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Weevils represent one of the most prolific radiations of beetles and the most
diverse group of herbivores on land. The phylogeny of weevils (Curculionoi-
dea) has received extensive attention, and a largely satisfactory framework
for their interfamilial relationships has been established. However, a recent
phylogenomic study of Curculionoidea based on anchored hybrid enrich-
ment (AHE) data yielded an abnormal placement for the family Belidae
(strongly supported as sister to Nemonychidae + Anthribidae). Here we
reanalyse the genome-scale AHE data for Curculionoidea using various
models of molecular evolution and data filtering methods to mitigate antici-
pated systematic errors and reduce compositional heterogeneity. When
analysed with the infinite mixture model CAT-GTR or using appropriately
filtered datasets, Belidae are always recovered as sister to the clade (Attela-
bidae, (Caridae, (Brentidae, Curculionidae))), which is congruent with
studies based on morphology and other sources of molecular data. Although
the relationships of the ‘higher Curculionidae’ remain challenging to resolve,
we provide a consistent and robust backbone phylogeny of weevils.
Our extensive analyses emphasize the significance of data curation and
modelling across-site compositional heterogeneity in phylogenomic studies.

1. Introduction

Weevils (superfamily Curculionoidea) represent a hyperdiverse and globally
distributed group of phytophagous beetles, with approximately 62000
described species in 5800 genera [1,2]. Most species of Curculionoidea can be
easily recognized by their elongate rostrum, which has been suggested as a
key innovation responsible for their success [3-6]. Indeed, the rostrum per-
mitted weevils to access a greater variety of plant tissues than their relatives,
particularly when coupled with the later appearance of an elongate scape
(mostly in Curculionidae) allowing the antenna to fold posteriorly and for
the rostrum to extend deeper into plant tissues while simultaneously preserving
some motility from the pedicel to apex. These two characters together allowed
weevils to further extend their feeding habits as well as to coopt the rostrum for
chewing deep oviposition sites, and with this the higher weevils proliferated in
species and dietary breadth. Although there are still some different opinions
(e.g. [6-8]), most recent classifications have reached a consensus on the familial
division of Curculionoidea (see [1,2]). Clarke et al. [9] recognized eight extant
curculionoid families, i.e. Cimberididae, Nemonychidae, Anthribidae, Belidae,
Attelabidae, Caridae, Brentidae and Curculionidae, plus one extinct family,
Mesophyletidae, known exclusively from the mid-Cretaceous Burmese amber.
The more plesiomorphic Nemonychidae, Belidae and Caridae are commonly
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associated with gymnosperms, whereas the most species-rich
Brentidae and Curculionidae are predominantly associated
with angiosperms [2]. This niche shift is apparently associ-
ated with the radiation of angiosperms, which probably
contributed to the success of weevils (e.g. [10-12]).

The phylogeny of Curculionoidea has been investigated
extensively based on both morphological and molecular data
(e.g. [13-21]). These studies have generally established a
congruent framework for the interfamilial relationships of curcu-
lionoids. However, in a recent anchored hybrid enrichment
(AHE)-based study by Shin et al. [21], Belidae were strongly
recovered as the sister group of the clade encompassing
Nemonychidae + Anthribidae when analysed using amino acid
(AA) sequences (their preferred topology). This position of
Belidae in Shin et al. [21] was unexpected and contradicted pre-
vious studies based on either morphological or molecular data
sets. In particular, in the most comprehensive phylogenomic
studies of beetles based on dozens of nuclear protein-coding
genes [22,23] or genome-scale data [12], Belidae were consistently
and strongly resolved as sister to the group composed of
Attelabidae, Caridae, Brentidae and Curculionidae.

