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Abstract

The coffee berry borer (CBB) Hypothenemus hampei was first described in Africa in 1867 and has spread to all major coffee-
producing regions worldwide, including Jamaica. Using long-read sequencing, we produced a new high-quality reference
genome (172.7 Mb) for the Jamaican strain of the CBB, with 93% of the genome assembled into 14 scaffolds. Whole gen-
ome sequencing of pooled samples from different populations across Jamaica showed that the CBB harbors low levels of
genetic diversity alongside an excess of low-frequency alleles, indicative of a recent genetic bottleneck. The analyses also
showed a recent surge in the activity of transposable elements (TEs), particularly LINE/R1 and LTR/Gypsy elements, within
CBB populations. Our findings offer first insights into the evolutionary genomics of CBB populations in Jamaica, highlighting
the potential role of TEs in shaping the genome of this important pest species.
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Significance

The coffee berry borer (Hypothenemus hampei) poses a significant threat to coffee farms globally. Here, we provide a
high-quality reference genome for the Jamaican strain of H. hampei and conduct the first population genomic analyses
of the beetle. Our findings indicate low genetic diversity in Jamaican CBB populations, likely due to founder effects,
alongside an increased activity of transposable elements. Our study paves the way for future investigations aimed at
understanding spatiotemporal variations in genome dynamics.

Introduction

Human activity has resulted in the worldwide spread of
many agri- and aquacultural pest species as well as vectors
of diseases, with major consequences for ecology and
economy (Jarju et al. 2009; Chapman et al. 2015; Cole
et al. 2019; Johnson and Manoukis 2020). To understand
the ecological and economic impacts that unfold following
the introduction of species to novel habitats, it is necessary

to study how such populations evolve. Genetic bottlenecks
are expected to limit evolvability by substantially reducing
effective population size and genetic variation (Frankham
et al. 1999; Tsutsui et al. 2000; Puillandre et al. 2008).
However, despite these constraints, introduced popula-
tions can adapt to new environments and can successfully
cope with biotic and abiotic challenges (Frankham 2005;
Schrieber and Lachmuth 2017).
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The coffee berry borer (CBB), Hypothenemus hampei
(Coleoptera: Curculionidae: Scolytinae), is a notorious
pest species that thrives where coffee is grown (with the ex-
ception of Nepal and Australia) and impacts the economy
of millions of people (Moreno-Ramirez et al. 2024).
Current pest management strategies are complex, expen-
sive, and often ineffective (Johnson et al. 2020). CBB infes-
tations are typically attributed to anthropogenic factors
(Chapman et al. 2015), including migration from aban-
doned or feral coffee fields (Johnson and Manoukis
2020). Populations of this species are expected to have lim-
ited genetic variation (Andreev et al. 1998) due to founder
effects and high levels of inbreeding from obligate brother—
sister mating (Andreev et al. 1998; Infante et al. 2009).
However, this prevalent inbreeding may also benefit the
CBB, as sib mating promotes the colonization of nearby
coffee berries and facilitates its spread (Gil et al. 2015a).
Hypothenemus hampei is functionally haplodiploid (Brun
et al. 1995), rendering selection more efficient because all
expressed alleles are fully exposed in the functionally hap-
loid males, including any with negative fitness effects.
This effective purging of recessive deleterious alleles may
compensate for potential negative effects of inbreeding
in H. hampei, much like in other haplodiploid insects
(Miller and Sheehan 2023).

Despite exhibiting low levels of genetic variation
(Benavides et al. 2005; Gauthier 2010; Gil et al. 2015b),
CBB populations can adapt to novel environmental condi-
tions. For example, insecticide resistance has evolved repeat-
edly in CBBs in New Caledonia (Olivier Brun and Maxwell
Suckling 1992; ffrench-Constant et al. 1994) and Jamaica
(Witter-Newell 2008), underscoring this species’ ability to
overcome control measures. The first draft genome
of H. hampei provided significant insights into gene families
involved in various biological functions, such as detoxifica-
tion, defense, and insecticide resistance (Vega et al. 2015).
Subsequent genomic studies explored additional aspects
of the species’ genome biology, focusing on the annotation
and analysis of transposable element (TE) dynamics
(Hernandez-Hernandez et al. 2017) and the evolution of its
chemosensory receptor gene repertoire (Navarro-Escalante
etal. 2021). While these efforts greatly enhanced our under-
standing of H. hampei's biology, they relied on relatively
fragmented genome assemblies.

To better understand this major pest, we studied CBB
populations introduced to the Jamaican lowlands in 1978
(Reid 1983), around 180 generations ago (assuming ca. 5
generations per year under favorable conditions (Jaramillo
et al. 2011; Giraldo-Jaramillo et al. 2018; Hamilton et al.
2019; Johnson et al. 2020). Using a new high-quality gen-
ome assembly of the Jamaican CBB strain, we assessed gen-
etic variation and differentiation across four populations,
two of which were used previously to estimate CBB activity
and infestation rates (Myrie et al. 2023). Furthermore, we

explored the introduction history of the CBB into Jamaica
and the molecular mechanisms associated with genome
dynamics in this species. Our findings reveal low levels of
genetic variation and an excess of rare variants, consistent
with the recent introduction of the species to Jamaica.
Additionally, analysis of TE dynamics indicates recent surges
in TE activity within the studied populations. Our study pro-
vides high-quality genomic resources and first insights into
population genomic dynamics of the most economically
significant pest insect of the most profitable hot beverage
worldwide (Gauthier 2010; Infante 2018).

