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Genome and transcriptome of Ips nitidus
provide insights into high-altitude
hypoxia adaptation and symbiosis

Zheng Wang,1,2 Ya Liu,1 Huimin Wang,1 Amit Roy,3 Huixiang Liu,2,* Fuzhong Han,4 Xingyao Zhang,1

and Quan Lu1,5,*

SUMMARY

Ips nitidus is a well-known conifer pest that has contributed significantly to spruce forest disturbance in
the Qinghai-Tibet Plateau and seriously threatens the ecological balance of these areas. We report a chro-
mosome-level genome of I. nitidus determined by PacBio and Hi-C technology. Phylogenetic inference
showed that it diverged from the common ancestor of I. typographus �2.27 mya. Gene family expansion
in I. nitidus was characterized by DNA damage repair and energy metabolism, which may facilitate adap-
tation to high-altitude hypoxia. Interestingly, differential gene expression analysis revealed upregulated
genes associated with high-altitude hypoxia adaptation and downregulated genes associated with detox-
ification after feeding and tunneling in fungal symbiont Ophiostoma bicolor-colonized substrates. Our
findings provide evidence of the potential adaptability of I. nitidus to conifer host, high-altitude hypoxia
and insight into how fungal symbiont assist in this process. This study enhances our understanding of in-
sect adaptation, symbiosis, and pest management.

INTRODUCTION

The Qinghai-Tibet Plateau is the largest and highest plateau in the world.1,2 High-altitude extremes in the Qinghai-Tibet Plateau are charac-

terized by hypoxia, intense ultraviolet radiation, and severe coldness, which provide a ‘‘natural laboratory’’ to study adaptive evolution.

Genome-level studies of animals have been explored from this region in the last decade, mainly focused on humans,3 mammals,4–8 birds,9

reptiles,10 amphibians,11 and fish.12 High-altitude animals commonly exhibit positive selection and rapid evolution of genes involved in hyp-

oxia responses, DNA damage repair, and energy metabolism, suggesting that general genetic mechanisms might be utilized to adapt to

high-altitude extremes. However, except for the study on Tibetan migratory locusts in the Qinghai-Tibet Plateau,13 there are no genome-

based studies on the adaptive evolution of insects in the Qinghai-Tibet Plateau, which provides a challenging habitat for insects, the most

speciose group of animals.14

In the context of climate change, forest pest outbreaks may becomemore frequent and intense due to more favorable breeding temper-

atures that cause widespread treemortality and an increase in carbon emissions.15–19 Large-scale outbreaks of bark beetles are considered to

be one of the major factors contributing to forest disturbance in North America and Europe, causing economic losses comparable to those

caused by natural disasters such as storms and fires.20–24 Severe depletion of conifers due to bark beetle outbreaks or range expansion may

cause trajectories outside the resilience limits of forest ecosystems, resulting in irreversible ecosystem regime shifts. So far, Ips (Coleoptera:

Curculionidae: Scolytinae) is one of the most extensively studied bark beetle genera because of the severe damage they cause to coniferous

forests and plantations. There are 37 species of Ips worldwide, all distributed in the coniferous forests of the Northern Hemisphere, living in

the phloem and cambium for most of their life and utilizing mainly Pinus and Picea species as a food resource for larvae and adults.25 They

perform host selection mainly by sensing plant volatiles.26,27 The mass attack mediated by the aggregation pheromone produced by male

beetles is one of the crucial factors for their success in breaking through conifer defenses.28–30 The most destructive species is Ips typogra-

phus, which is responsible for the decimation of vast spruce forests in Europe,31 China,32,33 and Japan.34 Whole-genome sequencing of this

beetle detected expanded gene families involved in plant cell wall degradation and provided insights into forest pest control under global

warming.35 Ips nitidus, a sister species of I. typographus, is distributed in a small area encompassing the Qinghai-Tibet Plateau of China25,36
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and has also caused substantial destruction of the spruce forest.37 Except during the search for a new host as an adult, I. nitidus spends its

entire life cycle inside tree cambium and completes one (above 3,000 m elevation) or two generations (within 2,800–3,000 m elevation) per

year.37–39 Due to the unique high-altitude environment in and around the Qinghai-Tibet Plateau, the growth of primary tree species is very

slow, andmost often, the damage due to bark beetle attacks is irreversible here (Figures 1G–1I). Therefore, I. nitidus poses a significant threat

to the fragile spruce habitats of theQinghai-Tibet Plateau. Since the 1970s, climate warming and increasing drought may have contributed to
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Figure 1. Ips nitidus and its damage to the spruce forest

(A and B) Adult I. nitidus side and front view.

(C) Spines of I. nitidus.

(D) The pupa is surrounded by sticky conidia masses produced by fungal symbionts in the pupal chamber.

(E) A close-up of the fungal symbionts.

(F) Galleries of I. nitidus in the phloem of Picea crassifolia.

(G) Damage at landscape scale of P. crassifolia forest. The bare land was once covered with thick spruce forests, but only a faint pile remains after being harvested

by I. nitidus.

(H) Forestry workers tried to restore spruce forests in damaged areas by establishing nursery plants and replanting, but spruce trees in nursery plants are

sometimes killed.

(I) Due to the complex geographical environment of the primeval forest, blocked roads, and the nature reserve policy, local forestry workers can only reduce the

density of the next generation of I. nitidus by artificial bark peeling, with limited control effect. Note: (A–C) are modified from Wang et al.36
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frequent bark beetle outbreaks.40,41 Although forest managers have tried various direct and indirect methods to manage I. nitidus,42–44 in-

festations will continue due to the availability of susceptible forests and favorable climatic conditions.45 Thus, there is an urgent prerequisite

for developing superior methods for aggressive I. nitidus management.

The molecular arms race between insects and plants has been ongoing since the Ordovician period, approximately 479 million years

ago.14,46 The diversity of herbivorous insects is proposed to be correlated to the diversity of the plants on which they thrive.47,48 Long periods

of coevolution between herbivorous insects and plants have led to the development of a formidable defense system in plants, while herbiv-

orous insects have evolved traits to overcome those defensive responses.49,50 It is estimated that extant conifers and bark beetle species co-

existed for at least three million years,51 providing ample time for mutual selection and adaptation.

