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INTRODUCTION

The rapid development of next-generation sequencing (NGS) technol-
ogies has facilitated a paradigm shift in phylogenetic and evolutionary
studies in the inference of the tree of life (Behura, 2015; Boutte
et al, 2022; Chan & Ragan, 2013; Mbanyana et al., 2024; Sinaiko

Abstract

Reconstructing the tree of life is facing challenges in inferring accurate and robust phy-
logeny based on large data in the genomic era. Currently, universal single-copy orthologs
(USCOs), ultraconserved elements (UCEs) and mitochondrial genomes (mitogenomes)
are widely used to reconstruct phylogeny. In this study, the higher-level phylogeny of
lacewings and allied orders (Neuropterida) is reconstructed based on USCOs, UCEs and
mitogenomes assembled from 42 newly sequenced low-coverage genomes (above
32.80X), representing all orders and all families except Rhachiberothidae, under various
types of data filtering, model selection and strategies of tree reconstruction. Using rela-
tively conservative criteria, we demonstrate that the topology based on amino acid
matrices of the USCOs filtered by multifactorial strategies under the site heterogeneity
model (LG + PMSF (C20)) is the most robust. The average bootstrap support (ABS)
values, an important criterion in gene filtering, exhibit large variation among different
repetitions. Applying fossil calibrations at deeper nodes close to the root of the phylog-
eny is demonstrated to facilitate more accurate estimation of evolutionary timescales by
comparing three different calibration schemes (deeper nodes, shallower nodes and a
combination of both). These results highlight the complexity of genomic data and offer

an integrative solution to overcome systematic error in phylogenomic inference.
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et al., 2024; Wachi et al., 2017; Young & Gillung, 2019). Currently,
universal single-copy orthologs (USCOs), ultraconserved elements
(UCEs) and mitochondrial genomes (mitogenomes) are frequently used
in comparative phylogenomics (Allen et al., 2017; Dai et al., 2023; Yu
et al., 2022; Zhang et al., 2019; Zhang et al., 2022; Zhao et al., 2023).

However, it is widely acknowledged within the phylogenomics
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community that these types of genomic data may lead to conflicts in
tree topology, especially at the deep nodes (Shen et al., 2017; Simion
et al, 2017; Steenwyk et al., 2023; Whelan et al, 2017; Yu
et al., 2022). Factors responsible for such conflicts involve sampling
strategies, systematic error (e.g. compositional heterogeneity and rate
heterogeneity) (Cai et al., 2020; Foster, 2004; Kapli et al., 2021; Kocot
et al.,, 2017; Li et al., 2023; Philippe et al., 2011; Szantho et al., 2023)
and biological factors (e.g. incomplete lineage sorting (ILS), horizontal
gene transfer (HGT), etc) (Edwards, 2009; Liu et al, 2015; Liu
et al, 2024; Steenwyk et al., 2023; Young & Gillung, 2019). To
address systematic error in phylogenetic inference, gene filtering
(Fernandez et al., 2016; Moles et al., 2021; Parks et al., 2018; Shen,
Salichos, & Rokas, 2016), more appropriate evolutionary models (Cai
et al, 2023; Dong et al., 2022; Lartillot et al., 2007; Lartillot &
Philippe, 2004; Rinke et al., 2021; Wang et al., 2018; Yu et al., 2022)
and recoding strategies (Giacomelli et al., 2022; Hernandez &
Ryan, 2021; Kosiol et al., 2004; Simion et al, 2017; Susko &
Roger, 2007) are often applied. Moreover, the coalescent-based
method accounts for the presence of ILS in individual gene trees,
allowing for different evolutionary histories among genes, as well as
phylogenetic conflicts between gene trees (Edwards, 2009; Liu
et al., 2015; Steenwyk et al., 2023; Young & Gillung, 2019). However,
various filtering methods are not always effective in reducing incon-
sistencies, and the best method, if any, is not clear.

Significant advancements have been made in methodologies for
estimating evolutionary rates and divergence times, and how to
improve the reliability of molecular clocks has been an important issue
in fields such as evolutionary biology and biogeography (Duchene
et al., 2014; Kovacs et al., 2024; Li et al, 2019; Luo et al., 2023;
Marshall, 2008; Pischel et al., 2021). Node-dating approaches use
fossil data indirectly to inform calibration prior densities on internal
node ages (Drummond et al., 2006; Nguyen & Ho, 2020; Yang &
Rannala, 2006). Numerous studies have been conducted on the
effects of substitution models (Abadi et al., 2019; Tao et al., 2020),
molecular clock models (Ho & Duchene, 2014; Lepage et al., 2007)
and fossil sampling (Inoue et al., 2010; O'Reilly & Donoghue, 2020;
Tamura et al., 2018). Regardless, there are few comparative analyses
of divergence time estimations utilizing diverse molecular datasets
under strictly controlled sampling conditions (Zhang et al., 2025). In
addition, empirical evidence indicates that divergence time estimates
are sensitive to the location and number of fossil calibrations
(Duchene et al., 2014; Puschel et al., 2019; Villaverde et al., 2021).
How exactly different datasets and various fossil choices affect these
results deserves further exploration.

Neuropterida are one of the key groups of Holometabola, with
moderate species diversity (ca. 6600 extant species worldwide)
with an archaic evolutionary history (dating back to the Carbonifer-
ous) and remarkable morphological and ecological diversification.
Among the orders of Neuropterida, that is, Raphidioptera, Megalop-
tera and Neuroptera, the sister group relationship between Megalop-
tera and Neuroptera has been widely accepted based on a series of
phylogenetic studies using morphological and genomic data. However,

the relationships among some families of Neuroptera remain
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controversial, particularly deeper relationships among groups of fami-
lies (Beutel et al., 2010; Lu et al., 2021; Vasilikopoulos et al., 2020;
Winterton et al., 2010; Winterton et al., 2017; Winterton et al., 2018).
This issue hinders the reliable estimation of the time scale for the
diversification of Neuropterida and further affects studies on the evo-
lution of this group in various aspects.

Herein, we present a case study on the higher-level phylogeny of
Neuropterida to explore conflict in phylogenetic inferences based on
the USCOs, UCEs and mitogenomes, assembled from low-coverage
genomes (mostly newly sequenced). This study aims to: (1) assess the
performance of the three data types in reconstructing the higher phy-
logeny of Neuropterida, (2) systematically compare multiple analytical
strategies for reconstruction and (3) investigate the performance of
three different fossil calibration schemes by data type in divergence

time estimation.

MATERIALS AND METHODS
Taxon sampling, DNA extraction and sequencing

We sampled 57 species in this study from all orders and most families
of Neuropterida (except Rhachiberothidae). Specimens were pre-
served in absolute ethanol at —20°C in Hebei Agricultural University.
The low-coverage genomes of 42 species are newly sequenced, while
11 published genomes of Neuropterida were downloaded from Gen-
Bank (http://www.ncbi.nlm.nih.gov) (Table S1). Four species of Cole-
optera were selected as outgroups: Agrilus cyanescens (Ratzeburg)
(Polyphaga; Buprestidae), Agelastica alni (Linnaeus) (Polyphaga: Chry-
somelidae), Anaspis maculata Geoffroy (Polyphaga: Scraptiidae) and
Ophonus ardosiacus (Lutshnik) (Adephaga: Carabidae).

Total DNA was extracted from the thoracic muscle tissues of
specimens using TIANamp Genomic DNA Kit (Tiangen) according to
the standard protocol. The purity, concentration and integrity of
genomic DNA were detected by NanoDrop 2000, Qubit fluorometer
and Agilent 4200 Bioanalyzer. An lllumina paired-end library with a
single species was generated from the pooled genomic DNA with an
average insert size of 300 bp by the Novogene Bioinformatics Tech-
nology Co., Ltd. (Beijing, China). The clean data was generated by fil-
tering raw data with Fastp v0.23.4 (Chen et al., 2018) to remove
adapters, reads containing poly-N and low-quality reads.

Genome assembly and marker acquisition

Genome size was assessed through k-mer frequency distribution anal-
ysis. Jellyfish v1.1.10 (Marcais & Kingsford, 2011) was used to tackle
k-mer counting. The genome size was estimated using GenomeScope
v2.0.1 (Vurture et al., 2017). Newly sequenced genomes were assem-
bled using PLWS v1.0.5 (http://github.com/xtmtd/PLWS) (Zhang
et al., 2019). Quality control and normalization were conducted using
BBTools v37.93 (Bushnell, 2014). Sequencing errors were corrected

using Lighter v1.1.1 (Song et al., 2014). Contig assemblies were
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performed using Minia v3.00-alphal with multiple k-mer (21, 41,
61, 81, 101, 121) (Chikhi & Rizk, 2013). Redundant contigs were
removed using Redundans v0.13c (Pryszcz & Gabaldoén, 2016). Contig
scaffolding using base N was performed using BESST v2.2.8 (Sahlin
et al,, 2014). Gap filling (i.e. base N replaced by A\T\G\C) was per-
formed using GapCloser v1.12 (Xu et al., 2020). The completeness of
the assemblies was assessed using BUSCO v3.0.2 (Waterhouse
et al., 2018) against the endopterygota_odb10 (n = 2124) database
following standard parameters.

The USCOs were extracted from genomes with BUSCO v3.0.2
(Waterhouse et al., 2018) using the endopterygota_odb10 as refer-
ence. The default standard deviations (o) of the mean USCO length
were modified to 20 to allow more USCOs to be classified as ‘com-
plete’, as incomplete ‘fragmented” USCO sequences were not output
by the BUSCO pipeline.

The UCE probes of Neuropterida have been designed in accor-
dance with Script3 of PLWS v1.0.5 (Zhang et al., 2019). Nine rep-
resentative species of Neuropterida and one representative species
of Coleoptera (A. maculata) with high-quality genomes were
selected for the design of UCE probes (Table S2). The genome
assembly of Chrysoperla carnea (Stephens) was selected as the base
genome (accession GCA_905475395.1). ART v2.5.1 (Huang
et al,, 2012) was used to resample error-free, paired-end reads of
100 bp terminal at a coverage of 2X. Stampy v1.0.32 (Lunter &
Goodson, 2011) was used to align the simulated original sequence
to the base genome with a substitution rate of 0.05. The
unmapped reads were deleted using SAMtools v1.19.2 (Li
et al,, 2010). Bedtools v2.31.0 (Quinlan & Hall, 2010) was used to
merge overlapping or nearly overlapping intervals. The probes
were aligned to genomic sequences to ensure that these con-
served sequences were located in each genome. PHYLUCE v1.5.0
(Faircloth, 2016) was used for UCE probe design. The final probe
set was designed by selecting the conserved genes shared by the
eight species and removing the duplicates. For UCE loci extraction,
the initial input files were all 57 genome assemblies and the newly
created probe set of Neuropterida (‘Neuropterida-5Kv1’,
n = 5341). PHYLUCE v1.5.0 (Faircloth, 2016) was also used to

obtain UCEs from assembled genomes.