Materials and Methods

Sample Collection and Sequencing

The beetles used to generate the reference genome for this
study were collected in Hopewell, Jamaica (18.03674°N,
76.67991°W), and transferred to the laboratory at the
Universitat Regensburg, Germany, with permission from
the Jamaica Agricultural Commodities Regulatory
Authority in Jamaica. In the lab, berries were opened, all
stages (eggs, larvae, and pupae) and adult beetles were
transferred to individual glass vials already containing
10 mL artificial diet (Vega et al. 2011), and formaldehyde
solution min. 37%, added as a microbial inhibitor. The
stock cultures were monitored weekly, and when they
were too crowded or moist, soft forceps were used to trans-
fer the CBBs (all stages) to a fresh culture. The vials were
stored at 27 °C/21 °C under a 12 h/12 h cycle in a dark cli-
mate chamber of 100% air circulation and humidity.

High molecular weight genomic DNA was extracted
from a pool of 25 adult female beetles using a modified
salting-out method (Miller et al. 1988). Briefly, the samples
were homogenized in TNES buffer (400 mM NaCl, 20 mM
EDTA, 50 mM Tris, pH 8.0, 0.5% SDS) supplemented with
Proteinase K and incubated at 55 °C. Nucleic acids were
precipitated using ethanol and NaCl, and the resulting pel-
let was purified through a series of ethanol washes before
being resuspended in TE buffer. The sample was then trea-
ted with RNase A to remove RNA contaminants. Long-read
libraries were generated using Oxford Nanopore
Technologies’ (ONT) Ligation Sequencing Kit SQK-LSK110
as described before (Errbii et al. 2024). A total of 9.35 Gb
of ONT long-read data (4.69 M reads with a N50 of
6.4 kb) was generated using three FLO-MIN106 flow cells
that were sequenced on a Mk1C with fast base-calling.

For genome dynamics analyses, whole genome sequen-
cing data of pools of individuals from four different
Jamaican populations were analyzed. Coffee-producing
areas in Jamaica are categorized by elevation as follows:
Lowlands (<457 meters above sea level [masl]), Highlands
(457 to 914 masl), and Blue Mountains (>914 masl).
These areas vary in temperature, elevation, rainfall, and
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humidity. Lowland areas experience high temperatures (25
to 31° C), low humidity, and low rainfall. Highland areas
have intermediate conditions with humidity ranging from
60% to 80%, monthly maximum rainfall of 632 mm, and
mean temperatures between 18 and 23° C (Myrie et al.
2023). The Blue Mountain areas have the highest humidity
(80% to 88%), a maximum monthly rainfall of 339 mm,
and the lowest mean temperatures ranging from 16 to
23° C (Myrie et al. 2023).

The CBBs were collected in Jamaica in December 2019 in
Kew Park (KP; 18.2593°N, —77.9484°W) in the Lowlands,
Baron Hall (BH; 18.2175°N, 77.3767°W) and Mocho
(MO; 18.0232°N, —77.3597°W) in the Highlands, and
Rosehill (RH; 18.0806°N, —76.73849°W) in the Blue
Mountains. Berries with a CBB entry hole were randomly
selected and handpicked across the farms. The berries
were dissected in the field, and the CBBs were stored in
100% ethanol and then brought to the Universitat
Regensburg, Germany.

A CTAB method (modified from Sambrook and Russell
2001) was used to extract DNA from pooled samples of
adult female beetles (BH [n =40 females], Rose Hill [n=
40 females], MO (n = 33 females), and KP [n = 21 females)).
One hundred and fifty base pair paired-end Illlumina
NovaSeq sequencing of the four pools was performed at
the Cologne Center for Genomics to an average coverage
of >60x (supplementary table S1, Supplementary Material
online).

Reference Genome Assembly and Annotation

Fitlong (v0.2.1) (https:/github.com/rrwick/Filtlong) was
used to process the raw reads, and a total of 4.8 Gb of
long reads (approximately 30x coverage, assuming a gen-
ome size of ca. 163 Mb; Vega et al. 2015) were selected
using 181 M reads. Contigs were assembled with flye
(v2.9-b1778) (Lin et al. 2016) with --nano-hq, which gener-
ated 127 contigs covering 172.36 Mb. Contig N50 was
13.94 Mb, and 90% of the assembly contained the 14 lar-
gest contigs (L90 = 14). dentist (v3.0.0) (Ludwig et al. 2022)
with join-policy: contigs was used for further long-read
scaffolding and gap filling, which reduced the 127 contigs
to 116 scaffolds. We used NextPolish2 (Hu et al. 2024) for
five rounds of long-read polishing, followed by pilon
(v1.24) (Walker et al. 2014) for ten rounds of polishing
using filtered pool-seq short-read data from the BH sample
(supplementary table S1, Supplementary Material online).
The assembly contained 172,680,286 bp with 13.97 Mb
scaffold N50 and an L90 of 13. A comparison of the assem-
bly was made against the endopterygota_odb10 database
with BUSCO (v5.1.2) (Simao et al. 2015), confirming assem-
bly completeness (98.9%) (C:98.9%[S:98.4%,D:0.5%],
F:0.3%,M:0.8%,n:2124). To further assess the complete-
ness of Hham4.1, we screened the assembly for four

