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Abstract | Although insect host-plant shifts are a major threat to modern agriculture, they generally
consist in ancient or sporadic events that remain difficult to investigate and hence insufficiently
understood. Herein, we explored the genomic consequences of recent and parallel shifts undergone
by some populations in two closely related species in the pest weevil genus Phlyctinus, namely
Phlyctinus callosus Schonherr and Phlyctinus xerophilus Haran, endemic to South Africa. We first used
whole-genome resequencing (WGR) to investigate the species status of cryptic lineages, their level of
admixture and surveyed potential genome-wide signatures of positive selection in the lineages that
underwent a shift from wild hosts (Asteraceae) to non-native crops (vine and apples). Our results
provide a first analysis of the complex genetic structure in these pests, and highlight the presence of
both formal cryptic species and admixture between divergent lineages. We further identified loci
showing important differentiation in populations that shifted from wild hosts. These results are
discussed in light of ecologically relevant traits for these species.

l. Introduction

The Cape Floristic Region of the Republic of South Africa (henceforth referred to as the CFR
and South Africa, respectively) is a well-recognized biodiversity hotspot (Myers et al., 2000;
Mittermeier et al., 2005), with around 9 000 plant species, approximately 70% of which are endemic
(Goldblatt & Manning, 2002). Recent work suggests that the CFR’s arthropod biodiversity, which was
shaped by a unique interplay of climatic and geological events, may be comparably high (Matenaar et
al, 2018), calling for strong research efforts in the area. In particular, weevils (Coleoptera:
Curculionidea) are remarkably diverse within the CFR, with a high abundance of endemic and often
undescribed taxa. This is particularly true of subfamily Entiminae, which is well-represented in the
region and has been shown to comprise numerous endemic lineages (Alonso-Zarazaga & Lyal, 1999).
Accordingly, recent revision of the phytophagous entimine genus Phlyctinus Schénherr has shed new
light on this formerly monotypic group, with the description of five new, endemic species (Haran et
al., 2020), although the status of some lineages remains uncertain. This is notably the case for P.
callosus Schénherr and P. xerophilus Haran, which have been theorized to represent species
complexes on the basis of morphological and molecular data (Haran et al., 2020; Hévin et al., 2022; J.
Haran, in preparation). Remarkably, some lineages within the P. xerophilus and P. callosus clades have
recently (after the rise of large-scale agriculture in the area, i.e. <200 ybp, see Lounsbury (1896))
undergone a parallel host-plant shift from their natural hosts (Asteraceae) to non-native cultivated
plants such as grapevine and deciduous fruit trees (Haran et al., 2020). The uncertain taxonomic
makeup of both pest species poses a significant challenge for the development of management
practices (Bortolus, 2008), and this situation constitutes a worrying prospect, both for local business
owners and for the international agricultural industry. The economic impact of these beetles is
significant, and while recent data are unavailable, the South African agricultural industry reported an
estimated 3 million USD of yearly damage (corrected for inflation) during the 1990s (Barnes & Capatos,
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1989). In this context, ascertaining the taxonomic status of the lineages comprising the P. xerophilus
and P. callosus clades is critical to our understanding of this problematic genus.

Species delimitation still remains, however, a significant challenge to modern evolutionary
biology; one made particularly difficult by the nature of the speciation process. Indeed, the separation
of populations into separate species is a continuous phenomenon, and diverging biological entities
may still show evidence of gene flow, both genome-wide and at specific loci (Nosil et al., 2009). This
so-called “grey zone” of speciation (Roux et al., 2016), which lies at the interface between intra
(population genetics) and inter(phylogenetics) species differentiation, has been the focus of much
species delimitation research. In recent years, the ever-increasing availability of molecular data
enabled new powerful frameworks for the delineation of species. This led to the successful
identification of numerous cryptic species spanning from invertebrates to, perhaps more surprisingly,
megafauna such as giraffes (Fennessy et al., 2016), great apes (Nater et al., 2017) or, more recently,
felids (Allio et al., 2021). Hévin et al. (2022) attempted to delineate species within the genus Phlyctinus
using a handful of mitochondrial and nuclear markers, and while the status of several lineages was
clarified, their results remained partly inconclusive regarding P. callosus and P. xerophilus. New
approaches using genomic data can help disentangle the taxonomic identity of separate lineages,
which is a prerequisite to investigating the evolutionary context of hosts shifts in these species.