Mitochondrial genome assembly and annotation

Approximately 5 Gb high-quality reads were extracted randomly
using BBTools v37.93 (reformat.sh) (Bushnell, 2014) from the clean
data for each species. The mitogenome was assembled using
NOVOPIlasty v4.3.1 (Dierckxsens et al., 2017) and annotated by
MITOS Web Server (Bernt et al., 2013) under default settings and
then checked by manual proofreading according to relative species.
ClustalX v1.83 (Thompson et al., 2003) was used to compare
protein-coding genes (PCGs) and rRNA genes with published Neu-
ropterida mitogenome sequences to determine accurate boundaries.
The control region was identified by the boundary of the rrnS and
tRNA"e,
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Matrix generation

Amino acid sequences of USCOs and nucleotide sequences of UCEs
were used for subsequent analyses. MAFFT v7.182 (Rozewicki
et al., 2019) was used to align all genes (L-INS-i). To keep phylogeneti-
cally informative sites and remove others, alignments were trimmed
by ClipKIT v2.2.1 (Steenwyk et al., 2020) with the strict parameter.
The matrix concatenation and statistics have been conducted using
FASConCAT-g v1.04 (Kiick & Meusemann, 2010). Subsequently, all
USCOs and UCEs were concatenated into USCO_all and UCE_all
matrices, respectively. In this study, there were five successive strate-
gies for filtering loci (Figure 1). For Strategy |, genes were filtered
based on the average bootstrap support (ABS) values of the gene
trees. Individual gene trees of each gene were estimated with 1Q-
TREE v1.6.10 (Minh et al., 2020) with the automatically selected best
model. Eight sub-datasets were established for comprising genes
whose maximum likelihood (ML) trees had ABS values across all inter-
nodes greater than or equal to 70, 75, 80 and 85 (USCO_l_abs70,
USCO_I_abs75, USCO_l_abs80, USCO_|_abs85, UCE_l_abs70,
UCE_l_abs75, UCE_l_abs80 and UCE_l_abs85). For strategy Il, ten
matrices (USCO_II_70, USCO_lI_75, USCO_II_80, USCO_IlI_85,
USCO_II_90, UCE_Il_70, UCE_II_75, UCE_Il_80, UCE_II_85 and
UCE_II_90) were constructed with 70%, 75%, 80%, 85% and 90% taxa
completeness for downstream analyses to reduce the proportion of
missing data. For Strategy Ill, eight matrices (USCO_IIl_70_abs70,
USCO_IIl_75_abs75, USCO_III_80_abs80, USCO_III_85_abs85,
UCE_llI_70_abs70, UCE_IIl_75_abs75, UCE_IlII_80_abs80 and
UCE_III_85_abs85) were generated under the combined filtering con-
ditions of Strategy | and Strategy Il. For Strategy IV, the number of
parsimony-informative sites per gene was detected using Phykit
v1.2.1 (Steenwyk et al, 2021). The loci with the number of
parsimony-informative sites less than 100 were removed. BaCoCa
v1.1 (Kuck & Struck, 2014) was used to assess heterogeneity using
relative composition frequency variability (RCFV) values. The loci with
RCFV values greater than 0.3 (RCFV>0.3) were removed. Then, the
loci with SRH (stationary, reversible and homogeneous) (Naser-
Khdour et al., 2019) model violations were filtered using IQ-TREE
v1.6.10 (Minh et al., 2020). Subsequently, the remaining USCOs and
UCEs were concatenated into USCO_IV and UCE_IV matrices, respec-
tively. For Strategy V, the filtering methods based on the gene tree
were added to Strategy IV. Firstly, Treeshrink v1.3.7 (Mai &
Mirarab, 2018) was used to remove genes with abnormally long
branches using multiple « thresholds (0.05). The degree of violation of
a molecular clock (DVMC) and treeness of genes was calculated using
Phykit v1.2.1 (Steenwyk et al.,, 2021). The genes with DVMC>1 or
treeness<0.3 were removed. Subsequently, matrices (USCO_V and
UCE_V) were concatenated from the remaining USCOs and UCEs,
respectively.

For mitogenomes, each PCG was aligned individually using
MAFFT v7.182 (Rozewicki et al., 2019) based on codon-based multi-
ple alignments with the L-INS-i strategy. Two rRNA genes were indi-
vidually aligned using MAFFT v7.182 (Rozewicki et al., 2019) with the
G-INS-i strategy. The unaligned sites were excluded using Gblocks v
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E Matrices (2) “USCO_IV & UCE_IV”
>
%D (1) Number of parsimony-informative sites (>100)
s >
A (2) Relative composition variability (<0.3) S
&N
Q
(3) Stationarity reversibility and homogeneity (SRH, 0.05) 3
__________________________ b
(4) Treeshrink (o thresholds, 0.05) Z

(4) Degree of violation of the molecular clock (DVMC<1)
(5)Treeness (>0.3)

Matrices (2) “USCO_V & UCE_V”

FIGURE 1 Five filtering strategies and corresponding matrices (Strategy I-V).

0.91b (Talavera & Castresana, 2007) with default parameters. Then
alignments of individual mitogenome genes were concatenated to
generate five matrices. The PCG matrix included all three codon posi-
tions of 13 PCGs. The PCGR matrix included all three codon positions
of 13 PCGs and two rRNA genes. The PCG12 matrix included the first
and second codon positions of 13 PCGs. The PCG12R matrix included
the first and second codon positions of 13 PCGs and two rRNA genes.
The AA matrix included amino acid sequences of 13 PCGs.

Phylogenetic reconstruction and topology testing

For the USCOs and UCEs matrices, phylogenetic trees were inferred
based on concatenation and coalescent-based analyses. The
concatenated ML analyses were inferred using IQ-TREE v1.6.10
(Minh et al., 2020) with the optimization model automatically selected
for each gene (—m MFP) for all matrices. Dayhoffé recoding
(Hernandez & Ryan, 2021) corresponding to the six-dayhoff's amino
acid families was first performed using Phylogears v2.2.0
(Tanabe, 2008), and then reconstructed using IQ-TREE v1.6.10 (Minh
et al., 2020) with ‘-m GTR + R’ based on all USCO matrices. The phy-
logenetic trees were reconstructed under posterior mean site fre-
quency (PMSF) model with ‘-m LG 4 C20 + FO + R’ using IQ-TREE
v1.6.10 (Minh et al., 2020) for all USCO matrices. The corresponding
concatenated partitioning ML tree was used as the initial guide tree.
The resulting PMSF tree was used as a new guide tree, resulting in a
new PMSF profile and a new tree. The PMSF tree inference process
was repeated iteratively at least twice until no topological changes
occurred. ML trees for individual genes were inferred using IQ-TREE
v1.6.10 (Minh et al., 2020) with the optimization model automatically
selected (—m MFP). The coalescent-based analyses were generated
by individual gene trees as mentioned above using 100 replicates in
ASTRAL-IIl v5.6.1 (Zhang et al., 2018).

For mitogenomes, phylogenies were estimated under the site-
homogeneous model and the site-heterogeneous model. For the
concatenated ML analyses of all mitogenome matrices, partitioning

schemes and substitution models were selected automatically using

IQ-TREE v1.6.10 (Minh et al., 2020) for 1000 UFBoot2 bootstraps
(Hoang et al, 2018) and 1000 SH-alLRT replicates (Guindon
et al., 2010). Bayesian inference (Bl) was performed using MrBayes
v3.1.2 (Ronquist & Huelsenbeck, 2003) with four Markov Chain
Monte Carlo (MCMC) chains for 10 million generations, sampling
every 1000 trees and discarding the first 25% of generations as burn-
in for all mitogenome matrices. A phylogenetic tree based on the
PCGR matrix under the site-heterogeneous model (CAT-GTR) was
also reconstructed with PhyloBayes v3.3 (Lartillot et al., 2009). Two
independent MCMC chains were run at the same time for separate
analysis until the maxdiff was less than 0.1, and the consensus tree
was obtained by discarding 25% of the samples as burn-in. Individual
gene trees were obtained with IQ-TREE v1.6.10 (Minh et al., 2020)
with ‘-m MFP’.

Then, topology testing was performed in IQ-TREE v1.6.10 (Minh
et al,, 2020) to select the most robust topology for USCOs and UCEs
matrices, respectively. Approximately Unbiased (AU), Weighted
Kishino-Hasegawa (WKH) and Weighted Shimodaira-Hazegawa (WSH)
tests were calculated in IQ-TREE v1.6.10 (Minh et al., 2020). The tree
estimated from previous PMSF inference on the USCO_V matrix was
used as the guide tree, using the USCO_V matrix and 22 topologies as
input files with the model ‘LG + C20 + F + R’ for the topology test for
USCOs. The UCE_V matrix and three topologies were used as input file
with the model ‘GTR + | + G’ for the topology test for UCEs.

Relative frequency analyses of the gene trees in the USCO, UCE
and mitogenome datasets were performed in DiscoVista v1.0 (Sayyari
et al., 2018) to visualize the frequencies of the three possible gene tree
topologies around the major discordance, respectively. For every focal

split, a bar graph shows the quartet frequencies around that branch.