Bark beetles are exposed to defensive compounds produced by conifers at all life stages since egg-laying occurs within the phloem and

cambium of the host tree. When attacked by bark beetles, conifers produce large amounts of oleoresin-containing terpenoids, phenolics,

and other compounds that are entomotoxic to reduce beetle populations.52–56 Over time, bark beetles have evolved to counteract the oleo-

resin-derived chemical defensesof the conifer by synthesizing aggregationpheromones.54,56 Apheromone-mediatedmassattackoverwhelms

the defenses of the conifer host due to the high number of beetle invaders.57 Some genes related to olfactory detection and pheromone syn-

thesis in bark beetles have been elucidated recently.57–60Genomic studies of themechanisms bywhich bark beetles overcome coniferous host

defenses are still limited. Thus, it is optimal to extend our effort to enrich the available genomic resources of conifer-killing bark beetles and

delineate themolecular fine-tuningof high-altitudehost usageswithineconomically important Ipsbarkbeetles.This initiativecan facilitate func-

tional genomics research and lead to novel formulations for their management. Species-specific RNA interference (RNAi)-based forest protec-

tion products (FPPs), for example, can be developed for bark beetle management in future using sequence information from the genome.61

Many insects, including bark beetles, have upheld a steady symbiotic relationship with microorganisms for generations, and they act as a

holobiont against environmental challenges.41,62–66 Ambrosia beetles have even developed specialized pockets called mycangia to preserve

such precious symbiotic associations.67,68 Fungal symbionts are thought to play a vital role in the success of conifer bark beetle coloniza-

tion.69–71 Bark beetles uphold symbiotic relationships with a diverse group of fungi, with the most well-known species belonging to the

ophiostomatoid fungi, which belong to the orders Ophiostomatales (Sordariomycetidae, Sordariomycetes, Ascomycota) and Microascales

(Hypocreomycetidae, Sordariomycetes, Ascomycota).72–74 The classic paradigm that phytopathogenic fungi associated with tree-killing

bark beetles are critical for overwhelming tree defenses and killing host trees has driven research on the symbiosis of fungi and bark beetles

for decades. However, Six andWingfield75 challenged this idea and suggested that apart from helping bark beetles to kill the host tree, fungi

perform other important roles, such as nutrient provisioning,76–79 detoxification of tree defenses,80,81 synthesis of bark beetles’ semiochem-

icals,82–85 and exclusion of pathogens or other antagonistic microbes of insects.77,86,87 In any case, the previously described studies are

confined to phenomenological observations or metabolomics and lack genomic evidence.

The present study reports a chromosome-level assembly and annotation of I. nitidus genome (Figure 2). The expansion and contraction of

gene families related to high-altitude hypoxia adaptation, plant cell wall-degrading enzymes (PCWDEs), and detoxification were analyzed by

comparing the genome with other related species. Moreover, the orchestration of gene regulation for detoxification and hypoxic response

during feeding and tunneling in semi-natural substrates delivered insights into beetle symbiosis with fungi. This study provides a solid foun-

dation for understanding insect adaptation to extreme environments and a new perspective for determining the symbiotic association be-

tween bark beetles and their fungal associates. Such an in-depth understanding of I. nitidus physiology and symbiosis will further facilitate

the formulation of ecologically relevant testable hypotheses and downstream functional studies, aiding robust understanding and manage-

ment strategies.

RESULTS

Genome sequencing and assembly

In total, we generated 34.46 Gb of clean data by Illumina sequencing, which represented an estimated 148-fold coverage of the I. nitidus

genome (Table 1). The genome size was approximately 205.44 Mb with a heterozygosity rate of 1.25% based on k-mer analyses (Figure S1;

Table S1). A quality check did not reveal anymicrobial contamination (Figure S2), and for long-read sequencing, we obtained 23.04Gb PacBio

reads after filtering low-quality sequences, representing a 99-fold coverage of the I. nitidus genome (Table 1). An initial de novo assembly of

375.70 Mb with a contig N50 of 99.16 kb was generated (Table 2). The average GC content was 35.14%. After potentially redundant contigs

were discarded based on sequence similarities, a 280.38 Mb assembly with contig N50 of 283.31 kb was generated for I. nitidus (Table 2). A

total of 93.42%of Illumina reads and 84.68%–91.28% of transcriptome sequencing readsweremapped to the genome, respectively (Tables S2

and S3). We obtained 23.82 Gb of clean data (158,810,286 paired-end reads) filtered from 24.72 Gb of Hi-C raw data (164,802,671 paired-end

reads) (Table 1). The 231.42 Mb genome was assembled from 212 scaffolds with an N50 of 16.44 Mb (Table 2). A total of 225 Mb assembled

sequences were anchored onto 16 pseudochromosomes representing 97.2% genome sequence coverage (Figures 2B and 2C). This chromo-

some number corresponds to the sister species, I. typographus,88 and another species within Ips genus, I. pini.89 Furthermore, the complete-

ness of the genome was assessed using BUSCO, resulting in 1329 (97.2%) complete, 8 (0.6%) fragmented, and 30 (2.2%) missing genes in the

insecta_odb10 (Table S4). These results support the accuracy and completeness of the high level of I. nitidus genome assembly.

Gene annotation

The genomewas annotatedwith 46.08% repeat sequences, including 2.76%DNA transposons, 4.43% LINEs, 6.00% LTR elements, and 32.35%

unclassified elements (Table S5). A total of 27,202 protein-coding genes were annotated in the I. nitidus genome by combining three analysis
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methods: de novo (GeneMark: 22,427 genes; Augustus: 32,257 genes), homology (Exonerate: 23,743 genes), and transcriptome based (Ta-

ble 3). BUSCO analyses assessed the completeness at the gene level as 94.7% (single-copy genes: 88.1%, duplicated genes: 6.6%) in insec-

ta_odb10 (Table S4). The average lengths of genes, CDs, exons, and introns were 4,103.85, 1357.80, 290.87, and 806.13 bp, respectively. The

average number of exons per gene was 4.67. A total of 25,986 genes were functionally annotated from nine databases, accounting for 95.53%

A

B C

Figure 2. Chromosome-level assembly of Ips nitidus

(A) A flowchart for genome assembly and gene annotation of Ips nitidus.

(B) Hi-C contact map of the I. nitidus genome.

(C) Circos plot showing the genomic landscape of the 16 I. nitidus chromosomes. The circles from the outside to the inside represent: I, Gene density across the

genome in 1 Mb non-overlapping windows; II, Repeat density across the genome in 1 Mb non-overlapping windows; III, GC content across the genome in 1 Mb

non-overlapping windows; IV, Collinear blocks of the genome.

Table 1. Sequencing statistics generated for Ips nitidus genome assembly

Platform Library size rawReads cleanReads Raw data (Gb) Clean data (Gb) Coverage (X)

Illumina 350 bp 241,186,011 229,700,963 36.18 34.46 148

PacBio 40 kb 1,407,583 325,620 – 23.04 99

Hi-C 600 bp 164,802,671 158,810,286 24.72 23.82 102

Note: A dash indicates data not available.
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of the total number of predicted protein-coding genes in I. nitidus (Table 4). In addition, four types of noncoding RNAs were identified and

annotated, including 298 rRNAs, 45 snRNAs, 60 miRNAs, and 233 tRNAs (Table 5).

Rapidly expanded and positively selected genes promoting I. nitidus high-altitude hypoxia adaptation

The topological structure of the phylogenetic analysis of I. nitidus and 14 other species was consistent with previous results (Figure 3A).14,48

The two Ips species diverged approximately 2.27 mya after the range measured with the uplift time of the Qinghai-Tibet Plateau.90 A total

of 611 expanded and 198 contracted gene families were detected in I. nitidus after divergence from the ancestor of I. typographus. Gene

Ontologyand KEGG enrichment analyses of expanded gene families revealed abundant terms or pathways that may be associated with

hypoxia adaptation, such as DNA damage repair and energy metabolism (Figures 3B and 3C; Tables S6 and S7). Based on differentially

expressed gene (DEG) analysis of the transcriptome data from adult I. nitidus exposed to high-altitude hypoxia and low-altitude normoxia

(GGQA vs. DGQA), 119 upregulated genes and 155 downregulated genes were detected, among which upregulated genes were also

mainly enriched in the previously described two functionally related categories (Figure S3; Table S8). We then analyzed the expression

of genes from seven KEGG pathways in different treatments and found that genes from the ‘‘DNA replication’’ (Figure 3D) and ‘‘Galactose

metabolism’’ pathways were generally upregulated at high altitudes (GGQA) (Figure 3E), while genes from the other five pathways showed

no difference or irregularity. Moreover, we conducted a positive selection analysis on the single-copy orthologs among four Curculionidae

species (I. nitidus, I. typographus, Dendroctonus ponderosae, and Sitophilus oryzae). A total of 30 genes were identified as positively

selected (Table S9). GO enrichment analyses revealed that genes are enriched for several categories related to biosynthetic and metabolic

processes (Table S10).

