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Abstract

Exponential growth of large-scale data for Neuropterida, an
iconic group of insects used in behavioural, ecological, and
evolutionary studies, has greatly changed our understanding
of the origin and evolution of lacewings and their allies.
Recent phylogenomic studies of Neuropterida based on
mitogenomes, anchored hybrid enrichment (AHE) data,
and transcriptomes have yielded a well-resolved and largely
congruent phylogeny. Some interfamilial relationships of
lacewings, however, remain inconsistent among different
phylogenomic studies. Here we re-analysed the genome-
scale AHE and transcriptomic data for Neuropterida under
the better fitting site-heterogeneous CAT-GTR+G4 model
and recovered a strongly supported and congruent tree
for the deeper phylogeny of Neuroptera. Integrating the
smaller but more broadly sampled AHE and the larger but
less-sampled transcriptomic data, we present a holistic
phylogeny of Neuropterida from which to explore patterns
of evolution across the clade. Our re-analyses of the largest
available datasets of Neuropterida highlight the significance
of modelling across-site compositional heterogeneity and
model comparison in large-scale phylogenomic studies of
insects.

Keywords: Neuropterida, phylogenomics, evolution,
compositional heterogeneity, systematic error

Introduction

In the recent decade the amount of molecular data
generated for the exploration of insect evolution is
staggering (Misof et al., 2014; Tihelka et al., 2021).

This is no less true for the study of the Neuropterida, an
iconic group of insects used in behavioural, ecological,
and evolutionary studies, as well as utilised in sustainable
pest management strategies throughout the world. The
Neuropterida are a well-established clade comprising three
extant orders: Megaloptera (dobson-, fish- and alderflies),
Raphidioptera (snakeflies), and the comparatively
species-rich Neuroptera (lacewings, owlflies, antlions,
and their relatives) (Wang et al., 2017; Engel et al.,
2018; Winterton et al., 2018; Vasilikopoulos et al.,
2020). Recently, comprehensive phylogenomic studies of
Neuropterida based on mitogenomes (Wang et al., 2017),
anchored hybrid enrichment (AHE) data (Winterton
et al., 2018), and transcriptomes (Vasilikopoulos et al.,
2020) have yielded a well-resolved and largely congruent
phylogeny of Neuropterida. The interrelationships of the
order are consistently recovered with high support, with
Megaloptera as sister to Neuroptera and Raphidioptera
diverging earlier, and as found in other studies based on
smaller sampling of genes and taxa (Misof et al., 2014;
Wang et al., 2019; Tihelka et al., 2021). Some key nodes
to the backbone of Neuroptera are also seemingly well
resolved. Within the diverse Neuroptera, Coniopterygidae
are sister to all other lacewings, although this relationship
is dependent on gene and model selections when
the taxon sampling is limited (Wang et al., 2019).
Additionally, clades are repeatedly recovered consisting
of all Neuroptera excluding Dilaridae, Osmyloidea,
and Coniopterygidae as well as those families of the
Myrmeleontiformia and the Mantispoidea. Nonetheless,
some interfamilial relationships of Neuroptera remain

incongruent among different phylogenetic studies.
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The monophyly of the superfamily Osmyloidea has
been recently well supported by analysing AHE and
transcriptomic data (Winterton et al., 2018; Vasilikopoulos
et al.,2020), but not by mitogenomes (Wang et al., 2017).
Furthermore, the interrelationships of the three osmyloid
families (Osmylidae, Nevrorthidae, and Sisyridae) vary
among analyses. Similarly, the phylogenetic positions
of Chrysopidae and Hemerobiidae and the relationships
among myrmeleontoid families are incongruent among
recent phylogenomic studies (Wang et al., 2017; Winterton
et al., 2018; Vasilikopoulos et al., 2020).

Reconstructing the insect tree of life in the
phylogenomic era is a challenge, considering the data
richness, compositional heterogeneity of molecular data,
modelling of molecular evolution, and computational
burden (Kapli et al., 2020; Tihelka et al., 2021; Lozano-
Fernandez, 2022). Among the confounding factors for
inferring a robust and consistent tree, modelling is one
of the most critical components, especially for inferring
deeper relationships and rapid radiations (Tihelka et al.,
2021; Kapli et al., 2020).