The parallel putative shifts observed in populations of two closely related species of Phlyctinus
seems to be an exemplary case of “evolutionary replicates” providing an opportunity to investigate
the genomic signature of these (human induced ?) evolutionary processes. Host-plant shifts are a well-
documented phenomenon known to be a key mechanism of pest emergence (Bernal & Medina, 2018).
Phylogenomics have also repeatedly shown plant-insect coevolution to be a key driver of insect
diversification (e.g. Ehrlich & Raven, 1964; Edger et al., 2015; Sahoo et al., 2017; Condamine et al.,
2018). This link between host shifts and insect diversification has been acknowledged for decades
(Diehl & Bush, 1984), and previous studies on swallowtail butterflies (Lepidoptera: Papilionidae) have
started to uncover genomic signatures of host plant shifts, such as a remarkable diversification of
certain gene families (Berenbaum et al., 1996), gene and genome duplications (Edger et al., 2015) and,
more recently, evidence for genome-wide positive selection (Allio et al., 2021). These major new
insights are well consolidated by several studies in Lepidoptera and Hemiptera, but this research has
primarily focused on ancient evolutionary events that span entire insect families, leaving the small-
scale processes involved in incipient host plant shifts largely unexplored (but see Hood et al. (2020)).

The taxonomically complex Phlyctinus weevils represent both a critical problem to
international agriculture and a valuable opportunity to explore the early signatures of host-plant shifts
at the genomic scale. Herein, we use whole-genome resequencing (WGR) data of multiple Phlyctinus
lineages currently recognized as P. callosus and P. xerophilus to assess their taxonomic level and, for
the first time, conduct exploratory genome scans for signatures of positive selection in both
congeneric species. We expect that both species may contain cryptic taxa and that, in shifted lineages,
some ecologically-relevant regions will exhibit clear signatures of selection, reflecting the recent
evolutionary pressures exerted by adaptation to new hosts.
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Il. Materials and methods.

1.1 | Available specimens

An extensive sampling campaign was conducted in the CFR between 2017 and 2020, resulting
in the collection of ~1 000 Phlyctinus specimens, all stored within the CIRAD collection, Montpellier,
France (CBGP https://doi.org/10.15454/D6XAKL). These specimens, collected in 60 localities
throughout the CFR, add up to a representative sample of the diversity of the genus, later used in
Hévin et al. (2020). Some of this material serves as the basis of our study design. One individual
belonging to the shifted lineage of P. callosus was used for whole-genome sequencing (WGS).
Individuals belonging to four geographically-delimited populations of each pest species —two wild,
two shifted— were selected for whole-genome resequencing. In total, 41 individuals belonging to six
putative lineages were resequenced (Table 1). These lineages were designated based on
morphological, ecological and molecular characteristics (Hévin et al., 2022; J. Haran, in preparation).

0

Sampled populations
I Pnhiyctinus callosus
[ Pniyctinus xerophilus

Ecology
57 Host-shifted
(O Non - host-shifted

Figure 1 | Distribution map of sampled populations and corresponding host plants. A : topographic map of the CFR and
sampled localities. B : Phlyctinus callosus, adult pair. C-F : host plants of non-shifted populations. Phlyctinus xerophilus :
Senecio rigidus (C) and Senecio pterophorus (D). Phlyctinus callosus : Hymenolepis sp. (E) and Osteospermum moniliferum (F).
Photos : J. Haran
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Table 1 | Whole-genome resequenced specimens included in this study.. Lineages labeled "A" belong to P. callosus.
Lineages labeled "B" belong to P. xerophilus. DFT: deciduous fruit tree.