Divergence time estimation

Estimation of divergence time of Neuropterida was performed using
MCMCTree in PAML v4.9j (Yang, 2007). For the analysis with fossil cal-
ibrations, three different calibration schemes were used as calibration

points (Table S3). The first scheme of fossil calibrations was set in
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(a) %BUSCOs (b) SIZE(Mb)
[ Complete (C) and single-copy (S) Complete (C) and duplicated (D)
Fragmented (F) [ | Missing(M)

CSRATSSTTIDOTIEADMI 214 [ Mongoloraphidia duomilia 435639
SIS 411 DO 28392674212 [E—— Agulasp. 55563 fopriatone
CoSR0SASEDOMIEISSMAT 24 [ Inocellia fujiana 2921 Tnocellidae
C5395(S53 53 DOAFISWOM2I05214 [ | Negha sp. 45738
COLMSE0LDOBFOSMITOn2I24 [ Slalis sibirica 7882 Sialidac
COABSEI DO FIMOMIS 22124 I Protohermes costalis s86.48
Ci6634[SE601 DO FIBRMIS 2124 [ Neoneuromus similis 864 Corydalidae
Ci66OSISESSEDOATIFITIAMIGION2124 [0 Parachauliodes buchi 51219
C37.99[S:37.66 D033 F27.35 Mi34.65.n:2124 I Neochauliodes fraternus 52132
CHGSS[ST662,D:024) F:34. 30 M:A8. 82,2124 [ Semidalis aleyrodiformis 325.56 Goniopterygidss
CiS1.08[S:34.75 Dil6 4 F21 75 M:27.17,0:2124 [— | Conwentzia sinica 22048
Ci6L30[S6097 DO F2ISMIBSS 2124 BN Lysmus canimaculatus | 56429 \ Osmylidae
CHRTISISB66B DS FGAOMEGAOR2124 ] [ Thyridosmylus trimaculatus [T 31108
2SS 9218 D033 A MEA 05 R21241 [ Nipponeurorthus furcatus 187.70 Nevrorthidae
CB460[S3277 DB F2608 M9 3102124 ] Sisyra indica 45560 Sisyridae

_ - Dilar hastatus 300.94 Dilaridae
CT632(S7528DAGFIAIMOS6N2128 [ | Dilar montartus aon.s8
CROTYSROOBDOGIFIISMION2I4 Isoscelipteron eucallum 38537
COSESESISDOWFIORMISAS —- Berotha baminana 2600 St
CHIMSETOLDORETAMS 202124 Mantispa styriaca [ 18367
CTASSTIRDOM MRN8 —- Eumantispa tibetana [T 1s0s7 Mantispidac
CiSSTA[SSATI DO F2AOMIOST21 I Apertochrysa sp. 9020 Chryso
Ci6BI[SE78 DO FATOMIAOE21A I Apertochrysa prasina 21 e
C36.77[:36.02,D:0.75]F:33.19,M:30.04,n:2124 I Wesmaelius bihamitus 232.56 Hemerobiidae
CTI2ASTCADOTSIFIB MO B Sympherobius tessellatus 266.52
Ci66SISES DA FACHTMIGH 2124 IO Rapisma gaoligongensis 46896
CATOSSE6T2DOMETNMS 2124 Ithone fulva 36428 [(honidac
CHSSSB4SIDOSERIOMGAOn2I24 Polystoechotes sp. 42498
C:42.66(5:42.28,D:0.38),F:33.05,M:24.29,n:2124 [ ] Balmes birmanus 70432 Psychopsidae
CH3.60[5:43.08.D10.52) F:31.54 24 86,2124 IO Psychopsis margarita 92022
CATSASERAIDASIFIS6MAS NI B Myiodactylus osmyloides | | 65238
CIOMSTIBDORFIISMIS28 [ Nymphes myr ides [ s Nymphidae
CHISSSI2DOSGFILRMT 2128 [ Osmylops sp. l | ss522
CORRSERIBDOTFISSSMIZGZ02124 | | Osmylops armatus | ss.12
Ci34.18[S3357D:0,61] FI098 MM 84.02124 — Chasmoptera huttii sis42 Nemopteridae
— _ Austrocroce attenuata 371.23
CiS06(SS287 D01 F2TTMIS 2124 | Euroleon coreanus 65203
Ci3.64[S:43.27 DI0.38] F27 59 M8 TTn2124 | Dendroleon similis 54852 Myrmelcontida
CHBGSA8O2D0GII 2726 M4 L2124 [ Palpares torridus 39420
C4BATISA835 D02 FILOBM20. 1002124 [ | Deutoleon lineatus 75264
CRLSHSSLOTDOATIFOTOMS 6n2124 Acheron trux I 2724
CI8I9(STSOLDOSSFALSM06m2124 = Protidricerus elwesii [T a3 frcpiiie
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FIGURE 2 Genome completeness assessment against the specific endopterygota_odb10 set (n = 2114) and genome size of 42 Neuropterida

species.

deeper nodes closer to the root, the second scheme of fossil calibra-
tions was set in shallower nodes and the last scheme was a combina-
tion of the two previous schemes of fossil calibrations. The USCO_V,
UCE_V and PCGR matrices and their corresponding robust topologies
were selected as input files, respectively, because they demonstrated
the strongest phylogenetic signal. The independent rates clock model
(clock = 2) was used for further calculation. The parameters of the
mean substitution rate and the rate drift were set as rgene_gamma =
‘220 1’ and sigma2_gamma = ‘1 10 1’, respectively. Two independent
MCMC runs were performed for 100 million generations with the 25%
as burn-in. The analysis was terminated until all the ESS exceeded
200 using Tracer v1.6 (Rambaut et al., 2018).

RESULTS
Genome assembly
Approximately 15.44-69.89 Gb clean data was generated for each

sample, with coverage ranging from 32.80 X (Balmes birmanus MclLa-
chlan, Psychopsidae) to 202.70 X (Mantispa styriaca (Poda),

Mantispidae) obtained (Figure S1 and Table S4). The genomes of
42 Neuropterida species were newly assembled in this study, with
genome sizes ranging from 180.87 Mb (Eumantispa tibetana Yang,
Mantispidae) to 920.22 Mb (Psychopsis margarita Tillyard, Psychopsi-
dae) (Figure 2 and Table S5). The lengths of scaffold Nso were short-
est in Nipponeurorthus furcatus Liu, H. Asp6ck et U. Aspéck (3.78 kb,
Nevrorthidae) and longest in Wesmaelius bihamitus (Yang) (116.90 kb,
Hemerobiidae). The number of scaffolds ranged from 27,488
(N. furcatus, Nevrorthidae) to 398,979 (P. margarita, Psychopsidae).
The GC content ranges from 25.37% for Neoneuromus similis Liu,
Hayashi et Yang (Corydalidae) to 37.17% for W. bihamitus
(Hemerobiidae). Additional statistics including average read coverage,
the number of scaffolds, assembly size, longest scaffold length, scaf-

fold N5o and BUSCO completeness are provided in Table S5.
Marker capture and matrix generation
For the extraction of USCOs, almost all species were extracted with

more than 50% complete and single-copy USCOs, except Semidalis
aleyrodiformis (Stephens) (Coniopterygidae), Conwentzia sinica Yang
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(Coniopterygidae) and Inocellia fujiana Yang (Inocelliidae), which may be
due to the age of the specimens or the small size of the samples
(Table Sé). There were 2124 USCOs obtained for the subsequent ana-
lyses. After removing loci containing fewer than three sequences, 2117
loci were retained. The USCO_all matrix contained 774,120 amino acid
sites. After filtering according to Strategy |, there are four matrices
(USCO_l_abs70-85) containing 443,858-756,620 amino acid sites.
After filtering according to Strategy Il, there are five matrices
(USCO_II_70-90) including 246,421-627,733 amino acid sites. After
filtering according to Strategy lll, there are four matrices (USCO_III_70-
85_abs70-85) including 227,899-613,265 amino acid sites. After filter-
ing according to Strategy IV and Strategy V, the concatenated
USCO_IV and USCO_V matrices contained 229,165 and 189,562
amino acid sites, respectively (Table S7).

For the UCE probe design, there were 3,590,180-15,155,374
reads from 10 genome assemblies modelled by ART v2.5.1 (Huang
et al.,, 2012). There were 0.67%-10.16% simulated reads mapped to
the base genome (C. carnea). The results of the PHYLUCE probe
design showed that the provisional Neuropterida UCE probe set con-
tained 16,269 baits and 8404 conserved loci. A set of 5341 target
genes shared by eight species was selected for the final probe design.
After deleting the duplicates, the final UCE probe set of Neuropterida
was obtained, which contained 90,672 probe decoys and 5341 con-
served loci. Then, there were a total of 3823 UCEs with 3,384,479
nucleotide sites extracted. The UCE_all matrix contained
3,384,479 nucleotide sites. After filtering according to Strategy |,
there were four matrices (UCE_|l_abs70-85) contained 939,334-
3,155,238 nucleotide sites. After filtering according to Strategy I,
there are five matrices (UCE_II_70-90) including 171,412-1,988,741
nucleotide sites. After filtering according to Strategy I, there are four
matrices (UCE_lll_70-85_abs70-85) including 210,992-1,957,185
nucleotide sites. After filtering according to Strategy IV and
Strategy V, the UCE_IV and UCE_V matrices contained 958,077 and
725,499 nucleotide sites, respectively (Table S7).

A total of 21 complete mitogenomes were assembled, with lengths
ranging from 16,307 bp in Sisyra indica Needham (Sisyridae) to
17,001 bp in Dilar hastatus Zhang, Liu, H. Aspock et al U. Aspock
(Dilaridae) (Table S8). A total of 18 nearly complete mitogenomes were
assembled, with only the control region being difficult to assemble due
to its high AT content. The length of PCGs in the presently sampled spe-
cies of Neuropterida ranges from 11,060 bp in Mongoloraphidia duomilia
(Yang) (Raphidiidae) to 11,206 bp in N. furcatus (Nevrorthidae) (Table S8).
The changes in the length of PCG, rmL and rmS were relatively small,
and the changes in the length of the control region were relatively large.
The PCG and PCGR matrix contained 11,055 and 12,887 bp, respec-
tively. The PCG12 and PCG12R matrices contained 7370 and 9202 bp,
respectively. The AA matrix contained 3559 amino acid sites.

Unstable ABS values

Based on the results of six repetitions of the phylogenetic reconstruc-
tion using all USCOs loci (2117 x 6) with the same command, ABS
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(the absolute value of the subtraction of the six repetitions) changed
greatly, ranging from O to 18.5 (Figure 3a). The total number of
changes of the ABS in six repetitions was 31,413 (98.92%) times. The
number of changes of ABS in six repetitions equal to or greater than
1 was about 12,673 (39.91%) times, equal to or greater than 2 was
5736 (18.06%) times. The number of changes in ABS in three repeti-
tions equal to or greater than 3 and 4 was 608 and 1627 times,
respectively. The number of changes in ABS in three repetitions equal
to or greater than 5 was 902 times. Notably, the astral trees obtained
from the six repetitions exhibited inconsistent topology (Figure 3b).
While the first five replications consistently supported Chrysopidae as
the sister group to Myrmeleontoidea, the sixth replication demon-
strated Hemerobiidae as the sister group to the Myrmeleontoidea.