PCWDEs

We annotated the PCWDEs encoded in 15 species genomes, among which that of Anoplophora glabripennis were the most abundant (121

families), and the other beetles were between 111 and 119 (Figure 4; Table S11). For I. nitidus, a total of 117 PCWDE families containing 649

proteins were annotated, including 40 glycoside hydrolase (GH) families contained 193 proteins, 46 glycosyltransferase (GT) families con-

tained 218 proteins, 8 carbohydrate esterase (CE) families contained 58 proteins, 2 polysaccharide lyase (PL) families contained 8 proteins,

8 auxiliary activity (AA) families contained 96 proteins, and 13 carbohydrate-binding module families contained 76 proteins (Tables S11

and S12). It is worth noting that although a similar number of GH and GT families have been annotated in the genomes of I. nitidus and

I. typographus (40 GH families vs. 38 GH families; 46 GH families vs. 45 GH families), I. nitidus has much more GH and GT proteins than

I. typographus (193 GH proteins vs. 178 GH proteins; 218 GT proteins vs. 200 GT proteins).

Table 2. Genome assembly statistics of Ips nitidus

Features PacBio Initial PacBio Final PacBio + Hi-C

Total assembly size of contigs (bp) 375,702,926 280,375,318 –

Number of contigs 4,784 2,126 –

N50 contigs length (bp) 99,157 283,305 –

N90 contigs length (bp) 30,764 42,143 –

Longest contigs (bp) 3,137,723 3,169,417 –

Total assembly size of scaffolds (bp) – – 231,417,818

Number of scaffolds – – 212

N50 scaffolds length (bp) – – 16,438,241

N90 scaffolds length (bp) – – 7,158,500

BUSCO (%) – 96.5 97.2

Note: ‘‘-’’ indicates data not available.

Table 3. Statistics for predicted protein-coding genes of Ips nitidus

Gene set Software

Total number

of genes

Average gene

length (bp)

Average CDS

length (bp)

Average exons

number per gene

Average exon

length (bp)

Average intron

length (bp)

De novo GeneMark 22,427 4,237.40 1,268.76 5.22 242.89 702.84

Augustus 32,257 3,884.20 1,352.60 4.40 307.32 744.06

Homology Exonerate 23,743 5,579.32 1,418.37 5.13 289.23 949.34

Final set PASApipeline 27,202 4,103.85 1,357.80 4.67 290.87 806.13
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Detoxification

Frequent turnover of protein domain numbers is considered the primary mechanism of adaptive divergence in closely related species.7,9,91,92

In addition to the expansion of the gene family associated with the detoxification metabolic pathway in I. nitidus genome (Figure 3C), we also

annotated five major detoxification gene families in 15 insect species using the Pfam database, including the cytochrome P450 gene family

(P450), glutathione S-transferase (GST), carboxylesterase (COE), UDP-glucuronosyl-transferase (UDPGT), and ATP-binding cassette trans-

porter (ABC transporter) (Figure 5A). In total, 83 P450 genes, 31 GST genes, 66 COE genes, 25 UDPGT genes, and 77 ABC transporter genes

were annotated in I. nitidus. In addition, detoxification genes from the five gene families of four Scolytinae species (I. nitidus, I. typographus,

D. ponderosae, and Hypothenemus hampei) and Tribolium castaneum were selected to construct the phylogenetic trees (Figures 5B and

S4–S7).

Dominant symbiotic fungus, Ophiostoma bicolor affects gene expression in I. nitidus

The bioassay results showed that I. nitidus preferred substrates with O. bicolor-colonized side (Figures 6A and 6B). In the comparative tran-

scriptome experiment, the beetles ate and tunneled in theO. bicolor-colonized or fungus-free substrates. On theO. bicolor-colonized sub-

strates, beetles usually fed on some aerial mycelium and then started to tunnel next to fungal agar plugs or the sites where the mycelium

flourishes (Figure 6C). In contrast, on fungus-free substrates, the sites of beetles starting to tunnel are random (Figure 6D). Based on DEG

analysis of the transcriptome data from I. nitidus in the four treatments, we detected 111 upregulated genes and 225 downregulated genes

in the comparison between GGQM (beetles that live in an O. bicolor-colonized substrate at high altitudes) and GGQA (beetles that live in a

fungus-free substrate at high altitudes), and 193 upregulated genes and 73 downregulatedgenes in the comparison betweenDGQM (beetles

that live in anO. bicolor-colonized substrate at low altitudes) and DGQA (beetles that live in a fungus-free substrate at low altitudes), respec-

tively (Figure S8). At high altitudes, comparedwith GGQA, the function of upregulated genes of GGQMwas enriched in theGO terms related

to DNA damage repair and energy metabolism, as well as homologous recombination KEGG pathways (Figure 6E; Tables S13 and S14).

Table 4. Functionally annotated protein-coding genes

Type Number Proportion (%)

Annotation SwissProt 15,032 55.26

UniRef50 23,633 86.88

KEGG 21,217 78.00

KOG 21,476 78.95

GO 12,394 45.56

InterProScan 23,506 86.41

NR 23,634 86.88

CAZy 639 2.35

PFAM 16,623 61.11

Total Annotated 25,986 95.53

Gene 27,202 –

Table 5. Statistics for the noncoding RNAs

Type Copy number Average length (bp) Total length (bp)

rRNA rRNA 298 558.40 166,402

18S 12 1,179.42 14,153

28S 8 3,389.38 27,115

5.8S 5 153.40 767

5S 141 116.95 16,490

snRNA snRNA 45 100.38 4,517

CD-box 8 213.50 1,708

HACA-box 1 192.00 192

splicing 40 143.03 5,721

miRNA 60 27.30 1,638

tRNA 233 74.41 17,337
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Figure 3. Gene family evolution between genomes of I. nitidus and 14 other species

(A) Genome evolution of I. nitidus. Divergence times and the 95% confidence intervals of the divergence time are indicated at the nodes.

(B) Gene ontology (GO) enrichment analysis of I. nitidus expansion gene family involving DNA damage repair, energy metabolism, and other categories that may

be related to hypoxia adaptation. BP, biological process; CC, cellular component; MF, molecular function.

(C) KEGG enrichment analysis of I. nitidus expansion gene family.

(D) Heatmaps of gene expression involving DNA replication pathways in I. nitidus under high-altitude hypoxia (GGQA) than low-altitude normoxia (DGQA).