known Coleopteran telomeric repeats (AACAGACCCG,
AACCC, AACCT, and ACCTG) (Brown et al. 2023) using
tidk—the Telomere Identification Toolkit (https:/github.
com/tolkit/telomeric-identifier). The analysis revealed an
enrichment of three of these motifs (AACCC, AACCT,
and ACCTG) at either one or both ends of the 14 largest
scaffolds (supplementary fig. S1, Supplementary Material
online).

To remove duplicated scaffolds, funannotate clean
(https:/funannotate.readthedocs.io/en/latest/) was used
followed by funannotate sort to sort and rename scaffolds; fi-
nally, funannotate mask was used to mask repeats in the as-
sembly. Protein coding genes were annotated using the
14.4 Gb published RNA-seq data of male and female beetles
(SRA accessions: SRR11858905 and SRR11858906) and the
funannotate pipeline. RNA-seq data were cleaned with
Trimmomatic (Bolger et al. 2014) and mapped to the as-
sembled genome using STAR (v2.7.3.a) (Dobin et al. 2013).
Homology-based gene predictions were generated for the
CBB with GeMoMa (v1.8) (Keilwagen et al. 2019), using
gene predictions from Tribolium castaneum (GCF_000
002335.3),  Sitophilus  oryzae  (GCF_002938485.1),
Dendroctonus ponderosae (GCF_020466585.1), Coccinella
septempunctata (GCF_907165205.1), and Harmonia axyridis
(GCF_914767665.1) as reference. Consensus gene predic-
tions, integrating de novo and homology-based predictions
and the transcriptomic evidence, were generated with
funannotate update. Functional annotations were added
using interproscan (v5.56-89.0) (Jones et al. 2014), and
orthogroups were inferred with eggnog_mapper (v2)
(Cantalapiedra et al. 2021). Finally, blobtools2 (Laetsch and
Blaxter 2017) was used to identify contaminating scaffolds
in the assembly. Scaffolds from the assembly that were likely
of bacterial origin or that represented the mitochondrial gen-
ome were removed, reducing the genome assembly to 114
scaffolds.

The final assembly Hham4.1 for the CBB has
172,680,286 bp in 114 scaffolds. Gene prediction yielded
15,899 genes and 18,624 transcripts, of which 12,225
could be assigned to an EggNog orthogroup. Seven thou-
sand eight hundred and eighy-eight transcripts were anno-
tated with Gene Ontology (GO) terms, and 13,811 were
annotated with InterPro domains. A comparison of the pro-
tein annotation against the endopterygota_odb10 data-
base with BUSCO (v5.1.2) showed that 97.3% of BUSCOs
were present as complete in the protein annotation
(C:97.3%]5:96.4%,D:0.9%],F:0.3%,M:2.4%,n:2124).

Annotation of TEs

To annotate TEs and to produce a TE library, we first gener-
ated 1,574 de novo predictions for H. hampei using
RepeatModeler2 (Flynn et al. 2020). These de novo repeats
were curated using MChelper (Orozco-Arias et al. 2023),
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which automates the TE library curation process, yielding
691 nonredundant curated repeats. Then using the
pfam_scan.pl script (https:/github.com/gpertea/gsrc/blob/
master/scripts/pfam_scan.pl) and the Pfam database (v35)
(Mistry et al. 2021), we screened the nonredundant library
of curated sequences for proper host genes that we dis-
carded. The resulting 687 de novo repeat models were
then classified using the repeatclassifier module from
RepeatModeler2. The resulting library of de novo repeats
was then combined with arthropod-specific repeats from
RepBase (release 27.03) and Dfam (release 3.7), and the
Coleoptera-specific repeats (Petersen et al. 2019) to pro-
duce a final TE library for H. hampei. The final library con-
taining 29,723 sequences was used to annotate repeats
in the new genome of H. hampei with RepeatMasker
(v.4.0.7) (https:/www.repeatmasker.org) (options: -s -a
-gff -inv -excln -no_is -nolow -norna -cutoff 250).

The genomic distribution of TEs and exons was assessed
using gene and repeat annotations with the help of
BEDtools (v2.4.37) (Quinlan and Hall 2010) and BEDOPS
(v2.4.37) (Neph et al. 2012), and subsequently visualized
in R (v4.0.2) (R Core Team 2020).