Phylogeny of Neuropterida based on USCOs

Topologies of phylogenetic trees of Neuropterida based on
USCOs under inferred models were consistent at most nodes
(Figure S2). Raphidioptera were recovered as monophyletic and as the
sister group to the rest of Neuropterida. Megaloptera were also
recovered as monophyletic and the sister group to the monophyletic
Neuroptera. Each family of Neuropterida (Raphidioptera, Megaloptera
and Neuroptera) was strongly supported as reciprocally monophyletic
except for Myrmeleontidae. Coniopterygidae were recovered as the
sister group to the rest of the Neuroptera. Dilaridae were demon-
strated as the sister group to all remaining Neuroptera except for
Coniopterygidae and Osmyloidea. Nemopteridae were demonstrated
as the sister group to the branch including Myrmeleontidae and Asca-
laphidae. However, the phylogenetic positions of Hemerobiidae and
Chrysopidae were inconsistent, with five different topologies being
recovered across different analyses (Figure S2A). Under the first
topology (T1), Hemerobiidae were recovered as the sister group to
the rest of Neuroptera except for Coniopterygidae, Osmyloidea and
Dilaridae, while Chrysopidae were recovered as the sister group to
Mantispoidea. Under the second topology (T2), Chrysopidae were
recovered as the sister group to the branch including Hemerobiidae +
Myrmeleontoidea. Under the third topology (T3), the branch of Chry-
sopidae + Mantispoidea was recovered as the sister group to the
branch including Hemerobiidae + Myrmeleontoidea. Under the fourth
topology (T4), Hemerobiidae were recovered as the sister group to
the branch including (Mantispoidea + (Chrysopidae + Myrmeleontoi-
dea)). Under the fifth topology (T5), Mantispoidea were recovered as
the sister group to the branch including (Hemerobiidae +
(Chrysopidae + Myrmeleontoidea)). Most concatenated ML analyses
with USCO matrices generated topology T1 except for USCO_I_abs85
and USCO_IV matrices. Most phylogenetic analyses using the Dayh-
offé recoding scheme based on USCO matrices supported topology
T2 except for USCO_II_85, USCO_IlII_75_abs75, USCO_III_85_abs85
and USCO_IV matrices. Most phylogenetic analyses under the PMSF
model based on USCO matrices supported topology T3 except for the
USCO_I_abs85 matrix. The concatenated partitioning ML analyses
with the USCO_IV matrix, as well as the ML analysis using the
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FIGURE 3 Comparative visualization of average bootstrap support variability across six replicate analyses. (a) Heatmap representation of
absolute sum of the difference in average bootstrap support values among the six replicates of the gene trees reconstructed from all USCOs
(2117). (b) Corresponding topological variations in six replicate ASTRAL trees. The phylogenetic positions of Chrysopidae (marked in blue) and
Hemerobiidae (marked in pink) showed inconsistency among the six ASTRAL trees.

Dayhoffé recoding scheme with USCO_III_75_abs75 and USCO_IV
matrices, consistently supported topology T4. Most coalescent ana-
lyses of USCO matrices, conducted under ABS-based filtering
(Strategy 1), completeness-based filtering (Strategy Il) and their com-
bined approach (Strategy lll), consistently supported topology T5.
Besides, there were also some minor controversies within Chry-
sopidae, Nymphidae and Myrmeleontidae (plus Ascalaphidae). Six
topologies of Chrysopidae were inferred using all USCO matrices,

with the majority of nodes consistent except for the position of

Nothochrysa sinica Yang, Italochrysa pardalina Yang et Wang and Aper-
tochrysa sp. (Figure S2B). Under the first (a) and second topologies (b),
Apertochrysa sp. was recovered as the sister group to N. sinica, while I.
pardalina was recovered as the sister group to the rest of Chrysopinae
(a) or the clade comprising Chrysopa Leach and Chrysoperla Steinmann
(b). Under the third topology (c), Apertochrysa sp. was recovered as
the sister group to the clade comprising Chrysopa and Chrysoperla.
Under the fourth topology (d), Apertochrysa sp. was recovered as the
sister group to Chrysoperla. None of these four topologies (a, b, ¢ and
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(UCE) (USCO) (mitogenome)
Ophonus ardosi Ophonus ardc Ophonus ardosiacus Carabidae
2 3 Agrilus Agrilus cyanescens 2 ,— Agrilus cyanescens Chrysomelidae
= Anaspis l Anaspis maculata @ Anaspis I ptii
Agelastica alni Agelastica alni Agelastica alni Buprestidae ?
Agulla sp. Agulla sp. Agulla sp. =
e7 RAPH T =
6 Mongoloraphidia duomilia Mnngnloraphldm duomilia R Mongoloraphidia duomilia R2Phidiidae =
Inocellia fujiana lnu( ellia fujiana Im)LeIIm fujiana 3
el o INOC "
£ Negha sp. s ol ,Vzgha sp. U Ncgha sp. Inocelliidae '%
Sialis fuliginosa Sialis fuliginosa Sialis fuliginosa ;
Sialis lutaria SIAL Sialis lutaria SIAL Sialis lutaria e
Sialis melania oll} Sialis melania Sialis melania Sialidae 2
Sialis sibirica — Sialis sibirica Sialis sibirica (5
es 05, 5| ] t10 L)
Parachauliodes buchi Parachauliodes buchi Parachauliodes buchi (=)
Neochauliodes fraternus Neochauliodes fraternus Neochauliodes fraternus -8
Protohermes costalis CORY Pm!ahermu costalis CORY Protohermes costalis Corydalidae 5
Neoneuromus similis Neoneuromus similis Neoneuromus similis &
9 Neoneuromus ignobilis Neoneuromus ignobilis Neoneuromus ignobilis
¢ 7 . N 5 L
Cunw:'ntz.l:z .ffmc’a - CONI 9 Conwentzia sinica il t9 ) Conwentzia sinica Conlopterygidae
2yrodijormi. Semidalis aleyrodiformis Semidalis aleyrodiformis
Sisyra terminalis ysmus canimaculatus LJ’M"“A canimaculatus
5 b SISY 02! " A OosMY Osmylidae
Sisyra indica N L ‘hyridosmylus trimaculatus Thyrldaxm wlus trimaculatus
el8 Nipponeurorthus furcatus NEVR \x ’ Nipponeurorthus furcatus NEVR Nipponeurorthus furcatus Nevrorthidae
i N Sisyra terminalis ti8 is) erminalis
Lyfmus cammalculﬂru.r 0SMY- ol8 — Sisyra terminalis Sisyridae
Thyridosmylus trimaculatus Sisyra indica Sisyra indica
€26 - Dilar montanus D"” montanus t2()Dilar montanus T
2 Dilar hastatus | 2 Bitar hastatus e { Dilar hastatus anues
SYmDheror Il Bzrothn baminana 20| | 37 Berotha baminana
- HEME, 020 BERO Bvo Berothidac
W N Iso:cehp!eron eucallum 29 Isoscelipteron eucallum
Berotha baminana BERO _ A -7 Malmspa styriaca 31Mamixpa styriaca N
Isoscelipteron eucallum N F umantispa tibetana may 08 ! Erumantis spa tibetana ManCaiieas
Mantispa styriaca AT Apochrysa matsumurae Sympherobius tessellatus
27 Eumantispa tibetana ' 025 Nothochrysa sinica ©5 {3”,“””“ LT Hemerobiidae
Apochrysa matsumurae \ Ilalnrhtyca pardalina Apochrysa matsumurae g
03
” Nothochrysa sinica N  dpertochrysa sp. CHRY K Nothochrysa sinica S
& Italochrysa pardalina \ Apertochrysa prasina S ’ Italochrysa pardalina &
€29 Apertochrysa sp. \ Chrysopa pallens ) Apertochrysa sp. =
Chrysopa pallens ~ €"RY \527 Chrysoperla carnea RN Apertochrysa prasina Chrysopidae
Apertochrysa prasina . Chrysoperla furcifera Ser Chrysopa pallens
Chrysoperla carnea ‘\ Svmpheroblu: tessellatus )/ Chrysoperla carnea
Chrysoperla furcifera Wc.vmaclius bihamitus HEME, Chrysoperla furcifera
U Ithone_/u{va ] ITHO o‘ﬁhane fulva 2llhone fulva ;
33 Rapisma li Rapisma gaoligongense ITHO Rapisma gaoligongense Ithonidae
Polystoechotes sp. 039 |ioa3 Polystoechotes sp. 4l Polystoechotes sp.
i Psychopsis margarita c i i
Nymphes myrmeleonoides [ 045 p: 8 e _E‘ 5Px)<hapsts margarita Psychopsidae
Osmylops sp. NYMP Balmes birmanus Balmes birmanus
Myiodactylus osmyloides TS~ 0‘}1, J-Nymph:zs myrmeleonoides 4Nymphes myrmeleonoides
Osmylops armatus Pt T Myiodactyl d 144 Mpyiodactylus osmyloides
Psychopsis margarita , Osmylops sp. Osmylops sp. Nymphidae
a PSYC-
o Balmes birmanus Osmylops armatus Osmylops armatus
Austrocroce attenuata 046 Austrocroce attenuata 146! Austrocroce attenuata N o
Chasmoptera huttii N Chasmoptera huttii NEMO Chasmoptera huttii emopterices
Acheron trux 05 Sl’ulparev torridus MYRM. _ s 3,41-h.':mn trux
Protidricerus elwesii - - - - - e Acheron trux St Protidricerus elwesii Ascalaphidae
-- S 05 ) ASCA - -~ T
Palpares torridus - - rotidricerus elwesii Palpares torridus
Euroleon coreanus |« o\ Euroleon coreanus 54 Euroleon coreanus Myrmeleontidae
Deutoleon lineatus Deutoleon lineatus MYRM Deutoleon lineatus

Dendroleon similis

0.5

Dendroleon similis

Dendroleon similis

FIGURE 4 Comparison of preferred phylogenetic trees of Neuropterida based on USCO, UCE and mitogenome. Four-letter prefixes of

exemplar names represent codes for respective family names. Conflicting tips between data types are indicated with dotted lines between the
topologies. The node numbers are consistent with those in Figures 5 and 6, Tables S9-511. USCO, Universal single-copy ortholog; UCE,

ultraconserved element; mitogenome, mitochondrial genome.

d) supported the monophyly of Apertochrysa Tjeder. Under the fifth
topology (e), Nothochrysinae (N. sinica) was recovered as the sister
group to Chrysopinae. Under the sixth topology (f), Nothochrysinae
(N. sinica) was recovered as the sister group to Apochrysinae. Using
the concatenated ML analyses and the ML analyses with Dayhoffé
recoding scheme, USCO_IV and USCO_V matrices supported the fifth
topology and the sixth topology (f), respectively. Both the
concatenated partitioning ML analyses and the ML analyses with
PMSF model based on USCO_IV and USCO_V matrices supported the
sixth topology (f).