Species Putative lineage = Number of individuals Host plant
(* shifted)
P. callosus Al 9 Grapevine/DFT*
A4 3 Osteospermum
moniliferum
Ab 5 Hymenolepis sp.
Total 17
P. xerophilus B1 10 Grapevine/DFT*
B2 9 Senecio pterophorus
B3 5 Senecio rigidus
Total 24

1.2 | Whole-genome resequencing and SNP genotyping of several lineages belonging to
Phlytinus callosus and Phlyctinus xerophilus

The weevils to be resequenced underwent a non-destructive DNA extraction protocol
(Biobasic kit) followed by lllumina library construction and sequencing (2x150bp). Preprocessing of
reads was performed with Trimmomatic V.0.39 (Bolger et al., 2014) and assessed with FastQCV.0.12.0
(Andrews, 2010).

Nuclear dataset. Alignment to a P. callosus reference genome (de-novo assembly by Rémi Allio, CBGP,
France) was performed using the Burrows-Wheeler Aligner (BWA) (Li & Durbin, 2009). The cleaned
files were then converted, sorted and indexed using SAMtools (Danecek et al., 2021). BCFtools V.1.17
(Danecek et al., 2021) was used for variant calling on all 41 individuals. Finally, SNPs were filtered using
VCFtools (Danecek et al., 2011) with custom parameters (--max-missing , --min-depth, --max-depth, -
-maf and --min-qual) selected on a per-analysis basis (see section 1.4 for details; information
summarized in Table 2).

Mitochondrial dataset. The mitochondrial genomes of each specimen were assembled and annotated
separately using MitoFinder V.1.4 (Allio et al., 2020) in its MEGAHIT mode (Li et al., 2016). The resulting
sequences were then run through BLAST (Johnson et al., 2008) to check for contamination. Regions
corresponding to the 15 mitochondrial genes were concatenated for all individuals and aligned using
MAFFT (Katoh et al., 2002) and MACSE (Ranwez et al., 2018).

1.3| Phylogenetic reconstruction, population structure and species delimitation analyses

Assessing the taxonomic level of independent lineages is a complex task that was carefully

approached throughout this project. As such, we combined a diverse array of methods to avoid
analysis-specific biases.
Construction of molecular phylogenies. The nuclear dataset (Dataset A) consisted in a VCF file filtered
at low stringency (--max-missing 0.75 , --min-depth 5, --max-depth 25, --maf 0.05 and --min-qual 32)
and randomly subset to 1.5M SNPs to decrease computational load. Maximum-likelihood phylogenies
were generated with W-IQ-TREE V.2.2.2.6 (Trifinopoulos et al., 2016) for both the mitochondrial and
nuclear datasets. The concatenated mitochondrial dataset was divided a priori into 41 partitions:
three for each coding gene (one per codon position), and one for each non-coding gene. An automatic
substitution model selection approach was adopted (best partition scheme while allowing for partition
merges, -m MFP+MERGE). In both analyses, tree node supports were assessed with 1000 ultrafast
bootstraps (-bb 1000).
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Genetic divergence. Using the same filtered Dataset A, estimates of genetic divergence were
calculated pairwise between putative lineages, at the intraspecific and interspecific levels. Species-
level divergence has been investigated in past studies (~10% divergence between P. callosus and P.
xerophilus using mitochondrial data, Hévin et al., 2022), and is expected to be significantly higher than
intraspecific divergence. Leveraging this property can allow for the detection of overly divergent
lineages that may warrant full species status. Because relative measures of divergence such as Fst are
heavily impacted by within-population genetic diversity (Cruickshank & Hahn, 2014), absolute
measures of divergence such as dXY were also computed. Calculations were performed in R using the
Popgenome package (Pfeifer et al., 2014).