GGQA: fed and tunneled in fungus-free semi-natural spruce bark substrates at high altitudes; DGQA: fed and tunneled in fungus-free semi-natural spruce

bark substrates at low altitudes.

(E) Heatmaps of gene expression involving galactosemetabolism pathways in I. nitidus under high-altitude hypoxia (GGQA) than low-altitude normoxia (DGQA).

GGQA: fed and tunneled in fungus-free semi-natural spruce bark substrates at high altitudes; DGQA: fed and tunneled in fungus-free semi-natural spruce bark

substrates at low altitudes.
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However, compared with the two treatments at low altitudes (DGQM vs. DGQA), the upregulated genes were not involved in the above func-

tions. Furthermore, the function of downregulated genes (GGQM vs. GGQA; DGQM vs. DGQA) was highly correlated with transmembrane

transport-related at both high and low altitudes (Tables S13 and S14). A subsequent analysis of the genes encoding 77 ABC transporters in

I. nitidus found that the beetles living in a fungus-colonized substrate had lower expression of most of these genes than the beetles living in

fungus-free substrates (Figure 6F). These findings suggested thatO. bicolor could affect the expression of genes that may be related to hyp-

oxia adaptation and detoxification in beetles.

DISCUSSION

Although genome studies are common in insects, only a handful of forest pest genomes have been published. Chromosome-level assembled

insect genomes are still rare. Considering the importance of genome studies in economically important forest pests, the current study rep-

resents the second genome from the Ips bark beetle, and the first chromosome-level assembled genome in Ips. The endurance of I. nitidus in

harsh environments compared to its sister species makes the genome study more intriguing from an eco-evolutionary perspective.

Significant expansion and contraction of gene families are suggested to be closely related to the adaptive divergence of related spe-

cies.4,93,94 Ips typographus is a sister species to I. nitidus, which is only distributed at low altitudes and is equally damaging the spruce. There-

fore, we analyzed functional enrichment and compared their extended gene families. The GO and KEGG enrichment analysis of expanded

gene families and positively selected genes showed that I. nitidus had enriched functions involved in DNA damage repair and energy meta-

bolism (Figures 3B and 3C; Tables S6, S7, and S10). Such enrichments were lacking in I. typographus. There were 42 GO categories (including

823 genes) of I. nitidus that were involved in DNAdamage repair and energymetabolism (Figure 3B; Table S6), whereas I. typographus shared

only eight (Table S15). We further compared set of genes contained in each of the previously described eight shared GO categories, and

found that I. nitidus has 394 more genes than I. typographus (774 genes vs. 380 genes). Therefore, compared with I. typographus,

I. nitidus exhibitedmore robust gene family expansions in the previous two functions involved in environmental adaptation in many high-alti-

tude organisms. High-altitude organisms exposed to intense ultraviolet radiation and hypoxic conditions are prone to severe DNA

damage.95,96 Therefore, DNA damage repair is the key to their survival. Positive selection and expansion of genes involved in DNA repair

are common in studies on the environmental adaptability of plateau flora and fauna, such as the Tibetan antelope,4 Tibetan wild boars,5

snub-nosedmonkeys,97 ectothermic snakes,10 speckled teal,95Crucihimalaya himalaica,94 and Tibetan semi-wild wheat.98 In high-altitude ver-

tebrates, genes that provide energy primarily function to cope with hypoxia and severe coldness. Positive selection and expansion of gene

families related to energy metabolism are associated with hypoxic and frigid adaptation in different species.4,5,7,99,100 Compared with verte-

brates, there are few studies on the adaptation of insects to high-altitude hypoxia. Transcriptome analysis of Tibetan Gynaephora101 and

genomic analysis of Tibetan migratory locusts13 found positively selected signals involving genes enriched in energy metabolism, which is

consistent with our results (Table S10). Not only high-altitude animals but some aquatic insects also have to deal with hypoxia. Aquatica

A B

Figure 4. Plant cell wall-degrading enzymatic annotation of I. nitidus and 14 other species

(A) Numbers in the heatmap indicate the number of PCWDE families; colors represent the relative abundance of PCWDEs in six families, respectively.

(B) Numbers represent the number of PCWDEs; colors represent the presence or absence of the enzyme in the graph of selected representative nine PCWDE

families.
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leii is a larval aquatic firefly (Coleoptera: Lampyridae). By comparing the transcriptome of this beetle with that of another entirely terrestrial

firefly (Lychnuris praetexta), it is found that shared genes under positive selection are mainly involved in energy metabolism. A similar result

was obtained through functional analysis with differentially expressed genes in larvae and adults.102 Therefore, metabolic adaptation may be

a crucial and conserved adaptive feature of the insect response to hypoxia. However, such claims and our current findings need further exper-

imental corroboration.

As the most diverse insect order, beetles (Coleoptera) have been an intriguing research topic for decades.47,103 Beetles have multiple

PCWDEs, some of which are also present in animals (such as cellulases GH1 and GH9), while other cellulases (such as GH45 and GH48)

and a pectinase (such as GH28) are microbially encoded PCWDEs derived from horizontal gene transfer. The adaptive radiation of
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Figure 5. Gene family associated with detoxification

(A) Comparison of the number of genes in five detoxification-related gene families of I. nitidus and 14 other species.

(B) Phylogenetic analysis of P450s from I. nitidus, I. typographus, H. hampei, D. ponderosae, and T. castaneum. Red arcs indicate the expansion of the I. nitidus.

More than 80% of the node support is marked on the node.
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herbivorous beetles after obtaining these PCWDEs is one of the fundamental reasons for beetle diversification.48 The hypothesis that insect

digestion of cellulose depends solely on gut microbes reformed when endogenous cellulase genes (GH1 and GH9) were found in ter-

mites.104–107 GH1 andGH9 are thought to be ubiquitous in beetles. However, in Scolytinae,GH9 is lacking,48 at least in the studies of genomes

ofD. ponderosae,H. hampei, and I. typographus that have been published so far and now in I. nitidus (Figure 4). In contrast, GH28, GH45, and

GH48 were abundant in Scolytinae (Figure 4). GH32 invertases catalyze the conversion of sucrose to glucose and fructose, and they are
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Figure 6. Selection preference of immature adult Ips nitidus for fungus-free or fungus-colonized semi-natural spruce bark substrates and functional

enrichment of DEGs of I. nitidus feeding and tunneling in different substrates

(A) Choice arena consisted of two semicircles of substrate separated by a 5 mm wide strip of sterile 4% agar. Left side: fungus-free semi-natural spruce bark

substrates. Right side: fungus-colonized semi-natural spruce bark substrates. Created with BioRender.com.

(B) The number of beetles entering different substrates was registered after 24 h.

(C) Beetles fed and tunneled in O. bicolor-colonized semi-natural spruce bark substrates.

(D) Beetles fed and tunneled in fungus-free semi-natural spruce bark substrates.

(E) Gene ontology (GO) enrichment analysis of upregulated genes in I. nitidus fed and tunneled inO. bicolor-colonized semi-natural spruce bark substrates than

in fungus-free semi-natural spruce bark substrates at high altitude.