The phylogenetic relationships within the Nymphidae were incon-
sistent according to different matrices and models (Figure S2C).
Almost all analyses of USCO matrices supported Nymphes Leach as
the sister group to (Myiodactylus Brauer + Osmylops Banks) (labelled
as ‘p’), whereas ML analyses using Dayhoffé recoding scheme

(USCO_all, USCO_l_abs75, USCO_Il_70-90 and USCO_III_75-
85_abs75-85) supported Myiodactylus being the sister group to
Nymphes + Osmylops (labelled as ‘&’).

The monophyly of Myrmeleontidae was inconsistent, resulting in
three topologies (Figure S2D). Under the first topology (labelled as
“*), Myrmeleontidae was recovered as the sister group to Ascalaphi-
dae and Euroleon Esben-Petersen was recovered as the sister group to
Dendroleon Brauer + Deutoleon Navas. Under the second topology
(labelled as ‘#’), Myrmeleontidae was paraphyletic relative to Ascala-
phidae, while Euroleon was recovered as the sister group to
Dendroleon + Deutoleon. Under the third topology (labelled as ‘*’),
Myrmeleontidae were recovered as the sister group to Ascalaphidae,
while Dendroleon were recovered as the sister group to Euroleon
+ Deutoleon. ML analyses using Dayhoffé recoding scheme and under

PMSF model, as well as concatenated ML analyses with 10 matrices
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(a) usco (b) UCE (¢) mitogenome
Pro [ Cam Jor St Bev [ Car [Per. [ Tri [ Jur [ Cre. [Palified © Pro. [[[Cami[Si]Dev | Car | Per. | Tri | Jur. [ Cre. [ Pal|N]< Pro. [[Gm [Si] e | Car [ Per. [ Tri. [ Jur. [ Cre. [TPal[N]Q
ol Coleoptera | ——@—— Neuropterida el Coleoptera ——@—— Neuropterida tl Coleoptera | ——@—— Neuropterida
e — — e
—— < -
05 | Raphidioptera | +——g@— Megaloptera+Neuroptera es Raphidioptera  ~——@—— MegalopteratNeuroptera 5 Raphidioptera | ——@—— Megaloptera+Neuroptdra
R e —e—
- —c— —e— —
o6 Raphidiidae | gt ey 6 Raphidiidae | ——@—— Inocelliidac 6 Raphidiidac | ~——@—— Inocelliidae
H —e —
Inocelliidac
09 Megaloptera | ~——@— Neuroptera 9 Megaloptera |——@—— Neuroptera 9 Megaloptera | —@—— Neuroptera
—— —e
ol0 Sialidac | ——@—— Corydalidae el0 Sialidae * Corydalidae t1o Sialidae | ——@— Corydalidae
—— - . | —— ——
ol8 Coniopterygidac| ——@—— el Coniopterygidae ——8—— us Coniopterygidac | —8——
— —— -———
—— — ——
020 —_—— €20 Osmyloidea | —@— 20 Osmyloidea | —8—
—— —— ——
02l Sisyridae + Nevrorthidae | ——@—— Osmylidae €2l [ Osmylidae + Nevrorthidae —@— Sisyridae 21 Sisyridac + Nevrorthidae  —@— Osmylidac
—— —— ——
9 —— y
023 Nevrorthidae | ——@—— Sisyridae €23 Nevrorthidae | ——@—— Osmylidae 23 Nevrorthidae | ——@— Sisyridae
——
—_— ) —— ——
025 Dilaridae | —@— €25 Dilaridae |—@— 25 Dilaridac  ~——@—
- e— ——
—— —o— —C—
027 Mantispoidea+Chrysopidae | —@— €27 Hemerobiidae —® 27 | MantispoideatChrysopoidea  —&—
——
028 Mantispoidea | ~—@— Chrysopidae €29 Mantispoidea  ~—@— 128 Mantispoidea —@— Chrysopoidea
N ——
029 Mantispidac| ——@— |-+ 30 Mantispidae | ——@— Berothidae 129 Mantispidac | ——g—— | Berothidad
—— i —e -
‘ ~ Berothidac ] —o— .
039 Hemerobiidae | —@— o3 Chrysopidac| —@— 132 Chrysopidac —®— Hemerobiidae]
® v ae —— . -
041 Psychopsidac+Ithonidae | ~—@— e4l Psychopsidae+ e w1 Ithonidae | —@—
] —— (Ithonidae+Nymphidae) —— Psychopsidac] ——
N = | ——
042 Psychopsidae | ~—@— Ithonidac ed2 Ithonidae+Nymphidae —8— 44 Psychopsidae | —@—
_ e —o
3 - —o—
046 Nymphidae | —@— ed3 Nymphidae —@— 6 Nymphidae | —@—
- —— : ——
o —@—| lthonidac -
050 Myrmeleontidae (plus Ascalaphidac) —@— ... 30 Nemopteridae =—@— 50 Nemopteridae  —@—
- i —— R
Nemopteridae N P o s .-
52 Ascalaphidae [~ 9 152 Ascalaphidac | —@— ...,
s - . - . i —— }
550 500 450 400 350 300 250 200 150 100 50 0 (Ma) Myrmeleontidac Myrmeleontidae|
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FIGURE 5 Comparison of divergence time estimates for major splitting events based on analysis of USCO_V (a), UCE_V (b) and PCGR
(c) matrices using three different calibration schemes, respectively. Each box represents a splitting event with its two branching lineages
(if applicable) shown left and right sides. The circle within boxes represents the mean of the posterior estimate, and the whiskers mark the upper

and lower 95% highest posterior density of the age estimates.

(USCO_all, USCO_l_abs70, USCO_ll_70-90 and USCO_lIl_70-
80_abs70-80) also recovered the first topology (*). ML analyses using
Dayhoffé recoding scheme with USCO_V matrix, as well as ML parti-
tioning analyses and ML analyses under PMSF model with
USCO_II_90 matrix recovered the first topology (*). All ASTRAL ana-
lyses using USCO matrices supported the second topology (#). Some
other analyses also support the second topology (#), including
concatenated ML analyses with USCO_l_abs75, USCO_Il_abs80,
USCO_IV and USCO_V, ML analyses using Dayhoffé recoding scheme
with USCO_I_abs75, USCO_l_abs80 and USCO_IV matrices and ML
analyses under PMSF model with USCO_|_abs75, USCO_|_abs80,
USCO_IV and USCO_V matrices. ML analyses using Dayhoffé recod-
ing scheme and under PMSF model, as well as concatenated ML ana-
lyses based on USCO_l_abs85 and USCO_llI_85_abs85 matrices
supported the third topology (»).

The topology test based on USCOs indicated that T3- fg was
strongly supported by all hypothesis tests (AU, WKH and WSH) per-
formed herein (Figure 4, Table 1). Results based on the USCO dataset
recovered Chrysopidae as the sister group to Mantispoidea,

but Hemerobiidae as the sister group to Myrmeleontoidea.

Myrmeleontidae were demonstrated to be paraphyletic relative to

Ascalaphidae.

Phylogeny of Neuropterida based on UCEs

Phylogenetic trees inferred from different UCE matrices were largely
congruent, but the position of Hemerobiidae was controversial
(Figure S3). Hemerobiidae were demonstrated to be the sister group to
Mantispoidea + (Chrysopidae + Myrmeleontoidea) (Ti) or Chrysopidae
-+ Myrmeleontoidea (Tii) (Figure S3a). Almost all concatenated ML ana-
lyses with UCE matrices (excluding UCE_II_85 and UCE_ll_90 matrices)
supported topology Ti. The coalescent analyses with UCE matrices
(excluding UCE_IV and UCE_V matrices) supported topology Tii. Addi-
tionally, all analyses of UCE matrices did not support the monophyly of
Osmylops (labelled as ‘0’), except the concatenated ML analyses for
UCE_lI_90 matrix (labelled ‘B’ as for USCOs) (Figure S3b,c).

The topology test based on UCEs indicated that Ti, was strongly
supported by all hypothesis tests (AU, WKH and WSH) herein per-
formed (Figure 4, Table 1). According to the two robust phylogenies
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TABLE 1 Comparison of tree topology based on USCOs and UCEs, plus signs denote the 95% confidence sets, minus signs denote significant

exclusion.
Loci Bp- p-
type Topology ILoglL deltalL RELL WKH p-WSH p-AU Method and matrix
USCO Til-a; —7027740.478 14,056 O-— 0— 0— 1.26e-29— Partition: USCO_all, USCO_l_abs70-75, USCO_II_70-
90, USCO_IIl_70_abs70, USCO_III_75_abs75
Tl—ag —7027709.703 14,026 O-— 0— 0— 4.07e-42— Partition: USCO_|_abs75-80
T1- al; —7028175.128 14,491 O- 0— 0— 6.61e-71— Partition: USCO_lII_85_abs85
T1-f§ —7013959.798 27572 0- 0— 0— 6.26e-09— Partition: USCO_V
T2—a[’;‘ -7027715.107 14,031 O- 0— 0— 3.29e-41— Dayhoffé: USCO_|_abs80
T2—a§ —7029415.22 15,731 0O- 0— 0— 5.2e-69— Dayhoffé: USCO_l_abs75
T2—b‘; —7029145.635 15462 O0O-— 0— 0— 1.83e-06— Partition: USCO_|_abs85; Dayhoff6: USCO_I_abs85;
ASTRAL: USCO_|_abs85
T2-ag —7029872.314 16,188 0-— 0— 0.0106— 3.09e-32— Dayhoffé: USCO_II_90
T2-a5 —7027747.79 14,064 00— 0— 0— 1.11e-56— Dayhoffé6: USCO_I_abs70, USCO_II_70-80,
USCO_lII_70_abs70
T2-ag —7029872.314 16,188 00— 0— 0.0096— 3.09e-32— Dayhoffé: USCO_all, USCO_III_80_abs80
T2—c§ —7015395.727 1711.7 0- 0— 0— 3.92e-06— ASTRAL: USCO_IV, USCO_V
T2-fl’; —7013974.494 29042 0O- 0— 0.0001—- 8.79e-05— Dayhoffé: USCO_V
T3—ag —7027428.861 13,745 O-— 0— 0— 6.8e-38— PMSF: USCO_|_abs75, USCO_|_abs80
T3-a; —7027460.067 13,776 0— 0— 0— 5.08e-07— PMSF: USCO_all, USCO_l_abs70, USCO_lI_70-90,
USCO_LlII_70-80_abs70-80
T3-a[§ —7027894.874 14211 O0O- 0— 0— 3.95e-40— PMSF: USCO_III_85_abs85
T3-fg —7013684.076 O 1+ 1+ 1+ 1+ PMSF: USCO_IV, USCO_V
T4—eg —7014559.5 87542 0-— 0— 0— 5.83e-06— Partition: USCO_IV; Dayhoffé: USCO_IV
T4-ag —7029865.63 16,182 0O- 0— 0— 9.33e-68— Dayhoffé: USCO_III_75_abs75
T5-ag —7029845.606 16,162 0— 0— 0— 2.33e-72— Dayhoffé: USCO_lI_85
TS—ag( —7030271.108 16,587 00— 0— 0— 8.07e-76— Dayhoffé: USCO_III_85_abs85
T5—c§ —7015791.575 21075 O- 0— 0- 4.46e-06— ASTRAL: USCO_all, USCO_l_abs70-85, USCO_II_70-
85, USCO_IIl_70_abs70, USCO_III_75_abs75
T5-dg —7016048.576 23645 0-— 0— 0- 5.95e-34— ASTRAL: USCO_II_90
UCE Tio -17910284.56 0 1+ 1+ 1+ 1+ Partition: UCE_all, UCE_|_abs70-85, UCE_II_70-80,
USCO_llI_70-85_abs70-85, UCE_IV, UCE_V;
ASTRAL: UCE_IV, UCE_V
Tiio —17910695.06 410.5 0— 0— 0— 4.83e-35— Partition: UCE_II_85; ASTRAL: UCE_all, UCE_I_abs70-
85, UCE_II_70-75, UCE_lIl_70-85_abs70-85
Tiip -17910785.19 500.63 0-— 0— 0— 1.04e-92— Partition: UCE_II_90