Anchored hybrid enrichment data [24,25], typically rep-
resented by hundreds of loci from across the genome, have
provided invaluable and novel insights into both deeper and
shallower phylogenies of vertebrates [26-29], invertebrates
[30-33] and plants [34,35]. AHE-based phylogenomics often
yield a congruent tree with the topology inferred from other
large-scale data sets (e.g. transcriptomes and ultraconserved
elements), when the process of molecular evolution is more
adequately modelled [36]. As such, the abnormal phylogenetic
position of Belidae recovered in Shin ef al. [21] could have
resulted from model misspecification and/or data curation,
since both aspects have been shown as crucial for tree inference
in the phylogenomic era [37—40]. In terms of modelling molecu-
lar evolution of large-scale data sets, the site-heterogeneous
models such as CAT-GTR, provide a consistently better fit to
the data and outperform the site-homogeneous substitution
models, at the expense of a higher computational cost.

In the present study, we reanalyse the data by Shin et al.
[21] using various models of molecular evolution and data fil-
tering methods, aiming to build a backbone phylogeny of
weevils and clarify the phylogenetic position of Belidae.

2. Material and methods

(a) Data preparation

Our analyses were conducted on four datasets prepared based on
the concatenated AA sequences by Shin et al. [21]. We did not use
the nucleotide (NT) data set because of the presence of compo-
sitional biases and apparently saturated third-codon positions
[21]. More importantly, it has long been shown that AA-based phy-
logenetic results are more robust for resolving deep divergences
(e.g. [23,41]). Dataset 1 was the same as the original matrix by
Shin et al. [21]. Datasets 2—4 were trimmed with different methods
to remove ambiguously aligned regions and reduce compositional
heterogeneity. Dataset 2 was trimmed with BMGE 1.1 [42] using
BLOSUMD95 similarity matrix and the default entropy score cut-off
(-h 0.5). An inspection revealed some misaligned regions unre-
moved in the BMGE-trimmed dataset 2. Figure S1 (see electronic
supplementary material) provides an example of these misaligned
regions, where two obviously discrete sequence modes can be seen:
the predominant one starting with FEEVQL, and the less common
one starting with XEGYPV. The XEGYPV-type sequences are

present in unrelated lineages. According to NCBI BLAST searches,
these two types of sequences are different parts of the same RNA
helicase, which are clearly non-orthologous. Likewise, most other
misaligned regions are also represented by different parts of the
same protein. Therefore, for dataset 3, after trimming by BMGE,
these incorrectly aligned regions were further manually removed.
Dataset 4 was trimmed with Gblocks 0.91 [43] under a relaxed set-
ting (minimum number of sequences for a flank position: minimum;
maximum number of contiguous non-conserved positions: maxi-
mum; minimum length of a block: minimum; allowed gap
positions: with half), as the default settings have been suggested
to be too stringent [42]. The distant outgroup Aethina (Nitiduloidea:
Nitidulidae) was removed in datasets 2 and 3.

(b) Testing compositional heterogeneity

To assess the compositional heterogeneity across taxa, the normal-
ized relative composition frequency variability (nMRCFV) was
calculated using RCFV Reader v.1 [44]. To assess the compositional
heterogeneity across sites, we tested the model fitness (based on the
Bayesian information criterion, BIC) of various site-homogeneous
models alongside the mixture models LG4X [45] and LG + C20 +F
[46] using IQ-TREE 1.62 or 213 [4748]. The best fitting
site-homogeneous model was determined with ModelFinder
implemented in IQ-TREE 2.1.3 [49], where several new clade-specific
AA replacement matrices were available [50].

() Phylogenetic analyses

The maximum likelihood (ML) phylogenetic trees were inferred
with IQ-TREE 1.6.2 or 2.1.3 under both the best fitting site-homo-
geneous model and the mixture models LG4X, LG + C20 + E and
LG +C40 +F (for dataset 2 only), as well as the posterior mean
site frequency (PMSF) approximation of LG + C20 + E LG + C40 +
F and LG + C60 + F [51]. The PMSF profiles were computed based
on the guide tree estimated under LG4X (datasets 1, 2, 4) or LG +
C20 + F (dataset 3). For each ML analysis, ultrafast bootstrap sup-
port values were calculated from 1000 replicates [52]. The gene
concordance factor (gCF) and site concordance factor (sCF) were
calculated for the LG4X tree based on dataset 1 [53].