(F) Heatmaps of gene expression involving ABC transporters in I. nitidus. GGQM: fed and tunneled inO. bicolor-colonized semi-natural spruce bark substrates at

high altitudes; GGQA: fed and tunneled in fungus-free semi-natural spruce bark substrates at high altitudes; DGQM: fed and tunneled in O. bicolor-colonized

semi-natural spruce bark substrates at low altitudes; DGQA: fed and tunneled in fungus-free semi-natural spruce bark substrates at low altitudes.
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thought to play an important role in the evolution of some insects, such as Coleoptera and Lepidoptera.48,108 However, it is not ubiquitous in

beetles,48 and in this study, it was only annotated in the genomes of Agrilus planipennis, An. glabripennis, D. ponderosae, and S. oryzae

(Figure 4). GTs are indispensable multifaceted enzymatic regulators of insects, which play a crucial role in every insect’s survival, growth,

and development.109 A study on silkworms found that a GT (quercetin 5-O-glucosyltransferase) produced cocoons with UV-shielding prop-

erties.110 In addition, many insect GTs play crucial roles in detoxification, chemosensation, and stress responses.109 We found that the total

number of GT families was almost the same (between 39 and 46) among 15 tested insects but the total number of proteins varied widely (be-

tween 179 and 350) (Tables S11 and S12), therefore their functionalitymust be proven. Pectinmethylesterase (CE8) is necessary to degrade the

pectin main chain111 but is only found in a few beetles,48 which implies that many beetles rely on symbionts for this process. However, in our

study, CE8was found only in Curculionidae (Figure 4), whichwere known to havemutualistic relationships withmicroorganisms.112 In addition,

we annotated pectinase PL4 in I. nitidus, which is not present in most beetles yet is prevalent in Curculionidae genomes, such as

D. ponderosae,H. hampei, and I. typographus (Figure 4). This suggests that Curculionidae beetles can degrade pectin independently without

relying on symbionts. Lytic polysaccharidemonooxygenases (LPMOs) are enzymesmainly found inmicroorganisms and viruses. However, the

LPMO, AA15, is ubiquitous in insect genomes andmay play an important role in insect development, food degradation, and overcoming host

defenses.113,114 Most insects have no more than five AA15 proteins,114 but I. nitidus has six (Figure 4).

For conifer-feeding insects, the fundamental challenge is to cope with the formidable defenses of conifers.53 Thus, conifer specialists are

expected to have numerous genes involved in detoxifying monoterpenes and other entomotoxic compounds of conifer origin. However, we

found that they do not exhibit enrichment in the detoxification gene family compared to other non-coniferous feeding species (Figure 5A).

Conifer-feeding beetles may depend on the smaller but specialized P450s subfamilies to detoxify the hostile chemical defenses of the host.35

We found significant differences in the number of P450 genes among the three conifer-feeding beetles. A total of 83 P450s annotated in the

I. nitidus (spruce feeding) genomewere about the same as the 81 identified in I. typographus (spruce feeding) and less than the 137 identified

inD. ponderosae (pine feeding) (Figure 5A). Powell et al.35 emphasized three factors, such as amass attack, assistance from fungal symbionts,

and the less inherent defenses of the host Norway spruce, to explain the success of I. typographus against conifer defenses, even with much

fewer P450 genes than D. ponderosae. For spruce feeding beetles, P450 genes in I. nitidus are almost as numerous as that in I. typographus,

suggesting that they are equally capable of detoxifying host chemical defenses or that the host plant may determine their ability to detoxify.

Keeling et al.115 saw ‘‘blooms’’ (lineage-specific expansions) in the CYP4, CYP6, and CYP9 inD. ponderosae and suggested specific P450 fam-

ily expansions within different beetle species as part of their adaptations to different environments. Three CYPs bloomsmentioned previously

were also observed in I. nitidus and I. typographus (Figure 5B). This similar pattern suggests that these three CYPs may be critical to adapting

the chemical defenses of conifer hosts. For the other four detoxification gene families, except ABC transporters andGSTs (Figures S4 and S5),

8 and 7 gene blooms were found in COEs (Figure S6) and UDPGTs (Figure S7), respectively. The function of these genes can be evaluated to

understand better the molecular mechanism underlying I. nitidus detoxification of host chemical defense.

Metabolism of host chemical defenses (such as terpenoids and phenolics) by symbiotic fungi is fundamental for maintaining the beetle-

fungus symbiosis.41,71 Some ophiostomatoid fungi can degrade terpenoids and phenolics,80,116 especially virulent associates. For example,

Endoconidiophora polonica can alter phenolics into carbon sources for their growth.81 However, the most consistent associates of bark bee-

tles tend to be nonpathogenic or weak pathogens.75 Therefore, we chooseO. bicolor, the dominant associate of I. nitidus, to study symbiosis.

We observed that many genes associated with detoxification were downregulated in I. nitidus fed and tunneled in O. bicolor-colonized

spruce bark substrates comparedwith fungus-free substrates (Figure 6F). Such selective fine-tuning in the expression of the crucial detoxifying

arsenal directly demonstrates that fungal symbionts assist vector beetles in detoxifying host chemical defenses and aid in minimizing the en-

ergy budget for the expression of detoxification machinery. Interestingly, the upregulated genes in fungus-feeding beetles at high-altitude

treatments were mainly associated with hypoxia adaptation (Figure 6E; Tables S13 and S14). Functions related to DNA damage repair and

energy metabolism were consistent with those of the beetle’s expanded gene families (Figures 3B and 3C; Tables S6 and S7). This pattern

suggests that the fungal symbiontO. bicolormay be an auxiliary for I. nitidus to cope with high-altitude hypoxia. Although such speculations

need further experimental ratification, they lend a new glimpse into the symbiosis of beetles and fungi.

In conclusion, we assembled a chromosome-level genome of the conifer-feeding bark beetle, I. nitidus. Phylogenetic inference showed

that I. nitidus diverged from the common ancestor of I. typographus at approximately 2.27 mya, which was after the range measured with

the estimated uplift time of the Qinghai-Tibet Plateau. The expansion of many gene families in the I. nitidus genome is proposed to be

related to high-altitude hypoxia adaptation. Transcriptome evidence suggests that fungal symbiont O. bicolor may assist I. nitidus in better

coping with high-altitude hypoxia and detoxifying host chemical defenses. However, such possibilities need to be validated functionally.

This study provides a new perspective for studying symbiosis between insects and fungi. Nevertheless, the present study delivers genomic

resources and interesting testable hypotheses for future studies on insect adaptation to extreme environments and symbiosis with fungi,

especially in bark beetles. It may aid in developing a novel forest pest management strategy using RNAi-FPPs targeting some key func-

tional genes.

Limitations of the study

We assembled a high-quality chromosome-level genome of I. nitidus in this study. However, despite a single colony of beetles was collected

to minimize heterogenicity, the plausible polymorphism in our specific DNA sequences might still be present due to the polymorphic nature

of starting material. In addition, although our findings provide testable hypotheses associated with high-altitude hypoxia adaptation and

fungal symbiosis of I. nitidus, the downstream functional experiments are needed to unravel the underlying molecular mechanisms.
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Lü, S.y., Wei, G.z., and Zhao, Y.f. (2004).
Olfactory recognition and behavioural
avoidance of angiosperm nonhost volatiles
by conifer-inhabiting bark beetles. Agric.
For. Entomol. 20, 1–6. https://doi.org/10.
1111/j.1461-9555.2004.00202.x.