Population structure. In an exploratory step, a genetic principal components analysis (PCA) was
conducted using Plink V.1.90 (Chang et al., 2015) in order to assess population structure based on a
stringently filtered nuclear dataset to avoid biases induced by missing data. For this data, the raw VCF
file was filtered with options --max-missing 0.95 , --min-depth 5, --max-depth 25, --maf 0.05 and --min-
qual 32 and one individual (SHANOOO33 0133) had to be excluded entirely due to poor statistics
(Dataset B). In order to further investigate structuration within the two clades, sSNMF V.2.0 (Frichot et
al., 2014) analyses were conducted for K values ranging from 2 to 8 on the same dataset, with default
parameters. For each value of K, the quality of ancestry estimation was evaluated using a cross-
entropy criterion as implemented in the package. Last, gene flow between putative populations was
estimated using TreeMix V.1.13 (Pickrell & Pritchard, 2012).

Sensu-stricto species delimitation analyses. Making use of several, methodologically distinct analyses
is crucial to the success of species delimitation, since agreement between multiple analyses is the best
way to ensure robustness (Carstens et al.,, 2013). We therefore used bPTP (Zhang et al., 2013,
https://species.h-its.org/) on the inferred nuclear phylogeny, as a final means of assessing the
taxonomic level of the six lineages. bPTP is a variant of the Poisson Tree Processes model that
implements the assignment of bayesian support values to the delineated taxa.

1.4 | Genome scans and search for signatures of positive selection

In an exploratory approach, Fst values between the shifted and non-shifted populations were
computed genome-wide, on a per-site basis, for each species (VCFtools --weir-fst-pop tool) (Weir &
Cockerham, 1984). For this purpose, the unfiltered VCF file containing all variant information was split
into two species files, which subsequently underwent medium-stringency filtering with equal
parameters (--max-missing 0.85 , --min-depth 5, --max-depth 25, --maf 0.05 and --min-qual 32, Dataset
C). SNPs whose Fst values placed in the 95-percentile of the distribution were considered outliers and
retained for both datasets. The positions of outlier SNPs that appeared in both species were then
extracted. Analysis of linkage-disequilibrium decay patterns (Fig.S1) led us to extract nucleotide
sequences in 10kb windows, centered around these positions, from the reference genome. This
resulted in 10kb sequences that were later run through BlastX V.2.14.0 (Camacho et al., 2009) to
check for homology to known proteins.

I1l. Results

.1 | Whole-genome sequence alignments and genetic variant information

Summary information for the genomic alignments and the generated datasets is available in Table 2.
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Table 2 : Summary information for all datasets used in this study. Filters are reported as VCFtools command-line
arguments.

Analysis-ready VCF

Alignments Raw VCF Dataset A Dataset B Dataset C*

Individual count 41 41 41 40 40

Subset from raw — — Yes No No
--max-missing --max-missing --max-missing
0.75, --min-depth  0.95, --min-depth  0.85, --min-depth

Filters — — 5,--max-depth 5,--max-depth 5, --max-depth
25, --maf 0.05, 25, --maf 0.05, 25, --maf 0.05,
--min-qual 32 --min-qual 32 --min-qual 32

Number of variants — 143 109 837 282 476 95 595 22393793

Number of contigs 15392 — — — —

N50 183 335 — — — —

11l.2 | Updated molecular phylogenies for Phlyctinus callosus and Phlyctinus xerophilus