Compositional and rate heterogeneity are
among the most common sources of phylogenetic
incongruence (Philippe et al., 2011; Cai et al., 2020;
Tihelka et al., 2021). Models often used in the most
comprehensive phylogenomic analyses of Neuropterida
based on AHE and transcriptomic data (Winterton et
al., 2018; Vasilikopoulos et al., 2020) can not account
for among-site compositional heterogeneity. Recent
phylogenomic studies on beetles (Cai et al., 2020; Cai
et al., 2022), fleas (Meusemann et al., 2020; Tihelka et
al., 2020) and Neuropterida (Wang et al., 2019) have
clearly demonstrated that reducing site compositional
heterogeneity in datasets combined with the utilisation of
evolutionary models accounting also for compositional
heterogeneity (e.g., CAT-GTR+G4 model (Lartillot ef al.,
2013; Lartillot, 2020)) has been shown to improve the fit
of the model to the data and reduce long-branch attraction
artefacts. Consequently, site-heterogeneous models have
been widely used to resolve deep and rapid radiations and
reconcile conflicts among analyses. Here we explore the
phylogeny of Neuropterida by re-analysing the recently
published AHE and transcriptomic data by using a better-
fitting evolutionary model based on formal model testing,
and our results clearly show that improved modelling of
across-site  compositional heterogeneity can reconcile
phylogenomic conflicts of among lacewings.

Materials and methods

Dataset collation
The most complete transcriptomic data set (Supermatrix

A) of Vasilikopoulos et al. (2020) was downloaded
from the Dryad digital repository, https://doi.
org/10.5061/dryad.1jwstqjrs. Since the interrelationships
of Neuropterida (Neuroptera, Megaloptera, and
Raphidioptera) have been confidently resolved in
recent phylogenetic studies based on mitogenomes,
transcriptomes, and anchored hybrid enrichment data
(Misof et al., 2014; Wang et al., 2017; Winterton et al.,
2018; Wang et al., 2019; Vasilikopoulos et al., 2020),
we generated a taxon-reduced matrix focusing on the
order Neuroptera, and specifically those few areas of
contention among analyses, by subsampling Supermatrix
A (the most complete dataset, with 1,550,004 amino acid
[AA] sites) from Vasilikopoulos et al. (2020) and filtering
it using BMGE v.1.1 (Criscuolo & Gribaldo, 2010)
(BLOSUMS®62 -h 0.1:0.4) to remove the constant AA
sites and select evolutionarily conservative regions. The
resultant dataset (386,322 AA sites) is represented by 49
taxa (three outgroups from Megaloptera and 46 ingroup
taxa including all sampled genera) and 386,322 AA sites.

The original AA and NT supermatrices of the
anchored hybrid enrichment (AHE) data, provided by
Winterton et al. (2018) as Supporting Information, were
downloaded from https://doi.org/10.1111/syen.12278.
The information-free sites of the AA dataset were deleted
manually. Since the three independent runs (chains) of our
analysis of the complete 137-taxa nucleotide dataset under
the CAT-GTR+G4 model did not converge, we further
analysed another 133-taxa dataset with four rogue species
excluded. The rogue taxa were determined by comparing
the two chains of runs of the 137-taxa dataset.

Phylogenetic analyses

Phylogenomic analyses of both AHE and transcriptomic
amino acid datasets were conducted using the LG4X+R
and the site-heterogeneous (LG+C60+F+G) models with
[Q-Tree v.1.6.3 and 1,000 ultrafast bootstraps (Nguyen
et al., 2015; Hoang et al., 2018). For the LG+C60+F+G
model applied to the AHE data, the posterior mean site
frequency (PMSF) model (Wang et al., 2018) was applied
using the LG4X+R tree as the guide tree.

Phylogenetic analyses of the transcriptomic (amino
acid) and AHE (amino acid and nucleotide) datasets
were also performed under the compositionally site-
heterogeneous infinite mixture model CAT-GTR+G4
in PhyloBayes MPI 1.7a (Lartillot ef al., 2013). For the
PhyloBayes runs, two independent Markov chain Monte
Carlo chains were run until convergence (maxdiff < 0.3)
and the bpcomp program was used to generate output of
the largest (maxdiff) and mean (meandiff) discrepancies
observed across all bipartitions. As achieving convergence
with the CAT-GTR+G4 model in PhyloBayes becomes
challenging beyond datasets of around 20,000 positions
even when using parallelization, our runs were regarded
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as acceptable as long as the discrepancies between chains
did not affect the key nodes of interest (Lartillot, 2020).