Read Mapping

FastQC (v0.11.7) (https:/www.bioinformatics.babraham.
ac.uk/projects/fastqc/) was used to inspect the quality of
the raw reads, and Trimmomatic (v.0.38) (Bolger et al.
2014) was used to filter out short and low-quality reads
(options: ILLUMINACLIP:NexteraPE-PE.fa:2:30:10 SLIDING
WINDOW:4:20 MINLEN:40). The reads were then mapped
to the reference genome using BWA-MEM (v0.7.17) with
default parameters (Li and Durbin 2009), and the quality
of the alignments was evaluated with QualiMap (v2.2.1)
(Okonechnikov et al. 2016). For pool-seq analysis, duplicate
reads were removed using SAMtools (v1.7) (Li et al. 2009).

Population Genomic Metric Estimation

Nucleotide diversity (z), Watterson's theta (6), and Tajima’s
D were estimated using PoPoolation, which accounts for
the bias introduced by pooling and sequencing errors
(Kofler et al. 2011a). Genetic differentiation (Fsy) was esti-
mated using PoPoolation2 (v1.201) (Kofler et al. 2011b),
following a pipeline described previously (Errbii et al. 2021).

For =, ®, and Tajima’s D, the alignment bam files
were first converted into a mpileup file using SAMtools.
These mpileup files were filtered for indels using the iden-
tify-genomic-indel-regions.pl and filter-pileup-by-gtf.p!
perl scripts under PoPoolation. Then, using the
PoPoolation Variance-sliding.pl script (options: —min-count
2 --max-coverage 112 for BH, 105 for KP, 92 for MO and
117 for RH --pool-size 40 for BH, 21 for KP, 33 for MO
and 40 for RH), we estimated =, 6, and Tajima’s D in
100-kb nonoverlapping windows.

For & at synonymous (zs) and nonsynonymous (zys) sites,
we used the mpileup files, and the codon and nonsynon-
ymous codon length tables from PoPoolation. We then
used the PoPoolation Syn-nonsyn-sliding.p! script to com-
pute both metrics in 100-kb nonoverlapping windows.

To assess the prevalence of low-frequency variants in
each population, a modified version of A®s = 1 — (zs/Os),
which outperforms Tajima’s D in detecting excess of low-
frequency variants (Qiu et al. 2022), was calculated. As a
recently bottlenecked population grows, mutations are ini-
tially rare (Tajima 1989a), resulting in higher values of A®s.
Because most genetic differences among populations oc-
curred in noncoding regions, we calculated a genome-wide
version as A® = 1 — (z/0).

For pairwise Fsr, the alignment files from the four pools
were combined to produce a single mpileup file using
SAMtools. The resulting file was then converted into a syn-
chronized file following PoPoolation2’s manual. Fst was then
calculated using fst-sliding.p! available under PoPoolation2
(Kofler et al. 2011b), in 100-kb nonoverlapping windows.

Repeat Quantification and TE Insertion Identification

We used dnaPipeTE (v.1.3.1) (Goubert et al. 2015) to as-
semble, annotate, and quantify the repeats in the pools
using raw reads from each sample. The dnaPipeTE involves
multiple steps (see Goubert 2023 for further details).
Briefly, the first step is to sample a low representation (often
<1x genome coverage) from the input short-read file.
Next, the sampled reads are assembled by Trinity
(Grabherr et al. 2011) into sequences likely originating
from repeats in the genome. These sequences are then
searched for known repeats using RepeatMasker, which
can be run using publicly available repeat databases or a
de novo TE library specific to the studied species. Finally,
an additional short-read sample is blasted against the
assembled and annotated repeat sequences to estimate
the relative abundance of each repeat in the genome
and to compute the TE landscape, which depicts the per-
centage of divergence between the raw reads and the
dnaPipeTE-produced repeat sequences.

dnaPipeTE was run using the TE library produced above
on low coverage read samples (options: -genome_size
172680286 -genome_coverage 0.1) from each population
with increasing number of iterations (-sample_number 2 to
5). We then kept the iteration that maximized the N50 of
the assembled repeat contigs, although the different itera-
tions produced similar results. The number of iterations that
best performed was as follows: three for BH, four for KP,
two for MO and RH. dnaPipeTE was also used to quantify
repeats in Colombian H. hampei strain using previously
published short raw reads obtained from NCBI (accession
numbers SRR11579638 and SRR11579639; Navarro-
Escalante et al. 2021).
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To estimate TE abundance and frequencies of unique
TE insertions in each of the studied populations,
PoPoolationTE2 (Kofler et al. 2016) was used. Briefly, using
the TE library and RepeatMasker, the reference genome
was masked and combined with the TE library to produce
a TE-merged reference genome. A TE hierarchy required
by PoPoolationTE2 was generated for every entry in the
TE library: its ID, order, and family information. Then
paired-end reads from each population were mapped to
the TE-merged reference genome with BWA-BWASW (Li
and Durbin 2009), and paired-end information was recov-
ered with PoPoolationTE2 se2pe. The resulting bam files
were then used to generate a ppileup (physical pileup) file
using PoPoolationTE2 ppileup with the --map-qual 15 op-
tion. To account for insert size differences among popula-
tions, the physical coverage was subsampled to equal
levels (target coverage = 10) in the populations, as recom-
mended by Kofler et al. (2016).