Abbreviations: AU, approximately unbiased; RELL, resampled estimated log-likelihood; UCE, ultraconserved element. Best-fit hypotheses are given in
boldface; USCO, universal single-copy ortholog; WKH, weighted Kishino-Hasegawa; WSH, weighted Shimodaira-Hasegawa.

supported by hypothesis tests using USCOs and UCEs, there were
four main differences at the family level. First, the clade of (Sisyridae
+ (Osmylidae + Nevrorthidae)) was supported by the UCE matrices,
whereas the clade of (Osmylidae + (Sisyridae 4+ Nevrorthidae)) was
supported by the USCO matrices. Second, Chrysopidae + Myrme-
leontoidea was supported by the UCE matrices, whereas the sister
group relationship between Chrysopidae and Mantispoidea was
recovered using USCO matrices. Third, Hemerobiidae were recovered
as the sister group to Mantispoidea + (Chrysopidae + Myrmeleontoi-
dea) based on UCE matrices or as the sister group to
Myrmeleontoidea based on USCO matrices. Lastly, the sister group

relationship between Psychopsidae and Ithonidae was supported

based on the USCO matrices, with Nymphidae as the sister group to
the remaining Myrmeleontoidea, whereas the clade of (Psychopsidae
+ (Ithonidae + Nymphidae)) was supported by the UCE matrices.
Additionally, the monophyly of Myrmeleontidae was supported based
on all UCE matrices.

Phylogeny of Neuropterida based on mitochondrial
genomes

The phylogeny inferred from the mitogenome data is largely consis-

tent with that from USCOs, although there are still some topological
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conflicts among the results from different matrices (Figure S4). Most
results supported Osmylidae + (Sisyridae + Nevrorthidae) (H1, H2,
H4 and H5), except the ML analyses of PCG12, PCGR and AA matri-
ces (H3 and Hé). Almost all results supported that Dilaridae were the
sister group to all remaining Neuroptera except Coniopterygidae and
Osmyloidea, while the ML analyses of PCG and PCGR matrices sup-
ported H5 and Hé, respectively. Most results supported Nymphidae
as the sister group to all remaining Myrmeleontoidea except Psychop-
sidae, while the ML analyses of PCG and PCGR matrices supported
H5 and Hé. Most results supported that Myrmeleontidae were para-
phyletic with Ascalaphidae nested within it. However, the ML and BI
trees of the PCGR matrix under the homogeneous model, as well as
the Bl tree of the PCGR matrix under the heterogeneous model
(CAT-GTR) all supported the monophyly of Myrmeleontidae.

Notably, only the Bl tree under the heterogeneous model recov-
ered Coniopterygidae as the sister group to the rest of Neuroptera,
while all other analyses under the homogeneous model assigned Con-
iopterygidae as the sister group to Raphidioptera (H1). Based on
extensive morphological and molecular evidence supporting the
monophyly of Neuroptera (Aspock et al., 2001; Song et al., 2018;
Song, Li, Zhai, et al, 2019; Vasilikopoulos et al., 2020; Wang
et al, 2017; Winterton et al., 2010; Winterton et al., 2018; Zhao
et al., 2014; Zhao et al., 2024), the sister group relationship between
Coniopterygidae and Raphidioptera is implausible, most likely due to
compositional heterogeneity and long-branch attraction (LBA) (Ban
et al., 2022; Gao et al., 2022; Susko & Roger, 2021; Xiong et al., 2023;
Zou et al., 2020). In many studies, the heterologous models (i.e. CAT-
GTR) have been demonstrated to be effective in solving phylogenetic
problems of compositional heterogeneity based on mitogenomes
(Lartillot et al., 2007; Song, An, et al., 2016; Tian et al., 2023). Recent
studies have demonstrated that the third codon positions of PCGs in
the mitogenome of Neuropterida are significantly saturated (Song, Li,
Zhai, et al., 2019; Tian et al., 2023). Moreover, the site-heterogeneous
CAT-GTR model has been shown to be least sensitive to long-branch
attraction (Cai, 2024; Cai et al., 2023; Song, Li, Yin, et al., 2019).
Therefore, the Bl (CAT-GTR) tree represents the most robust phylog-
eny based on mitogenome data (Figure 4).

However, in this Bl tree, the topologies concerning the positions
of Chrysopidae, Hemerobiidae and Ithonidae are not consistent with
that inferred from the USCOs. Specifically, the mitogenome analysis
supported Hemerobiidae as the sister group to Chrysopidae, whereas
USCO analyses consistently recovered Chrysopidae as sister to Man-
tispoidea and Hemerobiidae as sister to Myrmeleontoidea. Further-
more, while mitogenome data placed Ithonidae as sister group to the
remaining Myrmeleontoidea, USCO analyses consistently supported

Ithonidae as the sister group to Psychopsidae.
Relative branching quartet frequency analyses
The results of the relative frequency of gene trees showed conflicting

signals for several key nodes within the backbone phylogeny of Neu-
ropterida (Figure S5). The clade of Nevrorthidae + Sisyridae was

::v-z,,:,;m,a. 865

supported by most gene trees of the USCO dataset (44%), whereas
Osmylidae + Nevrorthidae was supported by a larger proportion of
gene trees in the UCE (43%) and mitogenome (51%) datasets. Chryso-
pidae + Mantispoidea was supported by most gene trees in the mito-
genome datasets (42%), whereas this topology and the other possible
topologies were supported by subequal proportions of gene trees in
the USCO dataset (37%). Chrysopidae + Myrmeleontoidea was sup-
ported by most gene trees in the USCO (40%) and UCE (48%) data-
sets, whereas one of the other possible topologies was supported by
most gene trees in the mitogenome datasets. Hemerobiidae + Myr-
meleontoidea was supported by most gene trees in the USCO dataset
(36%), whereas the other possible topologies were supported by most
gene trees in the UCE and mitogenome datasets. Hemerobiidae as the
sister group to the rest of Neuroptera except Coniopterygidae, Osmy-
loidea and Dilaridae was supported by most gene trees in the USCO,
UCE and mitogenome datasets. This topology was also present in T1
and T4 of the USCO dataset.

The clade of Psychopsidae + Ithonidae as sister group to the rest
of Myrmeleontoidea was supported by most gene trees in the USCO
(42%) and UCE (45%) datasets, whereas the clade of Psychopsidae +
Ithonidae and one of the other possible topologies was supported by
equal proportions of gene trees in mitogenome datasets (40%). The
clade of Psychopsidae + Ithonidae as sister group to the rest of Myr-
meleontoidea, followed by Nymphidae, was supported by most gene
trees in the USCO (55%) and mitogenome (78%) datasets, whereas
this topology was not supported by most gene trees in the UCE data-
set. The clade of Ithonidae + Nymphidae, as well as the clade of Psy-
chopsidae + (Nymphidae + Ithonidae) were supported by most gene
trees in the UCE dataset, whereas other possible topologies were
recovered by most gene trees of USCOs and mitogenome datasets.
Ithonidae as the sister group to the rest of Myrmeleontoidea was sup-
ported by most gene trees in the USCOs (60%) and UCE (67%) data-
sets, whereas most gene trees supported other possible topologies in
mitogenome datasets. The clade of Psychopsidae as sister group to
the rest of Myrmeleontoidea except Ithonidae was not supported by
most gene trees in the USCO and UCE datasets, whereas this topol-
ogy and one of the other possible topologies were supported by equal
proportions of gene trees in mitogenome dataset (40%). Nymphidae
as sister group to the rest of Myrmeleontoidea except Psychopsidae
and lthonidae was supported by most gene trees in the USCO (56%),
UCE (41%) and mitogenome (78%) datasets. The monophyly of Myr-
meleontidae, as well as the sister group relationship between Myrme-
leontidae and Ascalaphidae, were supported by most gene trees in
UCE and mitogenome datasets, whereas this topology was not sup-

ported by most gene trees in the USCO dataset.

Divergence time estimation

The divergence time estimation under three calibration schemes
respectively using USCO_V, UCE_V and PCGR matrices
(Tables S9-S11) was compared. Divergence time estimates obtained

from calibration scheme 2 (primarily deep node calibrations) and
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scheme 3 (combined deep and shallow node calibrations) demon-
strated remarkable consistency across all data types, with no statisti-
cally significant discrepancies observed (Figure 5 and Tables S9-11).
However, the estimation ages of major divergence events under cali-
bration scheme 1 (most calibrations at young nodes) recovered much
younger ages than those obtained from the other two calibration
schemes, a pattern consistently observed across all three datasets
(Figure 5). Besides, our results suggested that the mitogenomes and
UCE tend to underestimate the divergence time compared to USCOs.
For instance, Coleoptera and Neuropterida began to diverge during
the Permian using the USCO_V matrix rather than during the Triassic
using the PCGR and UCE_V matrices based on calibration schemes
1. Based on calibration schemes 2 and 3, Coleoptera and Neuropter-
ida diverged at the start of the Carboniferous using the USCO_V
matrix rather than at the end of the Carboniferous using the PCGR
and UCE_V matrices. According to established studies, increasing the
number of fossil calibrations improves the reliability of different time
estimates (Duchene et al., 2014; Ho & Phillips, 2009; Hug &
Roger, 2007; Linder et al., 2005; Lukoschek et al., 2012;
Marshall, 2008; Villaverde et al., 2021). In general, calibrations at the
root or at deeper nodes are preferred over those at shallower nodes
(Duchene et al., 2014; Ho, 2007; Mello & Schrago, 2014; Puschel
et al., 2019; Rannala & Yang, 2007; Sauquet et al., 2012; Yang &
Rannala, 2006). Calibration scheme 3 was set to include more fossil
markers than calibration scheme 2 and may be more accurate based
on previous studies (Duchene et al., 2014; Ho & Phillips, 2009; Hug &
Roger, 2007; Linder et al., 2005; Lukoschek et al., 2012;
Marshall, 2008; Villaverde et al., 2021).