28. Birgersson, G., Schlyter, F., Löfqvist, J., and
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M., Montagné-Huck, C., Müller, J., Qin, H.,
Raffa, K.F., Schelhaas, M.J., Svoboda, M.,
et al. (2021). Bark beetle outbreaks in
Europe: state of knowledge and ways
forward for management. Curr. For. Rep. 7,
138–165. https://doi.org/10.1007/s40725-
021-00142-x.

32. Wang, Z.B., Chen, Y.Q., Wang, F.Y., Wang,
H.H., Xu, H.Z., Li, X.P., and Song, L.W. (2013).
Research on the application technology of
aggregation pheromone of Ips typographus
L. J Jilin For Sci Tech 42, 24–26. https://doi.
org/10.3969/j.issn.1005-7129.2013.03.008.

33. Yue, C.Y., Hou, Y.H., Alimu, M., and Sun,
G.Q. (2014). Control and division of Ips
typographus Linnaeus in natural forest of
Aertai mountain in Xinjiang region. Hubei
Agric. Sci. 53, 4059–4062.

34. Furuta, K. (1989). A comparison of endemic
and epidemic populations of the spruce
beetle (Ips typographus japonicus Niijima)
in Hokkaido. J. Appl. Entomol. 107,
289–295. https://doi.org/10.1111/j.1439-
0418.1989.tb00258.x.

35. Powell, D., Grobe-Wilde, E., Krokene, P.,
Roy, A., Chakraborty, A., Löfstedt, C., Vogel,
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Deposited data

Hi-C sequencing data This study NCBI: SRR14269884

PacBio sequencing data This study NCBI: SRR14269885

Illumina sequencing data This study NCBI: SRR14269886

Transcriptome raw data This study NCBI: SRR18907819-SRR18907827,

SRR23085891-SRR23085893

Genome assembly data This study NCBI: JAGUCG020000000

Aethina tumida reference genome NCBI GCA_001937115.1

Apis mellifera reference genome NCBI GCA_003254395.2

Agrilus planipennis reference genome NCBI GCA_000699045.2

Anoplophora glabripennis reference genome NCBI GCA_000390285.2

Dendroctonus ponderosae reference genome NCBI GCA_000355655.1

Dendrolimus punctatus reference genome NCBI GCA_012273795.1

Diabrotica virgifera reference genome NCBI GCA_003013835.2

Hypothenemus hampei reference genome NCBI GCA_001012855.1

Ips typographus reference genome NCBI GCA_016097725.1

Nicrophorus vespilloides reference genome NCBI GCA_001412225.1

Onthophagus taurus reference genome NCBI GCA_000648695.2

Sitophilus oryzae reference genome NCBI GCA_002938485.2

Thaumetopoea pityocampa reference genome NCBI GCA_017165845.1

Tribolium castaneum reference genome NCBI GCA_000002335.3

Software and algorithms

Trimmomatic v0.39 Bolger et al.117 https://github.com/usadellab/Trimmomatic/releases

Jellyfish v2.3.0 Marçais and Kingsford118 https://github.com/gmarcais/Jellyfish

GenomeScope 2.0 Ranallo-Benavidez et al.119 http://qb.cshl.edu/genomescope/genomescope2.0/

Canu v2.1 Koren et al.120 https://github.com/marbl/canu

Purge_dups v1.0.1 Guan et al.121 https://github.com/dfguan/purge_dups/releases

GCpp v1.9.0 https://github.com/PacificBiosciences/gcpp

Pilon v1.23 Walker et al.122 https://github.com/broadinstitute/pilon

Juicer v1.6 Durand et al.123 https://github.com/aidenlab/juicer

3D-DNA pipeline v180922 Dudchenko et al.124 https://github.com/aidenlab/3d-dna

JBAT v.1.8.8 Durand et al.125 https://github.com/aidenlab/Juicebox

BUSCO v3.1.0 Simão et al.126 https://busco.ezlab.org/

RepeatModeler v2.0.1 Bedell et al.127 https://www.repeatmasker.org/RepeatModeler/

RepeatMask v4.1.1 Tarailo-Graovac and Chen128 https://www.repeatmasker.org/

Exonerate v2.2.0 Slater and Birney129 https://github.com/nathanweeks/exonerate

GeneMark v4.61 Ter-Hovhannisyan et al.130 https://topaz.gatech.edu/GeneMark/

Augustus v3.3.3 Stanke et al.131 https://github.com/Gaius-Augustus/Augustus

EVidenceModeler v1.1.1 Haas et al.132 https://github.com/EVidenceModeler/

EVidenceModeler

PASA v2.4.1 Haas et al.133 https://github.com/PASApipeline/

PASApipeline/releases
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Quan Lu (luquan@

caf.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The accession numbers for the genomic sequencing data, Transcriptomedata, and genome assembly reported in this paper were listed in the

key resources table.

The published article and supplemental information include all data generated and analyzed during this study. This paper does not report

original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ips nitidus adults were collected from Picea crassifolia in Maixiu National Forest Park, Zeku County, Huangnan City, Qinghai Province, China

(Average annual temperature was 2.8�C; The average temperature in the hottest month (July) and the coldest month (January) were 12.3�C
andminus 10.1�C, respectively). The sampling site was 3,016mabove sea level (N: 35�1602800 E: 101�5404600). Thirty adults from the sameparent

in the same gallery were selected tominimize heterozygosity. To reducemicrobial contamination, adults were starved for 48 h, placed in ster-

ile Eppendorf tubes pre-filled with 75% alcohol, and placed on a scroll oscillator for 1 min for complete disinfection. Five times, the beetles

were rinsed with sterile water to remove any residual microorganisms. The residual water on the surface of the beetle body was removed by

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Infernal v1.1.3 Nawrocki134 https://eddylab.org/infernal/

tRNAscan-SE v2.0.7 Lowe and Eddy135 https://github.com/UCSC-LoweLab/tRNAscan-SE

BLASTP v2.10.1+ Altschul et al.136 https://blast.ncbi.nlm.nih.gov/doc/blast-help/

downloadblastdata.html#downloadblastdata

Interproscan v5.33 https://www.ebi.ac.uk/interpro/about/interproscan/

HMMER v3.3.1 Meng and Ji137 http://hmmer.org/

KofamScan v1.3.0 Aramaki et al.138 https://anaconda.org/bioconda/kofamscan

OrthoFinder v 2.4.0 Emms and Kelly139 https://github.com/davidemms/OrthoFinder

MAFFT v7.471 Katoh et al.140 https://github.com/GSLBiotech/mafft

GBLOCKS v0.91b Talavera and Castresana141 https://home.cc.umanitoba.ca/�psgendb/doc/

Castresana/Gblocks_documentation.html

RAxML v8.2.12 Stamatakis142 https://cme.h-its.org/exelixis/web/software/raxml/

PAML v4.9j Yang143 https://abacus.gene.ucl.ac.uk/software/paml.html

Café v4.2.1 De et al.144 https://hahnlab.github.io/CAFE/

src_docs/html/index.html

topGO v2.40.0 Alexa et al.145 https://bioconductor.org/packages/

release/bioc/html/topGO.html

KOBAS v3.0 Xie et al.146 http://kobas.cbi.pku.edu.cn/

MUSCLE Edgar147 https://www.ebi.ac.uk/Tools/msa/muscle/

PAL2NAL Suyama et al.148 http://www.bork.embl.de/pal2nal/

FastQC v0.11.9 https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

Trinity v2.11.0 Grabherr et al.149 https://github.com/trinityrnaseq/trinityrnaseq/

HISAT2 v2.2.1 Kim et al.150 https://github.com/DaehwanKimLab/hisat2/releases

FeatureCounts v2.0.3 Liao et al.151 https://subread.sourceforge.net/featureCounts.html
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gentle drying using sterile filter paper, and the heads of the 30 beetles were flash-frozen in liquid nitrogen for subsequent DNA extraction and

sequencing. An additional 30 adult heads were obtained for Hi-C sequencing using the abovementioned method.