Next, TE insertions and their frequency in each sample
were identified separately by running PoPoolationTE2 with
the following parameters: (i) identifySignatures (--min-count
2), (i) frequency, (iii) filterSignatures (--max-otherte-count
2 -—-max-structvar-count 2), and (iv) pairupSignatures
(--min-distance -200 --max-distance 300). Lastly, we recov-
ered TE insertions uniquely identified in each population
and visualized their frequency distribution in R.

Results

Genome Assembly Hham4.1 for H. hampei

Using high molecular weight DNA extracted from a pool of
25 female beetles from Hopewell, Jamaica, we generated
9.4 Gb long-read data (Oxford Nanopore MinlON) and pro-
duced a 172.7 Mb assembly (Hham4.1) for H. hampei
(supplementary table S2, Supplementary Material online).
The Hhamd4.1 assembly comprises 114 scaffolds containing
98.9% complete BUSCOs (C:98.9%[S:98.4%,D:0.5%],
F:0.3%,M:0.8%,n:2124) and is an improvement over previ-
ous genome versions with a scaffold N50 of 14 Mb and
96% of the assembly contained within 16 scaffolds
(supplementary table S3, Supplementary Material online).
Three of the 16 scaffolds (scaffolds 1, 6, and 7) were enriched
for Coleopteran telomeric repeats (AACCC, AACCT,
and ACCTG) at both ends (supplementary fig. S1,
Supplementary Material online), suggesting they likely re-
present three of the 1n=7 chromosomes of H. hampei
(Brun et al. 1995; Constantino et al. 2011; Navarro-
Escalante et al. 2021). The remaining scaffolds showed
telomeric repeats at only one end (e.g. scaffolds 3, 4, and
8), indicating they likely represent chromosomal arms
(supplementary fig. S1, Supplementary Material online), or
lacked telomeric repeats altogether, suggesting they are frag-
ments of larger chromosomes (e.g. scaffolds 15 and 16).

The funannotate pipeline and publicly available RNA-seq
data of male and female beetles (SRA accessions:
SRR11858905 and SRR11858906) were used to annotate
Hham4.1, yielding 15,899 genes (18,624 transcripts) of
which 13,811 were annotated with InterPro (Paysan-
Lafosse et al. 2023) based on a known protein domain.
Assessment of the annotation completeness with BUSCO
showed that 97.3% of the BUSCOs (C:97.3%[5:96.4%,
D:0.9%],F:0.3%,M:2.4%,n:2124) were found to be com-
plete in the annotation.

The total repeat content in the H. hampei genome as-
sembly is ~27% (or 46.43 Mb). While a large proportion
(35.7%) of H. hampei repeats are unclassified, 42.5% of
the identified repeat elements belong to the class Il DNA
transposons, and 21.8% represent class | retrotransposons
with 14.1%, 7.7% LTR, and LINE elements, respectively.
The repeat content of the current assembly is substantially
higher compared to previous assemblies (~2.7% to 8%)
(Vega et al. 2015; Hernandez-Hernandez et al. 2017),
but aligns with the range of estimates observed in other
Coleoptera species (Petersen et al. 2019). To investigate
whether this increase compared to previous estimates can
be explained by the high contiguity of Hham4.1 or reflects
population-specific variation, given that earlier assemblies
were based on Colombian CBB samples, we used
dnaPipeTE (Goubert et al. 2015), a reference-free method
for exploring mobilomes from raw short reads. The direct
estimate from unassembled short reads suggests a
higher repeat content in Colombian H. hampei (~28%
vs. ~8% previously reported), similar to our estimates
from the Jamaican samples (supplementary table S4,
Supplementary Material online). Together, these findings
indicate that compared to previous fragmented assem-
blies, the substantial improvement of Hham4.1 signifi-
cantly contributed to the identification and annotation
of genomic repeats.

The genome-wide distribution of repeats in H. hampei
was heterogenous with regions showing high content of
TE-derived sequences (>50%; e.g. scaffolds 1, 7, 12, and
13) and others with reduced TE content (Fig. 1). Exonic con-
tent on the other hand was increased in TE-poor regions
and was reduced in TE-rich regions of the H. hampei
genome assembly (Fig. 1), consistent with studies reporting
a negative correlation between TE and gene content (Lee
and Langley 2010; Fablet et al. 2023).

Genetic Variation among Jamaican Populations of
H. Hampei

We used pool-seq to characterize patterns of genome-wide
nucleotide diversity (z) within populations collected across
Jamaica (Fig. 2a and d). Estimates of z calculated in
100 kb nonoverlapping windows varied significantly
among the four populations (Fig. 2d; Kruskal-Wallis rank
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sum test, x> =2,963, df =3, P<2.2e7'%) with MO show-
ing a 3fold hlgher average genome-wide genetic variation
(r=1.3e™*) compared to the other populations (z=
3.79e™° in KP; = =3.86e™" in BH; 7= 4.36e™" in RH). This
variation was only marginal when considering variation at
synonymous and nonsynonymous sites (supplementary
table S5, Supplementary Material online), suggesting that
in the MO population, variation accumulated essentially
in noncoding genomic regions.