Phylogenetic analysis of the nuclear and mitochondrial datasets returned well-supported
maximume-likelihood trees with slightly different topologies (Fig.2, phylograms available in Fig.S2). The
mitochondrial phylogeny recovers the monophyly of all the a priori defined putative lineages in P.
callosus with maximum or near-maximum support (100%, 100% and 98% for lineages Al, A6 and A4
respectively). Lower-level structuration within these clades seems to be low, with short branches and
more poorly-resolved nodes. Interestingly, this is not the case in P. xerophilus, in which lineage B1 is
recovered as polyphyletic, forming a complete clade with the B2 lineage, while B3 is recovered as
monophyletic with maximum support. The clade formed by lineages B1 and B2, however, is very
poorly supported (two nodes with 59% and 73% support, respectively). Lower-level structuration
within lineages is slightly more prevalent than what can be observed in the P. callosus lineages, though
often moderately supported. One B2 individual (JHAR02057_0106) displays an artifactually large
genetic distance, likely due to poor sequencing. The nuclear phylogeny, on the other hand, displays a
different and better-supported topology that recovers all putative lineages as monophyletic with
maximum support (100%). In the P. xerophilus clade, lineage B3 is the most divergent with the longest
branch length, and displayed as a sister group to lineage B1. In the P. callosus clade, lineage A4 is the
most divergent, occupying the most basal node, and with the longest branch length. Lineage B2 is
subdivided into two previously undetected and distinct sub-groups, hereafter referred to as B2.1 and
B2.2, with maximal support.

ll1.3 | Population structure, gene flow and species delimitation on nuclear data

Within both species, analysis of pairwise genetic divergence hints at high differentiation
between putative lineages. One noteworthy observation is the clear contrast in the distribution
patterns of Fst and dXY values across all pairwise comparisons (Fig.3). Fst values are notably high
between most populations, even at the intraspecific level, and interspecific Fst values are the highest
(Fst>0.70). Conversely, absolute divergence varies across lineage pairs by half an order of magnitude,
with true intermediates (e.g. B1/B2, with dXY=3,24.10° and Fst=0,397). This discrepancy may be due
to demography, considering that Fst is sensitive to effective population size and that some lineages
may have been heavily impacted by founder effects. Overall, all relative and absolute divergence
measures calculated between P. callosus and P. xerophilus are high, while between-lineage divergence
inside the clades is variable. Interestingly, lineage B3 is heavily differentiated from lineages B1 and B2
(B1/B3: dXY=6,26.107, Fst=0,689; B1/B2: dXY=4,48.10"°, Fst=0,668), a result consolidated by the
concordance of both metrics.
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Figure 2 | Tanglegram of the maximum-likelihood phylogenies constructed from both the nuclear (left) and mitochondrial (right) datasets.
Blue: Phlyctinus callosus. Yellow: Phlyctinus xerophilus. Individuals from each lineage are encapsulated in separate boxes. Nodes with ultrafast bootstrap

values below 95% and 80% are coded * and **, respectively. Tanglegram with Phytools in R.
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245 Notably, this divergence exhibits a level comparable to interspecific values (e.g. A1/B1:

dXY=7,75.107%, Fst=0,708). A4 also appears differentiated from the other P. callosus lineages, though
to a lesser extent, with high Fst (A1/A4: Fst=0,640; A4/A6: Fst=0,678) but low absolute divergence
(A1/A4: dXY=3,31.10°% A4/A6: dXY=3,24.10°). Al and A6 are not markedly discriminated
(dXY=1,89.107, Fst=0,023).

250

A4/B1
[ ]

A4/B3
[ ]

8e-091 A6/B1

A1B1@

A6/B3
A1/83 @
([ J

A4/B2
®

B1/B3  A6/B2
@182
(]

6e-09 1

dXy

B2/B3
[ ]

4e-09

B1/B2
[ ]

A1/A6
2e-09 1
[ ]

A1/A4
A4/A6
o9

0.50
Fst

0.00 0.25

0.75

Figure 3 | Absolute (dXY) and relative (Fst) genetic divergence, computed pairwise between all putative lineages.
Blue: intraspecific comparisons. Red: interspecific comparisons.