The Bayesian phylogenies were inferred under the infinite
mixture model CAT-GTR + G4 [54] in PhyloBayes MPI 1.7 [55].
Two independent chains were computed for each Bayesian
analysis, with their convergence evaluated using the bpcomp
program. Ideally the analyses were stopped when the maximum
difference across bipartitions (maxdiff) was at least lower than
0.3 (but see also Results). The trees were visualized using the
online tool iTOL 6.8 [56].

The coalescent-based phylogenies were also estimated. Since
the sequences of individual genes were not directly supplied by
Shin et al. [21], we extracted the aligned protein-coding genes (in
AA form) from the supermatrix based on the partition file pro-
vided, using R 4.1.0 [57] and R packages Biostrings 2.62.0 [58]
and seqinr 4.2-30 [59]. The gene trees were estimated under
the LG4X model using IQ-TREE 2.1.3. The species tree was
then inferred using ASTRAL 5.7.8 [60], first with all 521 gene
trees as the input. As some of the gene fragments contain clearly
misaligned regions (as discussed above), an additional species
tree was estimated based on 364 gene trees (157 trees based on
misaligned fragments were excluded). The species trees were
visualized using R package ggtree 3.2.1 [61], with the quartet
supports mapped using R package ggimage 0.3.3 [62].

3. Results
(a) Compositional heterogeneity in datasets

The normalized RCFV value measures the compositional
heterogeneity across taxa. The original dataset displayed
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Table 1. Comparison among the differently filtered datasets. BIC, Bayesian information criterion; nRCFV, normalized relative composition frequency variability.

dataset 1

number of amino acid sites 225 254

data occupancy 22.1%

nRCFV 0.003760

BIC score LG +R6 3661622351
Q.insect + R6 3 645 847.536
LG4X 3674 201.090
LG+CQ0+F 3593307319
LG+ C40+F /

a relatively high nRCFV value, indicating a pronounced
compositional heterogeneity (table 1). In the trimmed data-
sets, the across-taxa compositional heterogeneity was
reduced to some extent and consequently, the data occu-
pancy was increased significantly from 22.1% (dataset 1,
the original AA dataset) to 86.4% (dataset 2), 86.6%
(dataset 3) and 78.4% (dataset 4) (table 1). As shown by
the BIC values (table 1), for each of the datasets, the
best fitting site-homogeneous model outperformed the
LG4X model. However, overall the mixture model LG +
C20+F (and also LG+ C40+F when computed) always
had better fitness than the best site-homogeneous model
selected by ModelFinder implemented in IQ-TREE.
This implies a high level of compositional heterogeneity
across sites, and shows the necessity of analysing with the
site-heterogeneous model.

(b) Phylogeny of Curculionoidea

The Bayesian analyses under the CAT-GTR model did not
fully converge for datasets 1 and 4 (maxdiff =1). However,
the failure to converge was due only to discrepancies
between chains about the nodes within the family Curculio-
nidae, and all the nodes related to the interfamilial
relationships of Curculionoidea had reached a posterior prob-
ability support of 1.00 in these two analyses (electronic
supplementary material, figures S8 and S30). According to
[63], these results should be acceptable as the discrepancies
do not directly affect our nodes of interest.

The relationships among most families were stable across
our analyses with different datasets and models, except for
the positions of Cimberididae and Belidae (figures 1 and 2).
A backbone of ((Nemonychidae, Anthribidae), (Attelabidae,
(Caridae, (Brentidae, Curculionidae)))) was consistently
recovered, which was accordant with the original results by
Shin et al. [21]. In most analyses, Cimberididae were resolved
as sister to the remaining Curculionoidea (figure 2). In a few
analyses, Cimberididae appeared as sister to the chrysome-
loid outgroups Orsodacnidae + Chrysomelidae, sister to the
remaining Curculionoidea except Nemonychidae + Anthribi-
dae (figure 2), or sister to Nemonychidae + Anthribidae
(electronic supplementary material, figure S33), which we
suppose was an artefact. The internal relationships of Curcu-
lionidae were somewhat variable among analyses and
not well supported, suggesting that the present data are
insufficient to resolve these issues.