Population Bottleneck and History of Jamaican CBBs

To explain the genetic patterns observed in the MO popu-
lation (i.e. increased levels of nucleotide diversity), we hy-
pothesized that its introduction event predates those of
KP, BH, and RH. To investigate this, we analyzed deviations
from neutrality using Tajima’s D, a widely used metric in
population genetics for inferring demographic processes
such as bottlenecks (Tajima 1989a, 1989b). Additionally,
a modified version of A®s = 1 — (75/0s), a measure sensi-
tive to excess rare variants in expanding populations follow-
ing strong bottlenecks (Qiu et al. 2022), was calculated.
However, since most genetic differences occur in non-
coding genome regions, we calculated a genome-wide ver-
sion instead as A® = 1 — (x/®). Similar to Tajima’s D, this
metric also relies on z, and its expected value ® can detect
excess of rare variants typically found in expanding popula-
tions after a strong bottleneck (Tajima 1989b). Following a
strong genetic bottleneck, e.g. due to founder effects, gen-
eticvariation is rare, resulting in a strongly negative Tajima’s
D and a A® approaching 1 (Qiu et al. 2022). However, as
the population grows and mutations increase in frequency,
Tajima’s D increases while A® decreases toward zero
(Qiu et al. 2022).

Similar to =, Tajima’s D estimates varied across popula-
tions (Fig. 2b and e; Kruskal-Wallis rank sum test, > =
961.37, df =3, P<2.2e7'®) and were significantly higher
in the MO population (Tajima’s D=-1.74) compared
to the other populations (Tajima’s D= -2 in KP; Tajima’s
D=-1.92 in BH; Tajima’s D=-2.16 in RH). In contrast,
A® estimates were significantly reduced in the MO

population (A®@ =0.43) relative to the other populations
(A®=0.52 in KP; A® =0.52 in BH; A® =0.56 in RH)
(Fig. 2c and f; Kruskal-Wallis rank sum test, y?=
1,376.6, df =3, P<2.2e7'°).

The presence of two or more genetically divergent
lineages is an indication that these populations likely origi-
nated from distinct genetic sources. To investigate this, we
estimated the levels of genetic differentiation among the
four populations. Average pairwise genetic differentiation
Fst among the studied populations was reduced and varied
between 0.017 (BH vs. RH) and 0.073 (MO vs. KP), with the
highest estimates observed in pairwise comparisons involv-
ing the MO population (Fig. 3a; Kruskal-Wallis rank sum
test, y2=5,607.4, df =5, P<2.2e7'°).

However, because Fst is sensitive to within-population
levels of genetic variation, absolute divergence (dxy), a
measure that is independent of genetic variation within
each population, was also calculated by sampling and com-
paring the most abundant allele(s) in each population.
Similar to Fsr, pairs involving MO displayed significantly
higher divergence compared to the other pairs (Fig. 4b;
Kruskal-Wallis rank sum test, x> =1,2467, df=5, P<
2.2e7'%). We found no significant differences between
pairs involving the MO population, suggesting equal genet-
ic distance between MO and the three other populations.
Moreover, only subtle differences were observed within
pairs involving BH, KP, and RH (supplementary table S6,
Supplementary Material online). Together, these results
suggest two distinct genetic lineages among Jamaican
CBB populations: one leading to MO, divergent from all
other populations, and another leading to BH, KP, and RH.

Surge in TE Activity in H. hampei Jamaican Populations

As a result of changing environmental conditions, intro-
duced populations of invasive species can exhibit high activ-
ity of TEs (Casacuberta and Gonzélez 2013; Stapley et al.
2015). Such activity of TEs is expected to result in a high
prevalence of low-frequency TEs as well as a high frequency
of almost identical TE copies within a population. This is be-
cause novel TE insertions face strong selective pressure and
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do not have enough time to increase in frequency or to di-
verge by accumulating mutations (Lerat et al. 2019). To in-
vestigate this, we identified unique TE insertions in each
population using PoPoolationTE2 (Kofler et al. 2016). The
MO and KP populations displayed the highest numbers of
unique TE insertions (1,817 and 1,889, respectively),
whereas BH and RH had comparatively lower numbers
(942 and 1,063, respectively). The TE frequency distribution
across all populations was skewed toward low-frequency
TEs (Fig. 4), indicating a recent surge in TE activity in the
Jamaican H. hampei populations. In MO and KP, we found
increased proportions of fixed TE insertions (allele fre-
guency = 1), potentially reflecting examples of adaptive
TE insertions.

Signatures of recent TE activity in the Jamaican CBB po-
pulations were further explored using dnaPipeTE (Goubert
et al. 2015). The total genomic coverage of repeats varied,
approximately constituting ~25% in KP, BH, and RH, and
~33% in MO (Fig. 5; pie charts); these estimates are in
line with estimates based on the genome assembly
(~27%).