The genetic PCA conducted on Dataset B is consistent with the previous lines of evidence in favor of
a high differentiation of lineages A4 and B3 (Fig.4). The first principal component separates the two
established species, explaining 58.4 % of the variability in the dataset, while subsequent PCs
corresponds to intra-clade differentiation (11.4%, 8.89% and 7,75% of variance explained for PC2, 3
and 4 respectively). Interestingly, PC2 strongly separates lineage B3 from the rest of the P. xerophilus
clade, while PC4 differentiates lineage A4 from the remainder of P. callosus. In both species, other
lineages are remarkably homogeneous on all principal components, except lineage B2, whose
substructure is discriminated along PC3 (Fig.S3).
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Figure 4 | Genetic principal components analysis conducted on 95595 SNPs (Dataset B). Blue: P. callosus. Yellow: P. xerophilus.
Plots showing other principal component combinations are available in Fig.S3.
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Patterns of population structure inferred by sNMF further consolidate the status of lineage B3
(P. xerophilus) as an evolutionarily independent unit (Fig.5). Comparison of cross-entropy criteria for
all seven runs indicates K=5 to be the best value of K (cross-entropy = 0.367, see Fig.S4). First, the
analysis of admixture for K=2 successfully recovers the dichotomy between both currently established
species, albeit with slightly mixed ancestries for clades B2, B3 and A4. K=3 introduces a new cluster
corresponding to lineage B1, while K=4 finally splits P. xerophilus into the three putative lineages. The
admixture analysis performed with the optimal value of K, K=5, adds a new cluster corresponding to
lineage A4, with faint signatures of admixture. The other four clusters are identical to those recovered
with K=4. Higher values of Kimmediately separate lineages Al and A6, while progressively introducing
sub-lineage structure consistent with the overall phylogenetic topology for K=7 and K=8. Once
recovered, lineage B3 shows no sign of admixture, except for one individual (SHANO0OO16_0103).
Interestingly, signals of asymmetrical admixture between B1 and B2 appear to be pervasive from K=2
to K=6, which may indicate the existence of gene flow between lineages.

K=2 K=3 K=4 K=5 K=6 K=7 K=8
I= I_‘_I II I

B1

B3

B2

Al

A6
A4

280

285

290

Figure 5 | Population structure analysis performed on the approx. 95 000 SNPs of Dataset B using SNMF. Left: Nuclear
phylogeny based on Dataset A. Right: ancestry proportions for all 40 considered individuals. K indicates the number of
putative clusters for each run. The grey bars symbolize SHAN0O0033_0133, which was removed from Dataset B.

For all migration edge counts (N=1 to N=5), however, the migration weights inferred by TreeMix were
low (<10%) (Fig.S5) . The contrasted results yielded by sSNMF and TreeMix may be explained by biases
specific to the inference methods of both programs, leaving the biological reality of the admixture
signal in doubt.

Last, the species delimitation analysis bPTP provided convincing results in favor of the
elevation of lineages A4 and B3 to species status. Convergence was checked for and acceptable (see
Fig. S6). Both the maximum-likelihood solution and the highest Bayesian supported solution included
six species corresponding to lineages (A1+A6) (p=0,657), A4 (p=0,973), B1 (p=0,892), B2.1 (p=0,693),
B2.2 (p=0,661) & B3 (p=0,978). The number of inferred species ranged from 4 to 14 (mean=6.66).
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1.4 | Genome-wide signatures of selection

P. xerophilus B1 | P. xerophilus B2
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Figure 6 | Genome-wide per-site Fst between the shifted and closest non-shifted lineage in both species. Top:
Phlyctinus xerophilus (B1 against B2). Bottom: Phlyctinus callosus (A1l against A6). Data points corresponding to
common outlier loci are displayed in orange.

Atotal of 1014 208 (P. callosus) and 118 822 (P. xerophilus) SNPs were retained based on high
Fst values between shifted and non-shifted lineages, and considered outliers. The intersection of these
two lists amounted to 150 SNPs common to both clades which were hypothesized, in the framework
of this exploratory approach, to be tied to traits of potential relevance to the focal host shifts (Fig. 6).
BlastX queries on all 150 10kb sequences extracted from the reference genome returned a total of
124 762 hits. The 5 best-scoring hits were investigated for each query, and high-scoring hits of
potential ecological relevance are summarized in Table 3.