dataset 2 dataset 3 dataset 4
25468 23329 39572

86.4% 86.6% 78.4%
0.000979 0.000935 0.001243

774 637.579 625 241.560 1335347.454
769 033.791 620 442.561 1327 483.076
777927453 629 723.247 1339488312
750 270.935 610 507.371 1294 237.132
747 484.080 / /

(c) Position of Belidae

Belidae were recovered as sister to Nemonychidae + Anthribi-
dae in most of the results from datasets 1 and 2, except when
analysed with the infinite mixture model CAT-GTR (figure 2).
However, under the CAT-GTR model, Belidae turned out
to be sister to the ‘ACBC clade’ of (Attelabidae, (Caridae,
(Brentidae, Curculionidae))) (figure 2). In all the results
based on datasets 3 and 4, even including those based on
site-homogeneous models, Belidae were also recovered as
sister to the ACBC clade (figure 2). In addition, at least in
the results under the CAT-GTR model, the placement of
Belidae was always strongly supported (BPP =0.99-1.00).
Our coalescent analyses supported Belidae as sister to the
ACBC clade as well, although the quartet support was
not significantly higher than the alternative hypotheses
(electronic supplementary material, figures S33, S34) [64].

4. Discussion

In the partitioned maximume-likelihood analysis of AA data
by Shin ef al. [21], Belidae were grouped together with Nemo-
nychidae and Anthribidae. This topology conflicted with the
NT-based results by themselves and also previous studies
[16,20] (see also [65]), where Belidae were often grouped
with the remaining Curculionoidea except Nemonychidae
and Anthribidae. Shin et al. [21] suggested that the position
of Belidae in the NT-based results might be an artefact result-
ing from codon-usage bias. However, the overall low
concordance factors of the ML tree suggest that the phyloge-
netic signal is quite weak (electronic supplementary material,
figures S31, S32), and particularly, the sCF supporting Belidae
as sister to Nemonychidae + Anthribidae is even lower than
the discordance factor for an alternative quartet. In this
case, the removal of phylogenetic noise and the use of appro-
priate evolutionary models could be of vital importance. Our
re-analysis of the AA dataset by Shin et al. [21] shows that
Belidae are grouped together with the clade (Attelabidae,
(Caridae, (Brentidae, Curculionidae))), as long as the molecu-
lar data are properly filtered and (or) the infinite mixture
model is adopted. This topology is in accordance with
recent large-scale phylogenomic studies [12,22,23]. It is note-
worthy that the coalescent tree based on AA data revealed
the same interfamilial relationship (electronic supplementary
material, figure S34; fig. S14 in [21]) as our preferred tree
(figure 1). Actually, as shown by previous studies, methods
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Cimberidinae Cimberis
Rhinorhynchinae Bunyaeus

Rhinorhynchinae Rhynchitomacerinus

Chrysomelidae Diabrotica

Cimberididae

Nemonychidae

Urodontinae Urodontus

Anthribidae

Anthribinae Dendropemon
Oxycoryninae Hydnorobius
Oxycoryninae Rhopalotria
Rhynchitinae Merhynchites

Choraginae Araecerus

Belidae

Attelabinae Attelabus Attelabidae

1.00
1.00

0.05

0.99

Ithy

Carinae Car

Attelabinae Euops
Caridae |
cerinae Ithycerus
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Brachycerinae Ocladius
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Apioninae Rhinorhynchidius
Apioninae Antliarhinus

Apioninae Pterapion

rachycerinae Schizomicrus

hycerinae Brachycerus

Brachycerinae Tanysphyrus
Brachycerinae Echinocnemus
Brachycerinae Lissorhoptrus
Dryophthorinae Dryophthoroides

Dryophthorinae Sitophilus

Platypodinae Austroplatypus

Platypodinae Notoplatypus
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Bagoinae Bagous
Entiminae Naupactus
Hyperinae Hypera
Entiminae Polydrusus
Entiminae Catasarcus
Entiminae Leptopius
incertae sedis Gonipterus
Cyclominae Acantholophus
Cyclominae Aesiotes
Cyclominae Listroderes
Cyclominae Rhigopsidius
Curculioninae Gymnetron