Testing model adequacy

For the comparatively small AHE amino acid data set, we
used the comparatively efficient and reliable approaches,
i.e., the leave-one-out cross-validation (LOO-CV) and
the widely applicable information criterion (WAIC),
to estimate the relative fit of alternative models (CAT-
GTR, LG and LG+C60) in the latest PhyloBayes MPI 1.9
(Lartillot, 2022). The LOO-CV and wAIC scores were
compared to determine and select the best-fitting model.

Results

Reanalyses of the transcriptomic datasets of Vasilikopoulos
etal (2020)

Our phylogenomic results based on the filtered
transcriptomic dataset under both the LG4X+R (Le et
al., 2012) and the site-heterogeneous CAT-GTR+G4
models yielded an almost identical tree except for the
internal relationships of Hemerobiidae (Sympherobius
elegans and Megalomus tortricoides). The interfamilial
relationships are maximally supported (MLB > 95; BPP
= 1, except Ascalaphidae) as in the focal tree inferred
from analyses of the concatenated amino-acid sequence
data of Vasilikopoulos et al. (2020). The phylogenetic
relationships within the monophyletic Osmyloidea were
confidently resolved (maximally supported in both
analyses), with Osmylidae being sister to Nevrorthidae
+ Sisyridae, as found in all the concatenated amino-acid
analyses in the original study (Vasilikopoulos et al., 2020).
Hemerobiidae were recovered with maximal support as
sister to Ithonidae + Myrmeleontiformia, although it’s
notable that the myrmeleontiform family Psychopsidae
was not sampled in the transcriptomic datasets.

Reanalyses of the anchored hybrid enrichment data of
Winterton et al. (2018)
Our phylogenetic analyses based on the 137- and 133-
taxa nucleotide data sets under the CAT-GTR+G4 model
resulted in a congruent tree as shown in the Supplemental
Data, although a few shallower nodes within Sisyridae,
Hemerobiidae and Myrmeleontidae were not maximally
supported. Our CAT-GTR+G4 trees are largely consistent
with the tree under the site-homogeneous GTR+G model
used in the original study (Winterton et al., 2018), but differ
significantly in the systematic positions of Hemerobiidae
and families of Osmyloidea and Geoneuroptera.

Our analyses based on amino acid data (137 taxa)
under the simpler LG4X+R and the site-heterogeneous

LG+C60 models resulted in an almost identical tree
topology (except for some nodes within Hemerobiidae)
with the results of Winterton et a/. (2018). Similarities
between our result and the original analysis under site-
homogeneous models (Winterton et al., 2018) include:
1) Nevrorthidae were sister to Osmylidae (maximum
likelihood bootstrap [MLB] = 99); 2) Hemerobiidae were
sister to all extant Neuroptera excluding Coniopterygidae,
Dilaridae and Osmyloidea; and 3) Ascalaphidac were
nested within Myrmeleontidae (low support, MLB = 75),
as sister to Palparinae + Maulini.

By stark contrast, our focal analysis based on the
amino acid data set (137 taxa) under the CAT-GTR+G4
model resulted in a tree (Fig. 1) largely consistent with
the amino acid Bayesian tree (ExaBayes, under the
partitioned model) in Winterton et al. (2018). However,
under the better-fitting model our tree differs significantly
in the relationships of some key families that have broader
implications for understanding character evolution and
natural classification: 1) Nevrorthidae were well supported
as sister to Sisyridae, not Osmylidae (as in our CAT-
GTR+G4 trees based on nucleotide data sets); 2) Ithonidae
were sister to Psychopsidae + Myrmeleontoidea, rather
than Myrmeleontoidea alone; and 3) the antlion subfamily
Palparinae was supported as sister to Myrmeleontinae
(BPP = 0.87), rather than Ascalaphidae (owlflies). Based
on the comparative analyses of both nucleotide and amino
acid sequence data of beetles (McKenna et al., 2019;
Vasilikopoulos et al., 2019; Cai et al., 2020; 2022), fleas
(Meusemann et al., 2020; Tihelka et al., 2020), hexapods
(Schwentner et al., 2017), and pancrustacean (Rota-
Stabelli et al., 2013), it is clear that less saturated amino
acids should be preferred to nucleotides in phylogenomic
analyses of ancient relationships (Inagaki & Roger,
2006).