Table 3 | Summary information for BlastX hits of putative ecological relevance. Genomic location given with respect to the
Phlyctinus callosus reference genome.

NCBI Accession Hit taxon Genomic Bitscore Size of Available
Number location translated annotation
protein (AA)
XP_052750997.1 Galleria Contig 10734 575 1431 Cellular and
mellonella retroviral pepsin-like
asparte protease
XP_052750997.1 Galleria Contig 10415 488 1431 Cellular and
mellonella retroviral pepsin-like
asparte protease
XP_030765491.1 Sitophilus Contig 10022 134 326 Stretch-activated
oryzae Ca2+-permeable
channel component
XP_050302448.1 Anthonomus Contig 10022 114 379 Stretch-activated
grandis Ca2+-permeable
channel component
XP_045500068.1  Colias croceus Contig 8696 75 591 Reverse-

transcriptase-like

10
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XP_048520651.1  Dendroctonus Contig 9402 152 3025 Cadherin tandem
ponderosa repeat domain

IV. Discussion

IV.1 | Lineages A4 and B3 epitomize the obstacles faced by species delimitation

The present nuclear data enable the monophyletic recovery of all the lineages previously
proposed based on morphology and mitochondrial phylogenies. Nevertheless, it is apparent that
genetic differentiation between these groups is highly variable. In each species, the shifted lineage
shares a close phylogenetic relationship with another, non-shifted lineage (A1 and A6; B1 and B2 for
P. callosus and P. xerophilus, respectively), suggesting that the latter is a separate population closely
related to the original group that shifted from Asteraceae to crops. On the other hand, lineages A4
and B3 both clearly show substantial differentiation from the rest of their respective clades, although
species delimitation results from various approaches indicate that their respective evolutionary
histories may be radically different. There appears to be reasonable agreement in favor of the
delimitation of B3 as a separate taxon, as evidenced by high absolute and relative divergence from the
rest of P. xerophilus —comparable to interspecific differences— and the apparent lack of admixture
between it and the other lineages. Conversely, while lineage A4 is recovered as distinct in population
structure analyses and displays high relative divergence from the rest of P. callosus, the net sequence
divergence between these groups remains relatively low and comparable to known intraspecific
levels. This would indicate that the differentiation observed between A4 and the other P. callosus
groups is a consequence of local demographics while, on the contrary, B3 appears to be the product
of a recent speciation event. This interpretation is consistent with the distinctive biogeography of the
CFR and the distribution patterns of both species. With the exception of artificially displaced inland
populations (e.g. lineage A1) P. callosus is a mostly coastal species, while P. xerophilus consistently
occurs further inland, in drier areas exhibiting more complex topography. The extant genus-wide
diversity of Phlyctinus was likely shaped by a sequence of pocket speciation events caused by
oscillating oceanic levels during the Miocene (Hévin et al., 2022). However, the intraspecific processes
that led to the differentiation of separate lineages in both focal species discussed herein are more
recent, and were likely governed by the current geography of the area. In that respect, we hypothesize
that the coastal environment allowed low gene flow to be maintained between A4 and the rest of P.
callosus, giving a reasonable explanation for its high relative divergence and moderate absolute
divergence. B3, on the other hand, is largely isolated from the rest of P. xerophilus by part of the cape
fold belt, which effectively severed gene flow between the lineages in a case of standard vicariance.
It is important to note, however, that preliminary work on morphometrics (S. Hansen, in preparation)
appears to significantly discriminate both lineages B3 and A4 as separate taxa, corroborating the
results of bPTP. This discrepancy between DNA-based species delimitation and morphology-based
species inference reasserts the importance of an integrative approach to taxonomy, and may warrant
further investigation of the status of P. callosus A4.