The MO population exhibited a higher proportion of un-
classified repeats (6%) compared to other populations
(<1%), while the proportions of other major repeat classes
(e.g. LINE, DNA, and Satellite) were similar. Divergence-
based TE landscape plots generated with dnaPipeTE
showed that the prevalence of nearly identical TE copies
(e.g. low blastn divergence), particularly of LINE/RT and
LTR/Gypsy but also unclassified elements, varied between
populations (Fig. 5; TE landscapes). In MO, recent TE inser-
tions accounted for almost 8% of the genome. In the other
populations, they account for only 4% or less. Taken to-
gether, these results indicate a recent surge in TE activity
(Casacuberta and Gonzalez 2013; Stapley et al. 2015), par-
ticularly involving LINE/RT and LTR/Gypsy elements within
introduced CBB populations in Jamaica.

Discussion

Tramp species spread through human activities and
successfully establish populations, despite the expected
negative effects of passing through a genetic bottleneck.

8 Genome Biol. Evol. 16(11)

https://doi.org/10.1093/gbe/evae217 Advance Access publication 1 November 2024

$20Z J8qWBAON 0z uo Jasn Bingsuabay Aq | GE€98/// L Z8BAS/| /9| /ejonie/eqb/woo dno-olwapeoe//:sdiy Wol) papeojuMo(]



Genetic Variation in Jamaican Populations of the Coffee Berry Borer

GBE

(b)

84

1.79% 581%

TE landscapes

B ona
W unech

-4.69 % [ UNEDong-R4
—093% |l unen

. LINE/I-Jockey
|| UNEUockey
W uneiz

B unent

[ unER1-LOA
B nertE-B0s
W nenTe-ATE
|

B uraeel

W rcopia

W roiRs

B ureyesy

W vrra

0 10 20 a0
blastn divergence (read vs dnaPipeTE contig)

136 % .54 %

T7.47 %

genome %
B

genome %
+

n
h

24

0 10 20 a0
blastn divergence (read vs dnaPipeTE contig) o

B overs
I unknown

pie charts

LTR

LINE

DNA

Helitron

rRNA
Low_Complexity
Satellite
Simple_repeat
others

na
non-repetitive

1-88% 319
!

i
8
£
OOREOREOREEE

75.77 %

0 10 20 30
blastn divergence (read vs dnaPipeTE contig)

0 10 20 30
blastn divergence (read vs dnaPipeTE contig)

Fig. 5. Relative genome proportions (pie charts) and TE landscapes (bar plots) of the main repeat families found in populations of H. hampei from MO a) in the
Highlands, KP b) in the Lowlands, RH ¢) in the Blue Mountains, and BH d) in the Highlands of Jamaica. dnaPipeTE with 0.1x coverage per sample was used to
explore signatures of TE activity. Note that blastn divergence refers to the percentage of divergence between the raw short reads and the dnaPjpeTE-assembled
and annotated repeat sequences, with each bin on the x axis representing 1% divergence.

These negative effects include the loss of heterozygote ad-
vantage of some loci and/or increasing genetic load of
others, and a reduction in adaptive potential (Schrieber
and Lachmuth 2017). Hypothenemus hampei is highly spe-
cialized and spends most of its life sheltered inside a coffee
berry (Lee et al. 2023), which likely helps the beetle mitigate
this paradox. Consequently, the necessity for immediate
adaptation to novel conditions outside the coffee berry
habitat is low. Despite this apparent ecological niche
specialization, CBB beetles exhibit a remarkable adaptive
capacity, demonstrated by the repeated evolution of pesti-
cide resistance (Brun et al. 1989; Olivier Brun and Maxwell
Suckling 1992; ffrench-Constant et al. 1994; Witter-Newell
2008; Davi Junior et al. 2021).

Using a hybrid assembly strategy integrating long and
short reads, we produced a high-quality genome assembly
for H. hampei, which represents the smallest bark beetle

genome out of the 297 coleopterans documented in the
Animal Genome Size Database (Gregory 2024). Only two
other beetle species reported in this database have a simi-
larly small genome (Tribolium audax and Tribolium destruc-
tor) (Alvarez-Fuster et al. 1991). The new assembly
(Hham4.1) spans 172.7 Mb and is significantly more con-
tiguous compared to previously published genomes. The
scaffold N50 of Hham4.1 stands at 14 Mb compared to
0.044 to 0.34 Mb in previous assemblies (Vega et al.
2015; Navarro-Escalante et al. 2021), with 96% of the as-
sembly contained within the largest 16 scaffolds. At least
three of these scaffolds likely represent three of the 1n=
7 chromosomes of H. hampei (Brun et al. 1995;
Constantino et al. 2011; Navarro-Escalante et al. 2021),
while the remaining scaffolds probably correspond to
chromosomal arms. Although the current assembly shows
significant improvement over previous versions, future
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studies using e.g. Hi-C contact maps are necessary to refine
it to chromosome level.