The chronogram presents the divergence times under the calibra-
tion scheme 3 using USCO_V matrix (Figure 6). The 95% highest pos-
terior density (HPD) values for each node are given in Table S9. The
phylogenetic split between Coleoptera and Neuropterida was esti-
mated at the beginning of the Carboniferous ca. 358.61 Ma
(HPD = 304.22-414.18 Ma), which was older than most of the other
studies based on AHE data (~267 Ma) (Winterton et al., 2018), mito-
genome data (~311.34 Ma) (Wang et al., 2017) and transcriptome
data (~321.35 Ma) (Vasilikopoulos et al., 2020) (Figure Sé). Neurop-
tera and Megaloptera diverged from Raphidioptera at ca. 351.51 Ma
(HPD = 298.49-404.92 Ma). Neuroptera diverged from Megaloptera
at ca. 328.44 Ma (HPD = 279.39-377.16 Ma) during the Mississip-
pian Carboniferous, which was older than some other studies based
on AHE data (~277.75 Ma) (Winterton et al., 2018), mitogenome data
(~297.47 Ma) (Wang et al, 2017) and transcriptome
data (~300.05 Ma) (Vasilikopoulos et al., 2020). Sialidae diverged from
Corydalidae at ca. 267.51 Ma (HPD = 212.74-320.84 Ma) during the
Triassic, while Raphidiidae and Inocelliidae split during the Jurassic.
Within Neuroptera, Coniopterygidae were the earliest group to
diverge at the Upper Pennsylvanian in the Carboniferous. Osmyloidea
started to diversify during the Upper Triassic (mean = 233.45 Ma,
HPD = 189.54-278.02 Ma). Both Sisyridae (mean = 65.64 Ma,
HPD = 32.30-107.71 Ma) and Osmylidae (mean = 51.34 Ma,
HPD = 29.28-81.02 Ma) started to diversify during the Paleogene.
The divergence between Nevrorthidae and Sisyridae was estimated to

ZHANG ET AL.

have occurred during the Lower Jurassic (mean = 189.65 Ma,
HPD = 133.06-241.34 Ma). Dilaridae diverged from its sister group,
that is, all neuropteran families except Osmyloidea and Coniopterygi-
dae, at ca. 259.93 Ma, which was consistent with an estimate based
on mitogenome data (~258.71 Ma) (Wang et al., 2017), but older than
estimates using transcriptome data (~227.90 Ma) (Vasilikopoulos
et al, 2020) and AHE data (~239.73 Ma) (Winterton et al., 2018).
Lastly, the crown groups of various neuropteran families
(e.g., Chrysopidae, Hemerobiidae, Nemopteridae, Ithonidae and Myr-
meleontidae) started to diversify during the Cretaceous, while those
of the remaining extant families (i.e., Dilaridae, Berothidae, Mantispi-
dae, Psychopsidae and Nymphidae) started to diversify during the
Paleogene.

DISCUSSION

Selection of molecular data type in higher-level
phylogenetic inference

Comparative analysis of the three genomic datasets revealed strong
support for most phylogenetic relationships in Neuropterida. How-
ever, there remain conflicts regarding relationships among families of
Osmyloidea, and the phylogenetic position of Hemerobiidae, Chryso-
pidae, Psychopsidae, Ithonidae and Nymphidae. According to relative
branching quartet frequency analyses, gene tree conflicts caused by
different types of molecular markers are prevalent (Prasanna
et al., 2020; Romiguier et al., 2016; Wu, 2012; Xi et al., 2014; Zhao
et al., 2023). More attention should be focused on gene tree conflicts
caused by biological factors in the future.

The sister group relationship between Nevrorthidae and Sisyridae
was supported based on USCO and mitogenome datasets, but not
supported based on all UCE analyses (Figure 3; Figure S5). Larvae of
Nevrorthidae and Sisyridae are exclusively aquatic in Neuroptera
while only certain subfamilies of Osmylidae can be considered as
semiaquatic at most (Aspdck et al., 2017; Winterton et al., 2018). This
supports the sister group hypothesis between Nevrorthidae and Sisyr-
idae, and that Osmylidae could represent either an intermediate, pre-
dominantly semiaquatic or secondarily terrestrial group as some of
the more derived Osmylidae are indeed exclusively terrestrial
(Winterton et al., 2018). The sister group relationship between Sisyri-
dae and Nevrorthidae is also in agreement with selected morphologi-
cal data, such as the secondarily multisegmented antennae of the
larvae (Jandausch et al., 2019), and some fossil evidence such as
the peculiar feature of female tergum 9 and the distal fusion of ScP
and RA (Lu et al., 2018; Nakamine et al., 2023). The phylogenetic posi-
tions of Chrysopidae and Hemerobiidae inferred from the USCO data-
set and the UCE dataset, respectively, are currently supported by a
lack of morphological evidence. The clade of Chrysopidae + Hemero-
biidae based on mitogenome datasets were determined based on the
morphological characteristics such as campodeiform body shape of
the larva, and similar larval head shape (Beutel et al., 2010; Garzén-
Ordufa et al., 2016; Randolf et al., 2014; Winterton et al., 2010).
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FIGURE 6 Divergence time estimation within Neuropterida using USCO_V matrix. Node numbers refer to values of mean ages, and ranges

are provided in Supplementary Table S9.

However, this type of larvae is also found in families such as Psychop-
sidae, Dilaridae, Berothidae, Rhachiberothidae, Osmylidae and Nev-
rorthidae (Grebennikov, 2004), suggesting a plesiomorphic condition.

This part of the neuropteran tree was not robustly resolved. Place-
ment of Ithonidae as sister to Psychopsidae based on USCO datasets
is reasonable, with heavily sclerotized head capsules and similar
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‘gula’-like sclerites (Engel et al., 2018), as well as the dorsal location of
the occipital foramen in the head capsule (Winterton et al., 2018).
Nymphidae as sister group to the rest of Myrmeleontoidea except
Psychopsidae and Ithonidae based on USCO and mitogenome data-
sets was supported by most gene trees in the USCO, UCE and mito-
genome datasets, which is congruent with some morphological
characters, such as the presence of toothed jaws and dolichasterine
setae (Badano et al, 2017; Badano et al, 2018; Jandausch
et al., 2019).

After comparing the phylogenetic trees reconstructed based on
the three types of genomic data, combining the evidence of morphol-
ogy and biological habits, the phylogenetic tree constructed based on
the amino acid sequences of the USCO dataset may be more credible.
Inferring phylogenetic trees from nucleotide sequences can be mis-
leading due to a number of factors including substitutional saturation
(Duchene et al., 2022; Philippe et al., 2011), GC content heterogeneity
(Regier et al., 2010; Rota-Stabelli et al., 2013), as well as codon-usage
bias (Parvathy et al., 2022; Stenoien, 2005). Thus, amino acids may be
preferred to nucleotides in phylogenomic analyses of ancient relation-
ships based on the comparative analyses of both nucleotide and
amino acid sequence data, such as beetles (McKenna et al., 2019;
Vasilikopoulos et al., 2019) and hexapods (Schwentner et al., 2017).
Besides, the mitogenome may provide limited information compared
with the nuclear genome (Campbell et al, 2022; Roe &
Sperling, 2007; Teske et al., 2018; Toews & Brelsford, 2012), with
strong base compositional and mutational rate heterogeneity (Jiang
et al., 2017; Song et al., 2018; Song, Li, et al., 2016; Tian et al., 2023;
Wang et al., 2017). In fact, some studies suggested that the mitogen-
ome is ineffective at some deep nodes (Song, Li, Zhai, et al., 2019;
Talavera & Vila, 2011). The application of UCE and mitogenome data,
particularly in the higher-level phylogenomic studies, requires careful
consideration and methodological scrutiny. More studies incorporat-
ing combined morphological and molecular datasets to further vali-
date and refine the phylogenetic relationships inferred here should be

conducted in the future.

Impact of concatenation and multi-species coalescent
approaches, model selection and data filtering on
phylogenetic inference

In most cases, the results of the same analytical approach with differ-
ent matrices were mostly consistent in this study. Topologies gener-
ated based on concatenated ML analyses may suffer from systematic
errors due to potential problems such as stochastic sampling error,
horizontal gene transfer, gene duplication, ILS, excessive heterogene-
ity and LBA (Kubatko & Degnan, 2007; Susko & Roger, 2021; Zhou
et al., 2017). Most concatenated partitioning ML analyses with USCOs
matrices generated topology T1 except for USCO_l_abs85 and
USCO_IV matrices. Partitioning attempts take into account differ-
ences in the rate and pattern of evolution among loci by estimating
independent molecular evolutionary models for a subset of loci that

are thought to evolve in a similar way, but there are still some
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limitations resulting from among-site compositional heterogeneity
(Cai et al., 2023; Kumar et al., 2012; Lanfear et al., 2017). Most ML
analyses using the Dayhoff6 recoding scheme, except for
USCO_II_85, USCO_III_75_abs75, USCO_IIl_85_abs85 and USCO_IV
matrices, recovered topology T2. Phylogenetic analyses using the
Dayhoffé recoding scheme can further reduce compositional hetero-
geneity, but the method may also cause the reduction of phylogenetic
signal (Feuda et al, 2017; Giacomelli et al., 2022; Hernandez &
Ryan, 2021; Laumer et al., 2019; Phillips et al., 2004). For all the
16 USCO matrices in this study, the RCFV values of the original matri-
ces and recoded matrices, as well as the ABS for reconstructing phylo-
genetic trees, were calculated. The recoded matrices displayed lower
RCFV values than original matrices (16/16), while most of the ABS
values were reduced (12/16) (Figure S7). Most ML analyses under the
PMSF model, except for the USCO_II_85 matrix, recovered topology
T3 that was significantly supported by the topology tests. The PMSF
model has been used in other studies to reduce sequence heterogene-
ity and produced more plausible phylogenetic inferences (Dong
et al,, 2022; Rinke et al., 2021; Wang et al., 2018; Yu et al., 2022).
Therefore, the selection of appropriate models is crucial in phyloge-
netic reconstruction and should be routinely employed.