Model comparison

The LOO-CV (leave-one-out cross validation) scores
and the wAIC (widely applicable information criterion)
obtained here were quite close to each other, indicating
that wAIC is a good approximation of LOO-CV for the
large amino acid dataset.

Based on the model fitness scores given in Table 1,
the CAT-GTR model was clearly a better fit than the site-
heterogencous LG+C60 model and the site-homogeneous
LG model on the AHE amino acid dataset from Winterton
et al. (Winterton et al., 2018), both according to LOO-CV
(Acvl =—19.85+22.18=2.33; Acv2 =—19.85+23.45 =
3.60) and according to wAIC (AWAIC1 =—19.83 + 22.18
=2.35; AWAIC2 = —19.83 + 23.44 = 3.61). As such, we
selected the tree topology under the best fitting CAT-GTR
model as our preferred tree for explaining patterns in the
systematics and evolution of Neuroptera.
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FIGURE 1. Phylogram of Neuropterida relationships based on the CAT-GTR+G4 analysis of anchored hybrid enrichment (AHE)
amino acid data. All branches have a support value of > 0.93 Bayesian posterior probability (BPP) except those indicated by red
dots (BPP < 0.9). Abbreviations: Conio., Coniopterygoidea; Dilar., Dilaroidea; Ithon., Ithonoidea; Megal., Megaloptera; Psych.,
Psychopsoidea; Raphi., Raphidioptera. Superfamilial classification is adapted from Engel et al. (2018).
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TABLE 1. Comparing model fitness. Model comparison using PhyloBayes MPI-v.1.9 based on the AHE amino acid

supermatrix. LOO-CV, leave-one-out cross validation; wAIC, widely applicable information criterion.

Criteria
Model type Model
LOO-CV wAIC
) CAT-GTR -19.8451 -19.8257
Site-heterogenous
LG+C60 -22.1823 -22.1811
Site-homogeneous LG -23.4451 -23.4449

Discussion

Morphological data, particularly of immatures, provide
good but considerably limited data toward resolving
higher-level relationships among families of Neuropterida,
as the phylogenetic signal is considerably obscured by
the overall generalised morphology of adults (although
characters like genital sclerites are phylogenetically
informative) across otherwise anciently diverging groups,
combined with disparate larval morphologies associated
with specialized life histories (Wang et al., 2017; Engel
et al., 2018; Winterton et al., 2018). The vast molecular
data available (especially transcriptomes and AHE data),
however, have the potential to reconstruct the evolutionary
tree of Neuropterida accurately and precisely, dependent
on proper modelling of molecular evolution.

Integrated phylogeny of Neuropterida

We recovered a congruent and robust suite of interfamilial
relationships for Neuropterida based on transcriptomic and
AHE amino acid data sets under the site-heterogeneous
CAT-GTR+G4 model (Fig. 2). Integrating the larger but
less-sampled transcriptomic and the smaller but more
broadly sampled AHE data, we are able to reconstruct a
more holistic phylogeny of Neuropterida from which to
explore patterns of evolution across the clade.

1) As supported in previous studies, Coniopterygidae
(superfamily Coniopterygoidea) are sister to the remaining
Neuroptera (i.e., Euneuroptera). The monophyly of the
superfamily Osmyloidea is corroborated, with Nevrothidae
and Sisyridae recovered as sister groups and supported by
their strictly aquatic larvae (Engel et al., 2018; Winterton
etal., 2010).

2) Chrysopidae (Chrysopoidea), or green lacewings,
are recovered as sister to the superfamily Mantispoidea
(Berothidae, Mantispidae, Rhachiberothidae, and
Symphrasinae), rejecting a close relationship between
Chrysopidae revealed by
mitogenomic data (Wang er al., 2017; Engel et al.,
2018).

3) The mantis lacewing subfamily Symphrasinae
was strongly supported (BPP = 1) as sister to the family
Berothidae (beaded lacewings), but not to or within
Mantispidae. We suggest that the small and archaic

and Hemerobiidae as

subfamily Symphrasinae may eventually deserve a familial
rank, although broader sampling of Mantispoidea is
welcomed in the future to better understand the systematic
position of Symphrasinae in the tree of lacewings.