The repeat content of the current assembly of ~27%
is substantially higher than that reported for previous
assemblies (~2.7% to 8%) (Vega et al. 2015;
Hernandez-Hernandez et al. 2017), but aligns with the
range of estimates observed in other Coleoptera species
(Petersen et al. 2019). This increase compared to previous
estimates is likely explained by the substantially increased
contiguity of Hham4.1, facilitating genomic repeat identifi-
cation and annotation, including 687 de novo repeats gen-
erated from the current genome assembly. Investigation of
the raw unassembled short reads previously used to gener-
ate a reference genome for H. hampei showed that the re-
peat content is much higher than previously reported.
Apart from methodological reasons, differences in repeat
content between this and previous assemblies may to
some extent also reflect population-specific variation, as
earlier assemblies were based on Colombian CBB samples.
A substantial proportion (35.7%) of repetitive elements in
H. hampei remained unclassified, while 42.5% were classi-
fied as class Il DNA transposons and 21.8% represented
class I retrotransposons. The prevalence of unclassified ele-
ments fits observations in other Coleoptera species
(Petersen et al. 2019).

Amplified fragment length polymorphism markers indi-
cate low levels of genetic variability for introduced CBB
populations from Brazil (Gil et al. 2015b). Jamaica, with
its recent and traceable history of CBB introduction, offers
an opportunity to study how genetic variation changes
over time and space. Using the newly assembled genome,
first analyses of pool-seq data from four populations
across Jamaica revealed an overall low level of genetic di-
versity, as indicated by low nucleotide diversity (z) and
Tajima’s D, consistent with the recent introduction of
the beetle to Jamaica (Reid 1983). Genetic diversity ap-
peared more pronounced in the MO population, with
both # and Tajima’s D estimates being higher compared
to the KP, BH, and RH populations. This is primarily driven
by an accumulation of neutral variation, particularly in
noncoding regions, within the MO population. Absolute
and relative genetic differentiation analyses revealed
two relatively distinct lineages: one leading to MO and an-
other leading to BH, KP, and RH.

Three plausible scenarios arise from these findings. First,
MO and the other Jamaican populations together represent
two independent introduction events from different source
populations and the KP, RH and BH lineage has spread
more on the island than MO. Based on previous studies,
the potential source populations for these introduction
events could be either from Africa/Asia (Andreev et al.
1998; Gauthier 2010) or from the Americas, particularly
Brazil (Benavides et al. 2005). Alternatively, all populations
stem from one source population, with elevated standing

genetic variation leading to separate lineages of the MO
population and the others. Finally, the CBB was introduced
to Jamaica only once, and the MO population is the oldest
on the island, thus having had more time to accumulate
genetic variation and divergence, and from here it spread
to the three younger populations. The observation that al-
lele frequencies are less skewed toward rare alleles (i.e.
higher Tajima’s D and reduced A®) in MO favors a scenario
that the MO introduction occurred much earlier. However,
whether the three populations KP, RH, and BH all origi-
nated from the MO population or shared the same or
different source populations remains unclear. Future inves-
tigations should include samples from the CBB'’s native
range in Africa, as well as from South and Central
America to resolve the invasion history of CBB in Jamaica.

TEs, which affect various aspects of genome dynamics,
can become active under stressful conditions (Horvath
et al. 2017). For tramp species that routinely encounter no-
vel and potentially stressful conditions, such TE activity can
prove advantageous, generating genetic variation and fa-
cilitating adaptation (Capy et al. 2000; Stapley et al.
2015; Schrader and Schmitz 2019). The analysis of TE dy-
namics revealed an increase in low-frequency TEs as well
as TEs with reduced divergence, suggesting a recent surge
in TE activity, particularly involving LINE/R1 and LTR/Gypsy
elements, within Jamaican CBBs. This pattern of recent
and prominent proliferation of LTR/Gypsy has also been ob-
served in introduced populations of the ant species
Cardiocondyla obscurior (Errbii et al. 2021) but distin-
guishes H. hampei from other Coleopteran genomes ana-
lyzed so far, with the exception of T. castaneum (Petersen
et al. 2019). However, it will be necessary to study how
TE dynamics and frequencies vary over time by analyzing
samples from the same locations in the future.

How the increased activity of TEs affects the CBB gen-
ome is unclear. TE activity is mutagenic (Bourque et al.
2018), capable of inducing structural variants with signifi-
cant effects at both the genomic and phenotypic levels
(Schrader and Schmitz 2019). While most of these
TE-induced mutations are expected to be deleterious or
neutral, they can also give rise to adaptive variants as shown
in flies (Gonzalez and Petrov 2009; Gonzalez et al. 2010),
butterflies (Casacuberta and Gonzalez 2013; Woronik
etal. 2019), plants (Li et al. 2018; Niu et al. 2019), and hu-
mans (Xia et al. 2024).

The recent and well-documented introduction of the
CBB H. hampei to Jamaica presents an excellent opportun-
ity to investigate rapid evolutionary processes in this highly
successful pest species. The present study offers first in-
sights into population genomic dynamics, particularly the
activity of TEs. For future studies, the newly generated high-
quality genome provides the basis for in-depth exploration
of genetic bottlenecks, genetic drift, and their implications
for the biology of this specialized and devastating pest.
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