Curculionidae

Scolytinae Scolytus
Curculioninae Cionus
Curculioninae Anthonomus

Conoderinae Auleutes
Conoderinae Mononychus
Curculioninae Araucarietius
Curculioninae Ancyttalia
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Figure 1. Bayesian phylogeny of Curculionoidea, analysed based on the AHE

Cossoninae Cossonus
—|l 00 . . .
1 Curculioninae Curculio

Curculioninae Haplonyx
Mesoptiliinae Magdalis
Conoderinae Baris

Scolytinae Dendroctonus
Scolytinae Hylesinus

Molytinae Heilipodus

Molytinae Cryptorhynchus

Molytinae Sympiezoscelus

Molytinae Vanapa

Molytinae Tranes

amino acid dataset 3 (trimmed with BMGE and manually) under the CAT-GTR + G4

model in PhyloBayes. The support values represent Bayesian posterior probabilities.

using coalescent or site-heterogeneous models can often
reconstruct more plausible phylogenies, as they better reflect
the real evolutionary process (e.g. [66-68]).

In the original study by Shin et al. [21], the site-
heterogeneous CAT-GTR model was also applied to both
AA and NT datasets (figs. S12, 513 in [21]). They ran two
independent chains using PhyloBayes MPI 1.7 [55] for each
dataset and retrieved maxdiff values of 1, due to the size of
the data and conflicts within the CEGH (Cyclominae, Entimi-
nae, Gonipterini and Hyperinae) and CCCMS (Conoderinae,
Cossoninae, Curculioninae, Molytinae and Scolytinae) clades.
This MCMC mixing problem is not unexpected for large
datasets with more than 20000 positions, as it was also
shown in our reanalysis of their original AA dataset. Surpris-
ingly, in the posterior consensus trees derived from their

PhyloBayes analyses, all nodes of their AA and NT trees
were maximally supported (BPP=1). Such results are sus-
pect, because a maxdiff of 1 means that at least one clade is
inferred with a posterior probability of 1 in one chain and 0
in the other chain and therefore all BPPs of 1 in the consensus
trees of the two chains are impossible by definition. It there-
fore seems possible that their maximally supported trees
were derived from only one chain of each PhyloBayes analy-
sis, but this is an inappropriate practice. Contrary to Shin et al.
[21], in our CAT-GTR analysis of the same original AA data-
set, Belidae were strongly supported as the sister group of the
clade (Attelabidae, (Caridae, (Brentidae, Curculionidae).
The genomic data used by Shin et al. [21] were obtained
through anchored hybrid enrichment. While efficient for col-
lecting a large amount of data, such target sequence capture
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Chrysomeloidea Chrysomeloidea
Cimberididae Cimberididae
Nemonychidae Nemonychidae
Anthribidae Anthribidae
Belidae Belidae
Attelabidae Attelabidae
Caridae Caridae
Brentidae Brentidae
Curculionidae Curculionidae
topology A topology B
dataset 1 Q.insect+R6 dataset 2
dataset 1 LG4X dataset 2
dataset 1 LG+C20+F dataset 2
dataset 1 LG+C20+F-PMSF dataset 2
dataset 1 LG+C40+F-PMSF dataset 2
dataset 1 LG+C60+F-PMSF
dataset 2 LG+C20+F
dataset 2 LG+C40+F
topology C
dataset 1
dataset 1: original data (Shin er al., 2018) dataset 3

dataset 2: trimmed with BMGE
dataset 3:  trimmed with BMGE and manually
dataset 4: trimmed with Gblocks