4) The phylogenetic position of the brown
lacewings, or Hemerobiidae, is well supported as sister
to Geoneuroptera (Ithonoidea, Myrmeleontoidea and
Psychopsoidea; sensu Engel et al. (Engel et al., 2018).

5) As in Wang et al. (2017), Ithonidae (Ithonoidea)
are supported as sister to Myrmeleontiformia, a clade
encompassing Myrmeleontoidea and Psychopsoidea.
The monophyly of Myrmeleontiformia is corroborated,
and the interrelationships of Myrmeleontiformia are
fully consistent with the prescient study of neuropteran
phylogeny based on larval data (Withycombe, 1925),
which was later confirmed by Sanger-sequencing data
(Winterton et al., 2010) and a more formal phylogeny
based on larval morphological, fossil, and behavioural
characters (Badano et al., 2017; Badano et al., 2018).

6) Within Myrmeleontoidea, Nymphidae are
sister to the clade Nemopteridae + (Ascalaphidae +
Myrmeleontidae). Although Myrmeleontidae (antlions)
are robustly supported as a monophylum by transcriptomic
data, their monophyly is only weakly supported by the AHE
nucleotide data under the CAT-GTR+G4 model. We suggest
that a comprehensive phylogenomic study focusing on a
denser sampling of Ascalaphidae and Myrmeleontidae
and modelling compositional heterogeneity is required
to fully understand such a rapid radiation of Neuroptera.
The enigmatic subfamily Stilbopteryginae (restricted to
Australia), placed in Myrmeleontidae in recent history
or as its own family (Jones, 2019), is strongly supported
as a lineage nested within Ascalaphidae and is therefore
transferred to Ascalaphidae, in line with its more traditional
position as near Albardiinae.

The owlfly obstacle

In our analyses of the AHE data, the subfamily
Stilbopteryginae (represented by Aeropteryx) was
always strongly supported as sister to Haplogleniinae +
Ascalaphinae, rejecting its basal-most position within
Ascalaphidae based on larval characters (Badano et
al., 2017). Thus, we place the Australian endemic
Stilbopteryginae as a subfamily of Ascalaphidae, as they
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FIGURE 2. Congruent interfamilial relationships of Neuropterida inferred from transcriptomic (left) and AHE (right) amino acid
data respectively under the site-heterogeneous CAT-GTR+G4 model. All branches have a strong support (BPP > 0.93), except for
the monophyly of Myrmeleontidae (only weakly supported in AHE nucleotide data under the CAT-GTR+G4 model). Note that the
transcriptomic dataset has fewer and sparser familial sampling than the AHE data.

also share notable characteristics with the latter, including
the clubbed antennae, short hypostigmatic cells, and similar
flight behaviour (Machado et al., 2019). Considering the
fact that Stilbopteryginae are a putatively ‘primitive’
group of owlflies, albeit not the earliest-diverging lineage
in our topology, Ascalaphidac probably represents a
sister group to Myrmeleontidae, rather than stemmed
from the latter (Machado et al., 2019). Our reanalyses
of the nucleotide data of Winterton et al. (2018) support
a sister-group relationship between Ascalaphidae and

Myrmeleontidae. We recommend caution, however, given
that the internode branch lengths of the two lineages are
extremely short, indicating a rapid radiation during their
early evolution, presumably during the Cretaceous. We
argue that the grouping of Palparinae and Ascalaphidae
recovered under the worse fitting site-homogeneous
models was probably a systematic error. Other data
forms such as ultra-conserved elements (UCE) and whole
genomes are promising for solving the perniciously
persistent predicament of owlfly relationships. Based on
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the phylogenomic evidence available, we suggest that it
is more plausible to maintain historical precedence and
regard owlflies as an independent family, Ascalaphidae.

Our reanalyses of the genome-scale datasets of
Winterton et al. (2018) and Vasilikopoulos et al. (2020)
under the site-heterogeneous CAT-GTR+G4 model
recovered a well-resolved and strongly supported tree for
the higher phylogeny of Neuropterida, resolving the long-
lasting controversies in the phylogenetic positions of many
key neuropteran families (Aspock et al., 2012). Our re-
analyses of the largest available datasets of Neuropterida
highlight the significance of modelling across-site
compositional heterogeneity and model comparison in
large-scale phylogenomic studies of insects.

Data accessibility. The data sets and output files
generated in this study are available from Science Data
Bank (https://www.scidb.cn/en/s/VNJvY3).
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