrog, 2019), while mamma-
lian and Drosophila systems provide insight into Y degeneration 
(e.g., Muller's ratchet) (Charlesworth & Charlesworth, 2000). 
However, neither mammals nor Drosophila are ideal systems for 
these studies because divergence times among species can be 
considerable—their Y chromosomes tend to be quite old, exhibiting 
substantial degeneration (Charlesworth & Charlesworth, 2000). 
Robertsonian translocations between autosomes and ancestral 
sex chromosomes appear to be a common mechanism for neo-XY 
development (Ferretti et al., 2020; Wei & Bachtrog, 2019). Such 
neo-chromosomes are believed to shift to achiasmatic meiosis 
shortly after they arise and spread through a population, prevent-
ing any further recombination of the neo-Y chromosome (Blackmon 
& Demuth, 2014; Wei & Bachtrog, 2019). The resulting lack of re-
combination has several consequences for the neo-Y chromosome. 
Specifically, deleterious mutations can accumulate and the effec-
tive population size of the neo-Y chromosome is greatly reduced, 
in part because males will have differential success in mating, but 
also because the neo-Y chromosome is usually smaller and con-
tains fewer genes than its neo-X counterpart (Charlesworth & 
Charlesworth, 2000). These processes represent the precursor to 
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degeneration of Y chromosomes. Muller's ratchet is often used to 
further explain such degeneration. The ratchet refers to the pro-
cess of individuals in a population with the lowest levels of mu-
tation on the Y chromosome being lost until a new equilibrium is 
reached in the population with a degenerate Y, at which point the 
ratchet will move ahead another notch and the individuals with 
the next-lowest levels of mutation will be lost (Gordo et al., 2002). 
Thus, evolutionarily more recent neo-Y systems, like that of moun-
tain pine beetle, are particularly valuable.

Several other features of the mountain pine beetle genome, cou-
pled with the improved genomic resource presented here, make it an 
interesting chromosomal evolution study system. First, compared to 
traditional chiasmatic or achiasmatic XY systems, the ancestral Xyp 
karyotypes of many Dendroctonus spp. may more readily result in 
neo-XY systems (Blackmon & Demuth, 2014; Dutrillaux & Dutrillaux, 
2017). Second, Y turnover, due to degeneration followed by neo-Y 
gains, is common in many beetle groups (Blackmon & Demuth, 
2014), and is seen in approximately one third of Dendroctonus spe-
cies (Zúñiga et al., 2002). Third, neo-Y haplotype groups correspond-
ing to geography and low hybrid viability have been identified in the 
mountain pine beetle (Dowle et al., 2017). Thus, further study of the 
mountain pine beetle genome may allow us to answer a variety of 
questions relating to Muller's ratchet-related concepts, and impli-
cations for neo-Y chromosome turnover, in phylogeographical and 
cyclical population irruption contexts.

In conclusion, we completed proximity ligation-based scaffold-
ing of the draft genome of Dendroctonus ponderosae, supported by 
linkage mapping, to generate chromosome-level assemblies. These 
assemblies support genome-level investigations of many biological 
processes for this keystone species and silvicultural pest and will 
serve as a valuable resource for functional and evolutionary stud-
ies of other Dendroctonus species, other Scolytinae and Coleoptera 
more generally.
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