METHOD DETAILS

Genome sequencing

GenomicDNA from the pooled adult beetle headswas extracted following theCTAB-PVPmethod.152 The integrity and quantity of DNAwere

determined using a 0.8% agarose gel and aQubit fluorimeter (Invitrogen, Carlsbad, CA, USA). Prior to sequencing, PCR was performed using

universal primers that amplified 16S rRNA and ITS sequences, respectively. No amplified DNA bands (PCR product) were observed, thus con-

firming no microbial contamination. High-quality DNA was split into equal parts for Illumina and Pacific Biosciences (PacBio) sequencing at

Berry Genomics Company, China. A 400 bp insert length paired-end library was constructed for Illumina sequencing using the NEBNext�
Ultra� II DNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA). The library was then sequenced on an Illumina HiSeq X Ten System

to obtain 150 bp paired-end reads. For PacBio long-read sequencing, a 40-kb SMRTbell library was constructed following the manufacturer’s

protocol (Pacific Biosciences, Menlo Park, CA, USA) and then sequenced on the PacBio Sequel Systems platform.

We employed the Hi-C technique to improve scaffolding to generate a chromosome-level assembly. A Hi-C library was constructed with

the DpnII restriction enzyme following in situ ligation protocols.153 Briefly, the pieces of beetle heads were cross-linkedwith 2% formaldehyde

for 10 minutes and then incubated with 2.5 M glycine solution for 5 minutes to stop cross-linking. The nuclei isolated from the fixed samples

were digestedwith DpnII enzyme, the blunt-endwas filled andmarkedwith biotin-14-dATP (Thermo Fisher Scientific,Waltham,MA, USA) and

then ligated. The ligated DNA was purified and sheared into 300-600 bp fragments. The segments were blunt-end repaired and A-tailed,

followed by purification through biotin-streptavidin-mediated pull-down. After adaptor ligation and quality control, the Hi-C library was

sequenced on an Illumina HiSeq X Ten System with the PE150 strategy.

Genome assembly and evaluation

Raw reads from Illumina sequencing were filtered to remove low-quality reads using Trimmomatic v0.39117 with the parameter ‘‘AVGQ-

UAL:30’’. The genome size of I. nitidus was estimated by k-mer analysis (k-mer size 21) based on clean reads from next-generation

sequencing (NGS) with Jellyfish v2.3.0118 using GenomeScope 2.0.119 Initial genome assembly used PacBio long reads with Canu

v2.1120 and the parameters ‘‘-dg 3 -db 3 -dr 1 -ca 500 -cp50’’. Purge_dups v1.0.1121 was employed with default parameters to resolve haplo-

type-fused paths in the initial assembly. After that, the resolved assembly was further refined to improve the accuracy. First, long reads

were used to polish the resolved assembly with GCpp v1.9.0 (https://github.com/PacificBiosciences/gcpp), and then short reads were uti-

lized with Pilon v1.23.122

To obtain a chromosome-level assembly of the I. nitidus genome, we performed Hi-C scaffolding with Juicer v1.6123 and the 3D de novo

assembly (3D-DNA) pipeline v180922.124 Briefly, the polished PacBio initial assembly was digested in silico by DpnII enzyme using the python

script ‘‘generate_site_positions.py’’ within Juicer. Raw reads from the Hi-C library were filtered using Trimmomatic v0.39 as NGS reads. The

clean reads were aligned to the draft genome and processed to generate Hi-C contacts using Juicer with parameters ‘‘-s DpnII’’. The gener-

ated contact files (merged_nodups.txt) were used to assemble the chromosome-level genome with a 3D-DNA pipeline with the default pa-

rameters. The mega-scaffold output was then imported to Juicebox Assembly Tools (JBAT) v. 1.8.8125 for manual review and refinement. The

completeness of the genome assembly was determined using BUSCO v3.1.0126 against 1367 benchmarking universal single-copy ortholo-

gous genes in insecta_odb10.

Genome annotation

Repeat sequences were identified using de novo prediction. RepeatModeler v2.0.1127 was initially used to construct a de novo repeat library

with default parameters. Then, RepeatMask v4.1.1128 was applied with default parameters to identify homology repeats based on the com-

bination of the de novo library and Repbase library (20181026).154

We employed homology-based, de novo, and RNA-assisted methods for protein-coding gene structure prediction. Briefly, proteins from

Dendroctonus ponderosae (Keeling et al., 2013) were aligned to the I. nitidus genome using Exonerate v2.2.0129 with default parameters to

identify intron and exon boundaries. For de novo gene prediction, GeneMark v4.61130 and Augustus v3.3.3131 were used. GeneMark was per-

formed using a self-training algorithm. Augustus was used with training sets that combined the gene structures from Exonerate and

GeneMark. The consensus gene set was generated using EVidenceModeler v1.1.1.132 Finally, PASApipeline v2.4.1133 was used to upgrade

the gene models with the de novo transcriptome. For ncRNA prediction, we scanned the Rfam database (release 14.0)155 with Infernal

v1.1.3134 and tRNAscan-SE v2.0.7135 was used for tRNA prediction.

We assigned putative functions to newly annotated genes by aligning the genes from I. nitidus using BLASTP v2.10.1+136 with an E-value of

1e-5 to eggNOG 5.0,156 NCBI non-redundant amino acid sequences (NR) (assessed 202006), Swiss-Prot (2020_05), and UniRef50 (2020_06).