(c) (d)
Chrysomeloidea Chrysomeloidea
Nemonychidae Cimberididae
Anthribidae Nemonychidae
Cimberididae Anthribidae
Belidae Belidae
Attelabidae Attelabidae
Caridae Caridae
Brentidae Brentidae
Curculionidae Curculionidae
topology D
Q.insect+R6 dataset 2 CAT-GTR
LG4X dataset 3 LG4X
LG+C20+F-PMSF dataset 3 LG+C20+F
LG+C40+F-PMSF dataset 3 LG+C20+F-PMSF
LG+C60+F-PMSF dataset 3 LG+C40+F-PMSF
dataset 3 LG+C60+F-PMSF
dataset 3 CAT-GTR
dataset 4 Q.insect+R6
dataset 4 LG4X
CAT-GTR dataset 4 LG+C20+F
Q.insect+R6 dataset 4 LG+C20+F-PMSF
dataset 4 LG+C40+F-PMSF
dataset 4 LG+C60+F-PMSF
dataset 4 CAT-GTR

Figure 2. Comparison among tree topologies generated with different models and datasets. Topology D is our preferred topology for weevil phylogeny.

approaches could introduce considerable missing data [24],
which might affect the accuracy of alignment and phyloge-
netic reconstruction [69]. As shown in table 1, the original
concatenated datasets were very gappy and the data occu-
pancy was low (22.1%). This is likely because they
retained the flanking regions of a distant outgroup (Aethina),
included some incorrectly aligned loci, and skipped the data
filtering step before tree reconstruction. The impact of align-
ment trimming on downstream phylogenetic analysis is
often not very clear [70], as it is challenging to achieve bal-
ance between removing potentially misleading alignment
regions and removing phylogenetically informative regions
[71,72]. Nevertheless, in our analyses based on the trimmed
datasets 3 and 4, Belidae are always recovered in a stable
position regardless of model choice and were congruent
with analyses using the heterogeneous CAT-GTR model,
indicating that proper trimming or data curation is crucial
at least for the present dataset.

The systematic placement of Belidae based on our reana-
lyses is congruent with morphology-based studies [13-15]
(see also [17,73]). Potential synapomorphies for the clade
including Belidae, Attelabidae, Caridae, Brentidae and
Curculionidae include: hypopharyngeal bracon without
sclerome, frontoclypeal suture distinct, mandibular molar
absent and maxillary articulatory lobes absent in larvae;
and clypeolabral suture indistinct, mandibular pharyngeal
process at least as long as mandible, mandibular molar
absent, mandible with teeth at incisor area, maxillary palp
short and spermathecal duct and gland contiguous or
subcontiguous on spermathecal body in adults [13-15].
Actually, it is not uncommon for a counterintuitive (i.e. con-
tradictory to morphology) phylogeny based on simple
models to be later proved as an artefact by analyses with
the better-fitting site-heterogeneous models (e.g. [37,74,75]).

Although the interfamilial relationships of weevils (Cur-
culionoidea) are now confidently resolved, the relationships
within the ‘higher Curculionidae’” [21], especially the
CCCMS clade, remain unsettled due to ancient rapid radi-
ation likely during the Late Cretaceous as indicated by
exceptionally short internodes. A more focused phylo-
genomic study of Curculionidae based on genome-scale
data (e.g. UCEs, nuclear genomes) would be welcome to
unravel the mysterious rapid radiation of derived weevils.

Weevils represent a classical case study on adaptive radiation
associated with the diversification of flowering plants [10,11].
A valid phylogeny would be crucial to reconstructing the
sequence of character acquisitions that enabled weevils to
attain their present-day mega-diversity, and the timescale of
their radiation. Here we provide a well-resolved backbone
phylogeny of weevils, clarifying the interfamilial relationships
of extant weevils. As recovered in other recent phylogenomic
studies [12,23], Belidae are confirmed as the sister group of
(Attelabidae, (Caridae, (Brentidae, Curculionidae))) based
on the re-analysis of the AHE AA data by Shin et al. [21].
This topology is well accordant with previous studies based
on morphology and other sources of molecular data. Our
results further demonstrate the importance of data curation
and modelling compositional heterogeneity in genomic-scale
phylogenetic analyses of insects.

This work did not require ethical approval from a human sub-
ject or animal welfare committee.
The data are provided in the electronic supplementary
material [76].
We have not used Al-assisted technologies in creat-
ing this article.
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