IV.2 | Unclear signals of admixture between shifted and non-shifted clades

The analysis of population structure by sNMF reveals asymmetrical signals of admixture
between shifted and non-shifted lineages in both species. In P. callosus, some Al individuals are
consistently assigned as admixed with lineage A6, while the ancestry of A6 individuals is recovered as
pure. Conversely, P. xerophilus B1 and B2 display relatively pure ancestries, with evidence for two-
way, unbalanced background admixture (biased towards B2). Interestingly, the directions of these
putative introgression-like events are opposite. Adaptive introgression of specific genes from pests
into non-pest species in the face of anthropogenic pressure has been documented in the past
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(Valencia-Montoya et al., 2020), but the case of lineages A1 and A6 appears to contradict this pattern.
Nonetheless, local density imbalances between admixing populations are expected to generate
asymmetrical admixture patterns (Currat et al., 2008), which may be a more parsimonious explanation
for the signals observed in both the Phlyctinus species. In the case of P. callosus B1 and B2, this
putative admixture is particularly coherent with the known movements of freight in the region. The
Rawsonville area sits on the path of a major agricultural shipping lane for products headed towards
the coast, likely creating a contact zone between displaced B1 individuals and the local B2 lineage.
Perhaps more intriguingly, lower values of K yield signals of admixture between P. callosus A4 and P.
xerophilus. While no major prezygotic barriers to hybridization are known for genus Phlyctinus (S.
Hansen pers. obs.), the reduction of this signal for higher values of K (K=6-8) makes the recovery of
such hybrids a likely artifact of SNMF’s inference method.

IV. 3 | Genome scans point to regions of potential ecological relevance despite poor genome
annotation

Although an apparent lack of annotation for the majority of the BlastX sequence hits limited
the usability of the outlier SNP dataset, six loci of potential interest could be identified. First, the two
pepsin-like proteins identified on contigs 10734 and 10415 could indicate adaptation to a new trophic
resource. Interestingly, pepsin is a gut endopeptidase, consistent with a drastic shift in trophic
resource at larval stages: grapevine and deciduous fruit trees have significantly more sclerified root
systems than Asteraceae, likely requiring a suite of adaptations, including from the digestive tract.
Further, two regions on contig 10022 aligned to sequences coding for mechanoreceptor subunits,
albeit with lower scores. Mechanoreceptors have been demonstrated to play a critical role in
oviposition and mating in other insects (see, e.g., Acebes et al. (2003), Maher & Thiery (2004), Romani
et al. (2005)), and this may be especially important in Phlyctinus where males, remarkably, display
erect setae on ventrite 5 that are likely involved in reproduction (Haran et al., 2020). Should this signal
correspond to an actual signature of selection, this may be consistent with the pronounced differences
in substrate between cultivated localities and areas where the non-shifted lineages occur, a critical
factor for oviposition and, perhaps, the subsequent development of the ectophagous Phlyctinus
larvae. Interpreting the possible implications of differences in the reproductive structures of shifted
and non-shifted lineages in the context of host shifts, however, would be too speculative at this stage.
Further, a region on contig 9402 is associated with a cadherin tandem repeat domain. Cadherin has
previously been associated with resistance to Bacillus thuringiensis Cry toxins (Bel & Escriche, 2006),
insecticidal compounds used in transgenic crops to increase resistance to pests (Bravo et al., 2013).
This may be a particularly interesting result, considering that extensive use of pesticides was
repeatedly shown to induce resistance in insects (Hemingway et al., 2002). Whether local crops can
secrete such toxins, however, is unclear. Last, a lower-confidence hit was annotated as a possible
reverse-transcriptase-like protein, likely indicating the presence of a retrotransposon. Transposable
elements are pervasive in weevil genomes (72% in Sitophilus, see Parisot et al. (2021)) and may confer
high evolvability to the group. Further investigation of the possible relevance of this region, however,
is not possible at this stage.
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