Interproscan v5.33 was used to scan InterPro 72.0. HMMER v3.3.1137 was used to align against CAZy v9 and Pfam 33.1. Furthermore, the genes

were aligned against the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database using KofamScan v1.3.0.138 Gene Ontology (GO)

annotation was extracted from Gene Ontology Annotation (GOA, 2020_10) based on Swiss-Prot.
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Phylogenetic inference and comparative genomic analysis

Orthologous and paralogous groups were identified usingOrthoFinder v 2.4.0139 with default parameters from I. nitidus and 14 other insects,

including 11 species of Coleoptera (Aethina tumida, Agrilus planipennis, Anoplophora glabripennis,D. ponderosae,Diabrotica virgifera,Hy-

pothenemus hampei, I. typographus, Nicrophorus vespilloides, Onthophagus taurus, Sitophilus oryzae, and Tribolium castaneum), two

species of Lepidoptera (Dendrolimus punctatus and Thaumetopoea pityocampa), which feed on pinaceous plants, and one species of

Hymenoptera (Apis mellifera). Among them, Ap. mellifera served as an outgroup. The longest protein was nominated for the genes with

redundant alternative splicing events. The protein sequences of each single-copy group were extracted, and multiple sequence alignment

was performed using MAFFT v7.471140 with default parameters and then concatenated to generate a supermatrix. GBLOCKS v0.91b141 was

used to extract the conserved blocks with the default settings. A phylogenetic tree was constructed using RAxML v8.2.12142 under the

GAMMALG model with 1,000 bootstrap replicates. The estimated divergence time based on the topology structure of the phylogenetic

tree was performed using MCMCTREE within PAML v4.9j, with five secondary calibration points selected.143 The divergence time between

Coleoptera and Hymenoptera was constrained to 317.80–372.43 million years ago (mya); between Coleoptera and Lepidoptera at 301.86–

353.05 mya; between An. glabripennis and Di. virgifera at 122.50–124.00 mya; between An. glabripennis and S. oryzae at 157.30–166.10

mya; between De. punctatus and Th. pityocampa at 99.72–121.64 mya.14,48,157 Contraction and expansion families were identified using

Café v4.2.1.144 In CAFE, the separate birth (l) and death (m) rates were estimated using the lambda/mu commandwith -s and –t 10. Allp-values

were calculated for each gene family, and a threshold of p-value < 0.05 was used as the criterion to identify the contraction and expansion of

gene families. Subsequently, functional enrichment analysis was performed for the above gene families. GO functional enrichment analysis

was performed using the weight method with Fisher’s exact test implemented in the topGO v2.40.0.145 KEGG enrichment analysis was per-

formed using KOBAS v3.0.146

The orthogroups identified by OrthoFinder were further annotated for plant cell wall degrading enzymes (PCWDEs) and detoxification-

related gene families comparison. The protein sequence with the longest length within each orthogroup was extracted as a representative

sequence. PCWDEs were predicted using dbCAN2 with HMMER v3.3.1158 and manually identified based on their CAZy classification (http://

www.cazy.org). The detoxification-related gene families were predicted using HMMER by searching against the Pfam 33.1 (18259 different

families) with parameter: -E 1e-5 –domE 1e-5.

We selected the protein sequences encoded by single-copy orthologous genes in four Curculionidae species (I. nitidus, I. typographus,

D. ponderosae and S. oryzae) to align by MUSCLE147 with the default parameters, respectively. The protein multiple sequence alignment re-

sults were used to generate the codon multiple sequence alignment by PAL2NAL.148 The codeml program with the branch-site model was

conducted in the PAML159 to determine which genes were positively selected in I. nitidus. Chi-squared test was conducted to determine the

statistical significance, and all positively selected genes were below p-value < 0.05 and FDR < 0.05 cut-off.

Choice aassay with fungus-free or fungus-colonized semi-natural spruce bark substrates

Fresh inner bark from healthy P. crassifolia was ground into a fine powder and used to prepare semi-natural spruce bark substrates. The sub-

strates were prepared according to the description by Kandasamy et al.83: 7% fine powder of inner bark mixed with 4% agar (Mix 70 g bark

powder with 40 g agar and add deionized water to 1000 ml ) and dispensed in 9 cm Petri dishes after autoclaving.

For fungus-colonized treatments, a round mycelium plug (5 mm diam) from an actively growing O. bicolor (the dominant associate of

I. nitidus) colony was placed in the center of a 9 cmPetri dish containing sterile semi-natural spruce bark substrate. For fungus-free treatments,

the plug in the above procedurewas sterile. All cultures were incubated in darkness at 25�C for seven days to prepare the choice arenas, which

contained two semicircles of substrate separated by a 5 mm wide strip of sterile 4% agar.

Callow adult beetles were starved for 24 h at 4�C and surface sterilized in 1.2% NaClO and 2% ethanol for 30 s, followed by three rinses in

sterile water prior to bioassays.83 Four vibrant beetles were placed in agar strips in each choice arena to start their choice. Nine choice arena

replicates were set up and placed in a climate chamber at 20�C and in complete darkness. After 24 hours, the preferences of the beetles were

recorded, and the data were statistically analyzed using SPSS v10.0.1 with a one-way analysis of variance (ANOVA).

Transcriptome sequencing and analysis

Four different treatments of adult beetles were used to compare transcriptomes: 1) feeding and tunnelling in fungus-colonized (mark: DGQM)

and 2) fungus-free substrates (mark: DGQA) placed in a climate chamber at low altitudes (approximately 50m above sea level), 3) feeding and

tunnelling in fungus-colonized (mark: GGQM) and 4) fungus-free substrates (mark: GGQA) placed in a climate chamber at high altitudes

(approximately 3000 m above sea level). Each treatment consisted of nine Petri dishes containing substrates, three of which were pooled

as one biological replicate for a total of three biological replicates. The preparation of the beetles and substrates before inoculation is

the same as described in the previous section. After inoculating six beetles, Petri dishes containing different substrates were placed in the

climate chamber with 20�C and darkness. The high-altitude and low-altitude climate chambers maintained air circulation with the external

environment to ensure that the oxygen concentration in the artificial climate chamber was consistent with that in the respective external envi-

ronment. After 24 hours, the beetles were carefully and quickly removed from the substrates, and then surface sterilised in 75% ethanol for 30

s, followed by three rinses in sterile water. After soaking up the residual water on the surface of the beetle body with sterile filter paper, the

beetles were snap-frozen in liquid nitrogen for subsequent RNA extraction and sequencing.

Total RNAwas isolated from each sample using theGene-JET plant RNApurificationmini kit (Thermo Fisher Scientific,Waltham,MA, USA)

and then quantified using a NanoDrop ND-2000 (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was assessed using an Agilent
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Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Twelve RNA libraries with�350 bp insert sizes were constructed using TruSeq

RNA Sample Preparation Kit v2 (Illumina, San Diego, CA, USA) and the deoxyuridine triphosphate (dUTP) method.160 All libraries were

sequenced on an Illumina HiSeq 4000 System with the PE150 strategy. The quality of raw sequencing reads was assessed using FastQC

v0.11.9 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) with default parameters and trimmed using Trimmomatic v0.39117

with parameter ‘AVGQUAL:30’. The output clean reads were used for two purposes: (a) de novo assembly for updating gene models and

(b) identification of differentially expressed genes (DEGs). In short, Trinity v2.11.0149 was used with default parameters for de novo assembly

of transcripts to update gene models. To identify DEGs, the clean reads were aligned to the I. nitidus genome using HISAT2 v2.2.1150 with

default parameters. FeatureCounts v2.0.3 was used to calculate raw read counts of genes using gtf annotations with parameter -p –primary.151

DEGs were identified using the R package edgeR v3.30.3.161 For edgeR, the function of calcNorm-Factors and estimateDisp were used to

calculate normalization factors and to estimate dispersion, respectively. DEGs were determined using a likelihood ratio test for a negative

binomial generalized log-linear model with a threshold p-value < 0.05, FDR < 0.05, and |log2(fold change)| R 1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis can be found in the method details.
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