For USCOs and UCEs, a multi-species coalescent approach was
also used to reconstruct the phylogenetic tree, which is considered to
be highly robust when the ILS level is high and the number of gene
trees is sufficiently large (Mirarab et al., 2014; Zhang et al., 2018).
However, the multi-species coalescent approach yielded family-level
topologies (with relatively low support for some nodes) based on
USCO matrices that are not consistent with concatenated ML ana-
lyses in this study (Figure S2). The discordance between ASTRAL (coa-
lescent) and concatenation results, such as the paraphyly of
Myrmeleontidae, highlights potential challenges in resolving conten-
tious nodes. While this study did not explicitly explore whether these
conflicts stem from ILS or model misspecification in gene tree estima-
tion, such factors are known to contribute to topological inconsis-
tencies in phylogenomic analyses (Degnan & Rosenberg, 2009;
Gillung et al., 2018; Murillo-Ramos et al., 2023; Owen & Miller, 2022;
Yu et al., 2024; Zhong et al., 2013). Related studies incorporating
more sophisticated methods to disentangle these effects, such as
explicit ILS modelling or improved gene tree estimation approaches,
should be conducted to provide further insights into these conflicts in
the future. Herein, the multi-species coalescent approach vyielded
family-level topologies that are not consistent with concatenated ML
analyses using UCE matrices filtered by Strategy Ill and IV, both with
shallow nodes poorly resolved (Figure S3). Furthermore, we per-
formed six independent replicates of gene tree reconstruction, which
yielded inconsistent ASTRAL tree topologies (Figure 3). More
advanced models may be needed to infer the gene trees used to infer
the ASTRAL trees. We recommend that concatenation and the multi-
species coalescent approach always be used in combination.

Some studies have suggested that genes with high ABS values
have stronger phylogenetic signals (Salichos & Rokas, 2013; Wang
et al., 2019). However, the ABS values are unstable, with approxi-

mately 98.92% of the variation being greater than O, indicating that
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the results are not repeatable in this study. The reasons and impacts
of this are not well understood. In phylogenetics, bootstrap was intro-
duced to assess the confidence in estimated phylogenetic trees
(Felsenstein, 1985). Subsequently, a series of studies have discussed
the meaning of bootstrap support (also known as the bootstrap per-
centage), the nature of its bias and corrections for the bias
(Sanderson & Wojciechowski, 2000; Simon, 2022). When data are
analysed under the correct model, nonparametric bootstrapping is
conservative (Erixon et al., 2003). However, the single filtering strat-
egy using ABS did not work well because some individual genes had
very large ABS variations that affected matrix generation. In addition,
using the same genes, the ASTRAL trees derived from tree-building
based on the ancestry method were inconsistent. More attention
needs to be paid to the potential causes and effects of ABS variation,
using more advanced models for tree building, or in combination with
other filtering methods (e.g., compositional heterogeneity) in the

future.

Impact of calibration strategy on estimates of
divergence times

Extensive empirical studies have repeatedly shown that the mitogen-
ome tends to overestimate divergence times compared with results
from more slowly evolving nuclear genes in the absence of younger
effective calibration points (Near et al., 2012; Shen, Liang, et al., 2016;
Zheng et al., 2011). However, the mitogenomes and UCEs are shown
to underestimate the divergence time compared with USCOs based
on our results. This result is plausible because the topologies derived
from mitogenomes and UCEs are inconsistent and there are evolu-
tionary rate differences. Future studies should explicitly incorporate
evolutionary rate heterogeneity when integrating nuclear and mito-
chondrial genomic data in phylogenetic analyses. The divergence
times of most nodes close to the root estimated using the USCO data-
sets would be earlier than those estimated using the UCE datasets.
Both are slightly earlier than those estimated using the mitogenome
data, elucidating that data type also affects divergence time estima-
tion. The divergence time estimations appear to be sensitive to the
calibration position in the phylogenetic tree (Duchene et al., 2014;
Ho, 2007; Mello & Schrago, 2014; Near & Sanderson, 2004; Plschel
et al,, 2019; Rannala & Yang, 2007; Sauquet et al., 2012; Villaverde
et al.,, 2021; Yang & Rannala, 2006). In general, calibrations at the root
or at deeper nodes were preferred over those at shallower nodes
(Duchene et al., 2014; Ho, 2007; Mello & Schrago, 2014; Plschel
et al, 2019; Rannala & Yang, 2007; Sauquet et al., 2012; Yang &
Rannala, 2006). Previous studies confirmed that increasing the num-
ber of fossil calibrations improves the reliability of divergence time
estimation (Duchene et al, 2014; Ho & Phillips, 2009; Hug &
Roger, 2007; Linder et al., 2005; Lukoschek et al, 2012;
Marshall, 2008; Villaverde et al., 2021). In this study, using fossil cali-
bration nodes close to the root may improve the accuracy of diver-
gence time estimation, while increasing the number of fossil

calibrations for shallow nodes did not have this effect. Estimates of
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substitution rates are largely based on branches located between the
calibration node and the tips, so deeper calibrations capture a greater
proportion of the overall genetic variation (Duchene et al., 2014).
Indeed, the selection and calibration of fossils has always been a diffi-

cult problem and is worth further exploration.

CONCLUSIONS

The higher-level phylogeny of Neuropterida was reconstructed using
three molecular markers (USCOs, UCEs and mitogenomes) under
strictly controlled sampling conditions. The topology recovered by
amino acid matrices of USCOs under site-heterogeneous models based
on a multi-criteria filtering strategy was believed to be the most robust
and in line with morphological and biological evidence. Notably, the
ABS values were not stable and were highly variable for many genes,
suggesting that this alone is not a reliable filtering strategy for genes. It
is necessary to improve the ABS-based filtering strategy in future stud-
ies, such as using more advanced models to reconstruct individual gene
trees. Divergence time estimation indicated that Neuropterida origi-
nated at the start of the Carboniferous, which is older than most stud-
ies have previously estimated. The divergence time of key taxa in the
evolution of Neuropterida inferred using the USCOs dataset is more
ancient than that inferred using the UCE and mitogenome datasets.
Calibration points at deeper nodes close to the phylogenetic root may
help to accurately estimate evolutionary timescales. These findings
underscore the importance of employing multiple analytical strategies
and diverse data types in phylogenomic studies to optimize phyloge-
netic inference and mitigate potential systematic errors.
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Figure S1. Characteristics of newly sequenced genomes in this study
inferred from GenomeScope. len: genome haploid length; uniq: per-
centage of the genome unique length; het: heterozygosity; kcov: cov-
erage of hybrid peak; err: read error rate; dup: duplicates; k:
k-mer size.

Figure S2. Possible phylogenetic topologies of Neuropterida from dif-
ferent matrices and model based on USCOs. Controversies have
centred on the phylogenetic relationships between the families of the
Neuropterida (A, T1-T5), the phylogenetic relationships within Chry-
sopidae (B, a-f), the phylogenetic relationships within the Nymphidae
(C, labelled as ‘&, o and p’), the paraphyly of the Myrmeleontidae rela-
tive to Ascalaphidae, and the relationships within Myrmeleontidae (D,
labelled as *, # and ~’). All possible topologies according to different
matrices and models (E). Different background colour indicates differ-
ent family-level relationships of Neuropterida, respectively (T1-T5).
Topologies that are confusing and will not be considered are
labelled <.

Figure S3. Possible phylogenetic topologies of Neuropterida from dif-
ferent matrices and model based on UCEs. Trees in boxes on right
highlight the alternative topologies yielded in our study (A, Ti and Tii).
Different background colour indicates different family-level relation-
ships of Neuropterida, respectively (C, Ti and Tii). Topology that are
confusing and will not be considered are labelled <?°.

Figure S4. Possible phylogenetic topologies of Neuropterida from dif-
ferent matrices and model based on mitochondrial genome data (H1-
Hé). Different background colour indicates different family-level rela-
tionships of Neuropterida, respectively (H1-H6). ML, Maximum likeli-
hood, BI, Bayesian inference.

Figure S5. Relative frequency analysis using DiscoVista for the gene
trees of all loci of USCOs, UCEs and mitochondrial genes. Fifteen
branches (a-o) showed topological discordance among analyses. Four-

letter prefixes of exemplar names represent codes for respective
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family names. Red bar shows the relative frequency of the topology
consistent in our species tree topology, whereas blue and teal bars
show alternative topologies. The dotted lines at 0.33 indicate the 1/3
threshold for the frequency of gene trees supporting the two minority
topologies given multi-species coalescent. USCO, Universal single-
copy ortholog; UCE, ultraconserved element.

Figure S6. Comparison of divergence time estimates for the crown
clade sharing across four studies.

Figure S7. Comparative analysis of phylogenetic matrices before and
after Dayhoffé recoding. (A) Differential measurement of relative
compositional heterogeneity between original and recoded matrices
(original minus recoded). (B) Comparative assessment of phylogenetic
support, represented as average bootstrap support values (original
minus recoded matrices) across all nodes.

Table S1. Taxonomic information, GenBank/SRA accession numbers
and references for all analysed individuals. *: published study.

Table S2. Species taxonomic information used for design of Neurop-
terida UCE probe sets.

Table S3. Minimum age constraints used for the divergence times
analysis.

Table S4. Based on K-mer assessment of genome size of Neuropterida
(k =21).

Table S5. Genome assembly information of Neuropterida genomic
data. S: Complete and single-copy BUSCOs; D: Complete and dupli-
cated BUSCOs; F: Fragmented BUSCOs; M: Missing.
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Table S6. Universal single-copy ortholog extraction in this study. C:
Complete; S: Complete and single-copy BUSCOs; D: Complete and
duplicated BUSCOs; F: Fragmented BUSCOs; M: Missing.

Table S7. Summary of USCO amino acid and UCE nucleotide matrices
for phylogenetic analyses.

Table S8. The size of PCGs, rrnL, rrnS and control region, respectively,
among all Neuropterida mitochondrial genomes studied. -: incomplete
mitochondrial genomes.

Table S9. Summary of divergence time estimates for each node in the
maximum likelihood tree based on USCO_V matrix using three calibra-
tions schemes.

Table S10. Summary of divergence time estimates for each node in
the maximum likelihood tree based on UCE_V matrix using three cali-
brations schemes.

Table S11. Summary of divergence time estimates for each node

based on PCGR matrix using three calibrations schemes.
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